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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 RL. 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 RP.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. 
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Mammary Tumor Cell Cycle, 
Differentiation, and Metastasis 



A 

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-
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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 involntion 

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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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 macro phages 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 in¥olution 

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 cclJlular level from 
virgin through lactation and regression, including apoptotic cell death. 
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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 0.25 [,lg/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 cen-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 
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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 FITe conjugated goat anti-rabbit IgG. 

9 



v p L 1 2 4 6 8 R 
220 -

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 '25I-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 dnring 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 glalllds 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], p53, c-myc, and TGFB-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): WDNM1, 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 involution 

A number of studies have shown that thenormonal 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 peUets 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, 
strome lysin I [41]. During pregnancy, induction of a WAP-stromelysin I 
trans gene 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 trans gene in its mammary epithelium but did not develop mammary 
tumors, was crossed with a W AP-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 <l£company 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 difiuoromethylornithine (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 Ileces
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, strome lysin 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 mammarye.pithelium 

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 (MMTV) [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 2c). 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 mo.unts 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= 1 mm. 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 o,f the transplant, the glands 
were stained as whole mounts for beta-galactosidase activity using X-gal as the substrate [41]. 
c. 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 Wnt-l 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-l, 
the abnormal growth pattern is often uniform throughout the transplant. 
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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 OKlO v-myc. One solution is to use mouse genes; another may be to induce 
tolerance to the introduced protein. 

What does an individnal 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 ofthe 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 trans duces beta-galactosidas.e, 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 dearly 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, pCAl, 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,l7,26,27]. 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 2c) [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 erbB21neu 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 ErbB2 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-l (originally known as int-l). 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-l produces an even more 
dramatic increase in the density of ducts (Figure 2d) [7], originally observed 
when Wnt-l was expressed in transgenic mice [29]. With both genes, rather 
than the growth pattern being disturbed focally, a large part or aU of the 
transplant is abnormal. This is not what we would e.xpect 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 ep,ithelium 
can be found only 100-200~m 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-l, 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-l, 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 antisem suitable for immunocytochemistry of Wnt-l 
- so the resolution of this question awaits co expression with a marker gene, 
as described earlier. 

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

Wnt-l was originally discovered as int-l, a gene whose expression is often 
activated in mammary tumors induced by MMTV [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-
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ing Wnt-l (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-l-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-l, 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-l is at least in part through its 
ability to mimic Wnt-4. Wnt-l may also mimic other Wnt proteins that are 
normally expressed in mammary gland, such as Wnt-6 and Wnt-7b [32,34]. 
Wnt-l, Wnt-6, and Wnt-7b transform fibroblasts, while Wnt-4 has little or no 
effect [35], suggesting that Wnt-l is also a ligand for a receptor that binds Wnt-
6 and Wnt-7b. 

Hormone-independent growth of epithelium that expresses Wnt-l 

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-l 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 hav,e been systemic. To show that it was local, 
Wnt-l-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 100-200 !-tm. The morphology of the normal epithelium 
was completely unaffected, showing not only that the effect of Wnt-l 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-l
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-l 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-l-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. 

hstlFGF-4 

hstlFGF-4 is a member of the fibroblast growth factor family, which seems 
occasionally to be expressed in MMTV-induced mouse mammary tumors, and 
is co amplified with int-2 and P RAD-J, 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 
tumor 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 mye 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 humau breast caucer? 

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-mye 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; 1.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 MMTV 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 directious 

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-ere system [40].I'ransgenic 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 ere 
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 ere 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. 
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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 multistage 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 differentia~ed 
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 (MMTV), 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 lA and IB). 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 MMTV, 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 (TEso), 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 TEso of 4-5 months, D2 has a TEso of 7.5 months, and 
TMlO has a TEso 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 Dl 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 MMTV, 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. x 10. 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 BALBIc outgrowth lines. x120. C: TM40D HOG, which 
contains a dense center of mammary cells and a periphery composed of apparent ductules. X!S. 
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 ELll in the presence 
of lateral alveolar buds along the ducts. Such alveoli can proliferate focally, and when transplanted 
they gave rise to the mabie 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 ceUs were transplanted in the center of the fat 
pad and segregated to give alveolar and ductal outgrowths. xIS. 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 be£ore 
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. x 18. 

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 
(DR). 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) 

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 lC and ID). Locally invasive c.arcinoma 
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 a recently 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 DHIDCIS 
progression. 

A second type of ductal lesion is represented by immortalized ducts that 
show little evidence of ductal hyperplasia (Figure IE). 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, ELll, ELl2, 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 ELl2, 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 ELll and ELl2 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 ELl2 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 end bud 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-hormDne 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 
Dl 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 ~-induced 
multinucleation, and do not exhibit altered [Ca2+] 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 (KI4) 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 co expression 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 pre neoplastic 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 IG 
and IH). 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 charactc:ristic of these preneoplasias. 
The relationship of the differentiated state of the pre neoplasia to its alte:red 
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 
a-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 CID9 cell line, a 
derivative of the COMMAI-D cell line that produces both ductal and alveolar 
outgrowths in vivo. CID9 cells grown on a matrigel substrate and in the 
presence of appropriate hormones will produce W AP [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 assort able characteristics 
[4,20,35]. Early experiments that investigated the properties of HAN generally 
used well-defined HAN isolated from MMTV 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 ELll and EL12, are now in 
transplant generation 25 (Figure IE). Both lines are ductal outgrowths, ova
rian hormone dependent, and nonhyperplastic bllt 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 dependenceb (TEso) r'esponsivenessd 

Normal Ductal No Yes 0 Nil 
EL11 Ductal Yes Yes 0 Nil 
EL12 Ductal-alveolar Yes Yes 9% Moderate 
TM3 Alveolar Yes Yes <1% Nil 
TM2L Alveolar Yes Partial <3% Strong 
TM2H Alveolar Yes No >90% (4) N.D.e 
TM4 Alveolar Yes No >90% (4) N.D. 
TM10 Alveolar Yes No 60% (11.5) N.D. 
TM12 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 

'Determined in mature virgin BALB/c mice. 
b Dependence on ovarian hormones for growth and norphogenesis. 
'Percent 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 TM 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 1 [.lg DMBA. In 
contrast, TM12 cells in culture are sensitive to DMBA-induced cytotoxity at 
0.1 [.lg. 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 Dl, 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, non tumorigenic cell 
populations such as TM3 and TM2L; hyperplasia II represents immortalized, 
hyperplastic cell populations with a weak to moderate tumorigenic potential, 
such as Dl, 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 I ~ hyperplasia II ~ hyperplasia III ~ 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 III. 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 MMTV 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/ef/Cd (int-41) '(44], and C3H mice 
(wnt-3, Fgf4) [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 
over expression of these genes results in mammary hyperplasia and neoplasia. 
For example, the mammary glands of wnt-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 co expression of int-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 wntlint 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 wntlint gene activations 
(50%). Tumors arising from hyperplastic outgrowth lines of GR and C3H 
origin rarely exhibited wntlint gene activation [55,56]. Similarly, mammary 
tumors in C3Hf/Ki mice did not exhibit wnt-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 
wntlint genes in mammary tumors other than those induced by the exogenous 
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MMTV, 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 
wntlint 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 MMTV 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 MMTV 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 MMTV was milk transmitted. 
Competition radioimmunoassays for the MMTV major core protein and re
striction enzyme digestion patterns of proviral DNA suggested the MMTV 
was not of C3H or GR MMTV origin. Recently, nucleotide sequence analysis 
of the LTR ORF of the BALB/cV virus indicated it has extensive homologies 
to endogenous MMTV [61,62]. Furthermore, the pattern of deletion of the 
VB2 subset of T lymphocytes places the virus as distinct from C3H, GR, or 
RIll MMTV and identical to the MMTV 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 MMTV 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 int-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 lC1164384 [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. 
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Several investigators have examined the interaction of chemical carcino
gens and endogenous MMTV. The majority of mouse strains have endogenous 
MMTV 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 (lAP), 
are common in BALB/c mammary preneoplasias and neoplasias. In one study 
[75], they demonstrated that the expression of lAPs 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 lAPs in virgin and pregnant glands was 
nil. In a second study, the expression of lAPs and/or MuLV sequences was 
increased 3-100X, whereas VL30 sequences were decreased 5-35 X in a series 
of mammary cancers induced by MMTV, chemical carcinogen, or hormonal 
agents [76]. The overexpression of lAPs 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 DII 
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 (COMMA1D) 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-ab!, v-fps, v-ros, 
wnt-1, and int-2 were not consistently increased in tumors compared with 
preneoplasias, although elevated levels of v-ab! 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-5b 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 ORF. 
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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 TM2L and TM3 
infrequenty produce tumors yet contained dysregulation of p53. Furthermore, 
dysregulation is not apparently related to immortality because the immortal
ized ductal lines ELll 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 p53 mutations 
result in enhancement of mammary tumorigenesis [102]. 

Table 2. Analysis of p53 expression in mouse mammary hyperplasias 

Immunohistochemical 
Outgrowth line staining patterna Codon affected; result 

TM2L No Exon 5; truncated message 
TM2H No Exon 4; C--->T stop 112 
TM3 Yes. nuclear Exon 7; insertion Ser 233-234 
TM4 Yes, nuclear Exon 5; deletion 123-129 

Exon 5; C--->G Trp 138 
TM9 Yes. cytoplasmic Exon 5; G--->A, Met 170 
TMlO No Not analyzed 
TM12 No Not analyzed 
TM40 Yes, nuclear Not analyzed 
D1 Yes. nuclear Wild type 
D2 Yes, nuclear Wild type 

a No = 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-l, int-2, int-
3; and polyoma virus middle T, growth hormone, specific p53 mutations, cyelin 
Dl, TGF-a, and TGF-~ 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-l, int-2, cyelin 
Dl, and TGF-a 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, cyelin Dl, 
and TGF-a transgenic mice produced very few tumors. Transplantations 
studies of the wnt-l, 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-l X int-2 [53], c-myc X TGF-a [111], wnt-l 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-~, p53 arg-Ieu, and int-3 as transgenes resulted 
in mammary hypoplasia [102,114-117]. Transplantation experiments sug
gested that TGF-~l 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-
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entiation at the first week of pregnancy, and a total resistance to DMBA
induced mammary tumorigenesis [102]. The results of the TGF-a-DMBA, 
TGF-~, and the p53 arg-Ieu-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 afield 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-~, IGF-I, IGF-II, PDGF, 
bFGF, and MDGI [reviewed in 17,125]. TGF-a is a more potent growth 
stimulatory factor than EGF in normal gland development [126]; in contrast, 
TGF-~ 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 odler cases, the levels 
of some of these factors are increased (i.e., TGF-a, IGFI, IGFIl, PDGF, 
cathespin) or decreased (i.e., TGF-~, 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' dependencyb proteine potential, % 

TM2L N P ND <3 
TM2H N N N >90 
TM3 Y Y N <1 
TM4 N N N >90 
TM9 N N N 25 
TM10 N N N 60 
TM12 Y N Y 66 

'N = no requirement for growth in vitro; Y = absolute requirement. 
b Refers to ovarian hormones required for growth of the epithelial ceUs 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. 

e 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 non tumorigenic mammary cell lines 
of mouse (NOGS, Hell) and human origin by activated ras results in in
creased expression of TGF-a and changes in growth properties characteristic 
of neoplastic cells [125,12S]. Some of the mouse cell lines also show a de
creased responsiveness to the growth stimulatory effects of EGF [12S]. 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-a 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 ErblB and Erb~4 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
~ 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 ofTGF-~1; however, it remains to be determined 
if this is true for hyperplastic alveolar outgrowths. It has been reported that 
estrogen decreases TGF-~1 mRNA expression in human breast cancer cell 
lines in vitro [125,134]. If TGF-~1 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 II, 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, multi tiered system that involves phosphorylation and dephospbo
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, G 1 and S phase functions 
are controlled by distinct structurally related kinases, cdk2, cdk4, and cdk6. 
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 Hyperplasia I Hyperplasia II Hyperplasia III Neoplasia 

cdc2 K.A.b 1 4 11 
cdk4 K.A. 1 2 4.5 
cyclin D 1 (cdk 4)' 10 4 65 
cyclin D2 (cdc4)' 47 85 7.5 1 
cdk2 K.A.b 1 1 7 14 
cyclin A (cdk2) 5 5 5 5 
cyclin E (cdk2) 1.5 1.5 2.8 8.5 
cdk5 K.A. 1 1 1 1 
p34 tyrosine phosphorylation 21 27 8 7.5 
peNA L.J.b 1 1 1.6 3.3 

'Fold 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 DI (bound to cdk4) levels started to increase in 
tumorigenic hyperplasias (at IO-fold) and jumped dramatically in tumors 
(>60-fold) compared with normal mammary cells. Interestingly, the cyclin Dl 
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 t137]. 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 DI mRNA levels were elevated compared with normal cells [139]. 
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Another regulatory step, tyrosine phosphorylation, was decreased in 
hyperplasias III 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 characCterized 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 
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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 wntlint 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 playa 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 (LOR) 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 LOR 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 (int-2 
[7,8]), transcription factors (c-myc [9]), and cell cycle regulators (cyclin DlI 
PRAD-l [10,11 D. 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 prognostic ally 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 W AP 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 MMTV 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 W AP or MMTV 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 Dl 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 int-2 or cyclin Dl in the mam
mary epithelium has provided important insight into the relative eontribution 
of these molecules to mammary tumorigenesis. In both sets of MMTV 
transgenic mice, expression of the cyclin Dl or the int-2 transgene led to 
widespread mammary epithelial hyperplasias [22-24]. The hyperplasia 
associated with both the MMTV/cyclin Dl 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 co expression 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 trans gene 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 co expression 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 
co expressing 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 MMTV integration sites 
within MMTV-induced murine mammary tumors [34-36]. The MMTV/Wnt-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 MMTV 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-myclv-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 MMTV 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 myclras bitransgenics, there 
is cooperativity amongst different subsets of proto-oncogenes in mammary 
carcinogenesis. 

Role of the c-ErbB-2Ineu 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 neuNT, 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 neuNT [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 neuNT 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 transgenk 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 neuNT 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 MMTVlneu 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 neuNT 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 N eu 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 trans gene 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 neuNT• One possible ex
planation for this apparent discrepancy is that MMTV/neuNT, 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 nulnu 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 SHe 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 MMTVlneuNT 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 Neul ErbB-2 receptor tyrosine 
kinase and the polyomavirus middle T antigen. A: Proteins that bind NeulErbB-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, unpublished], 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 (PLCyl) [94], 
SHC [93,95], phosphoinositol 3'kinase (PI3'kinase) [96-98], and protein tyrosine phosphatases 
(PTP) ID and lC [99]. Ras GTPase activating protein (ras-GAP) has been shown to interact with 
neuNT in in-vitro association assyas [S.K. Muthuswamy, D.L. Dankort, and W.J. Mulkr, 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 shcown 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 MMTV/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 hypo vascularized 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; L.J.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 app.ears to upregulate 
the levels of the urokinase-type plasminogen activator (uP A) and to 
downregulate its cognate inhibitor, PAI-l. The uP A 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 proteolyti.c 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 IneuNT strains and occurred with a high penetrance in the 
MMTVlneu 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 playa tissue
specific role in mT -mediated tumorigenesis. This notion is supported by the 
observation that the yes gene product appears to be dispensable for MMTVI 
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-SJ'C 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. Davidso.n and M. Jo.hn Kennedy 

Introduction 

Protein kinase C (PKC) was first described by Nishizuka's labo.rato.ry in 1977 
as a pro.teo.lytically activated kinase [1-3]. Subsequent wo.rk has established 
the impo.rtance o.f PKC activity in a multitude o.f cell functio.ns that regulate 
gro.wth and differentiatio.n in a variety o.f cell types [4,5]. Mo.re recently, 
mo.lecular clo.ning appro.aches have established that PKC is actually a family o.f 
clo.sely related iso.enzymes[6,7]. These include the calcium-dependent iso.en
zymes a, /31' /3n, and y; the calcium-independent iso.enzymes D, E, fl, 8, and !!; and 
the atypical iso.enzymes, ~ and i(J..) (Table 1). These enzymes are the pro.ducts 
o.f distinct genes, with the exceptio.n o.f PKC /31 and /3n, which are derived fro.m 
alternative splicing o.f a single gene. The PKC enzymes are structurally quite 
similar. They are co.mpo.sed o.f a single Po.lypeptide chain with a regulato.ry 
do.main at the amino. terminus and a catalytic do.main at the carbo.xyl terminus. 
The iso.enzymes can be divided into. fo.ur regio.ns that are co.nserved acro.ss 
iso.enzymes (CI-C4) and five regio.ns that vary between iso.enzymes but are 
co.nserved within the iso.enzyme across species (VI-V5) [9,10]. 

Many excellent reviews o.f the general properties and regulatio.n o.f PKC 
have been published [4-8], as has a summary o.f the role o.f PKC in cancer 
bio.lo.gy [11]. This chapter fo.cuses specifically o.n the ro.le o.f PKC family 
members in the growth and behavio.r o.f breast cancer. 

PKC activity in human hreast tumors 

The Po.tential impo.rtance o.f PKC activity in mammary carcino.genesis is sup
Po.rted by the finding that PKC activity is elevated in primary breast cancers 
co.mpared with adjacent no.rmal breast tissue. O'Brian et al. [12] sho.wed that 
PKC activity was higher in 8 o.f 9 breast tumo.rs (8 invasive cancers and 1 
cysto.sarco.ma phyllo.ides) than in no.rmal breast tissue fro.m the same indi
vidual. The mean PKC specific activity was 166 ::'::: 63pmo.I 32P/min/mg in the 
histo.Io.gically no.rmal breast tissue and 460 ::'::: 182 pmo.I 32P/min/mg in the breast 
neo.plasms. A single specimen o.f atypical ductal and Io.bular hyperplasia fro.m 

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. 



Table 1. Some isoforms of protein kinase C 

Calcium dependent 

Calcium independent 

Atypical 

a 
(31 
(311 
y 
6 
€ 

11 
8 
!t 
t 
i (A) 

a woman with a family history of breast cancer had a specific activity of 346 :::t:: 

63 pmol 32P/min/mg. Thus, in this small study the net level of PKC activity was 
higher in breast tumor tissue than normal breast tissue, a finding that suggests 
a role for PKC in human breast carcinogenesis. 

Further, Wyss et a1. [13] have demonstrated a relationship between PKC 
activity and steroid hormone receptor status in primary tumors. In a study of 
238 primary breast cancer specimens, total PKC, as determined by binding of 
[3H] 4-~-phorbol-12,13-dibutyrate, was found to correlate inversely with 
progesterone receptor (PR) levels (p < 0.005) but not with estrogen receptor 
(ER) levels. However, if ER +/PR - tumors were excluded (i.e., those with a 
presumably nonfunctional ER), there was a significant inverse correlation 
between PKC and ER as well. No relationship between epidermal growth 
factor receptor (EGFR) and total PKC activity was observed, although the 
presence of EGFR was inversely correlated with ER or PR. Since in.creased 
EGFR and absence of ER expression in clinical breast cancer specimens is 
associated with loss of differentiation and poorer clinical outcome in many 
studies, these data suggest that increased PKC activity may be linked to a more 
aggressive tumor type. 

Attempts to link a particular pattern of isozyme expression with malignant 
versus normal breast tissue or recognized clinical parameters for breast can
cers have not been revealing thus far. Imber et a1. [14] isolated primary 
cultures from 25 normal and malignant human mammary tissues. Cytosol and 
membrane fractions of each individual culture were prepared before and after 
the addition of the protein kinase C activator, 12-0-tetradecanoylphorbol-13-
acetate (TPA), and Western blot analysis for PKC isoforms a,~, y, b, E, and ~ 
was performed. No PKC-~ nor PKC-y was detected in any of the cultures. The 
level of ~ PKC was similar across cultures and did not trans locate or 
downregulate upon the addition of TP A in any culture. Up to fivefold differ
ences in the expression of PKC-a, -b, and -E were found, but levels of these 
isoforms were not correlated within individual cultures. TP A caused efficient 
translocation and downregulation of PKC-a, but PKC-E was only partially 

92 



translocated to membrane and was slowly downregulated. High levels of ex
pression of a, D, and E isoforms occurred equally frequently in both normal and 
malignant epithelial cultures. No relationship between PKC isoform expres
sion and age, tumor size, nodal status, or steroid receptor status was noted, 
although the sample size is extremely small. It is possible that the establish
ment of primary cell lines masked any differences in PKC isoform expression 
that may exist in vivo, and studies of PKC isoform expression in situ would be 
required to address this possibility. In addition, a larger sample size would be 
critical to draw definitive conclusions about the relationship between PKC 
isoform expression and clinical parameters in a disease as heterogeneous as 
breast cancer. 

PKC activity in human breast cancer cell lines 

Because of the difficulty of performing mechanistic studies in vivo, most 
studies of PKC function in breast cancer have used established human breast 
cancer cell lines as model systems. Early studies documented that ER-negative 
human breast cancer cell lines have significantly higher cytosolic PKC activity 
[15] and immunoreactive protein [16] than ER-positive human breast cancer 
cell lines. In contrast, there is a positive correlation between the number of 
EGFR and the level of PKC activity within the same cell lines. Thus, the 
findings in cell lines generally parallel those in primary cancer specimens, 
validating the use of cell lines as a model system for the study of PKC action 
in breast cancer cells. 

Effects of phorbol esters on human breast cancer cell lines 

The tumor-promoting phorbol esters have been useful tools to dissect the 
effects of PKC activity on human breast cancer cells in vitro (Table 2). PKC is 

Table 2. Phorbol ester effects on MCF-7 cells 

Inhibition of cell number and thymidine incorporation 
Block in G j phase of cell cycle 
Characteristic morphological changes 
Decreased estrogen receptor mRNA half-life 
Decreased EGF binding 
Increased EGFR gene transcription 
Decreased prolactin receptor gene transcription 
Increased TFG-p activity and TFG-Pt mRNA 
Increased cell invasiveness and motility 
Increased adherence to fibronectin, laminin, and Matrigel 
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the major intracellular receptor for phorbol esters [9,17]. Under physiological 
conditions, diacylglycerol (DAG), a product of the phosphatidylinositol cycle, 
transiently activates PKC. Phorbol esters can substitute for DAG as PKC 
activators but act in a more prolonged fashion than DAG because of their 
metabolic stability [18]. Thus, treatment with phorbol esters results in 
activation and translocation of PKC from cytosol to membrane with subse
quent downregulation. Therefore, effects of phorbol esters may be related to 
either prolonged activation of PKC or subsequent downregulation of PKC or 
both. 

Growth effects of TP A 

The growth modulatory effects of phorbol esters in human breast cancer cell 
lines have been well documented [19-26]. Treatment with lOng/ml TPA for 6 
days inhibited MCF-7 cell proliferation and DNA content by more than 50% 
[19]. Subsequent studies showed a correlation between the relative potency of 
various phorbol esters as inhibitors of binding of phorboI12,13-dibiUtyrate and 
cell proliferation, suggesting that phorbol esters induced growth arrest of 
MCF-7 cells through a PKC-mediated pathway [21). 

In MCF-7 cells, a TPA-dependent translocation of cytosolic PKC activity to 
membranes was observed within 30 minutes of TP A exposure. Removal of 
TPA at that time resulted in a slow increase in cytosolic PKC activity and a 
slow decrease in membrane-associated PKC activity, with full recovery only 
after many hours. Prolonged TP A exposure resulted in loss of PKC activity 
after 12 hours, and PKC activity increased and regained its usual pattern of 
subcellular localization after several days of incubation in TPA-free medium. 
This corresponded with a return to normal growth rates [26). Darbon et al. 
demonstrated through direct studies that TP A induces subcellular transloca
tion and subsequent downregulation of both phorbol binding and protein 
kinase C activity in MCF-7 cells, thus linking phorbol ester binding and PKC 
activity [27). 

Although MCF-7 cells are the best studied of the human breast cancer cell 
lines, TP A also brought about similar growth responses in a variety of other 
human breast cancer cell lines. Treatment of MDA-MB-468, Hs578t, and 
MDA-MB-231 cells with TPA for 5 days led to a dose-dependent inhibition of 
growth by >50% at concentrations of >lOnM [24]. TPA had little effect on 
the growth of T47D or ZR-75 cells, perhaps because of variable effect on PKC 
activity, as discussed later [20,24,25]. 

Flow cytometry studies in MCF-7 cells showed that TPA treatment 
disrupts the cell cycle, resulting in a G 1 block and delayed passage through 
G2 [22). These effects were seen within 6-12 hours after TPA addition 
and were maximal by 24 hours. They are reversible in that removal of 
TPA from the medium resulted in restoration of MCF-7 cell proliferation 
within 3--4 days. In most studies this coincided with a gradual upregulation of 
PKC. 
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Morphological changes 

TPA treatment also elicited very characteristic morphological changes in 
MCF-7 cells [19,22,24]. After 24-28 hours, cells became markedly enlarged 
and flattened, and striking vacuolization was seen by light microscopy. Elec
tron microscopy showed extensive granular endoplasmic reticulum and an 
appearance of secretory granules and microvilli suggestive of a more differen
tiated state. These changes were reversible over time with removal of TP A 
from the medium. 

Effects on expression of steroid, epidermal growth factor, and prolactin 
receptors, and transforming growth factor i31 

As noted earlier, PKC activity in human breast cancer cells is inversely related 
to ER expression. Thus, the effects of phorbol esters on ER regulation have 
been examined [28-30]. Treatment of MCF-7 cells with 100nM TPA resulted 
in an 80% decrease in the level of ER mRNA within 6 hours. Nuclear run-on 
assays showed that this did not result from a change in ER gene transcription. 
Rather mRNA half-life studies showed that the decrease was a consequence of 
post-transcriptional effects of TPA on the stability of the ER mRNA as TPA 
decreased ER mRNA half-life from 4 hours to 40 minutes. That this effect was 
related to PKC is supported by the finding that the inactive phorbol, 4u
phorbol, had no effect. Also the PKC inhibitor, H7, blocked TPA modulation 
of ER mRNA. Interestingly, TPA effects were biphasic in that low concentra
tions of TPA (10- 11 to lO-lOM) actually increased ER mRNA by about 
twofold. 

Similar results were obtained for ER protein as determined by enzyme 
immunoassay or ligand binding assay. Maximum loss was observed after 24 
hours of TPA treatment. Measurement of PKC activity in parallel flasks 
suggests that activation of PKC by TPA, rather than its subsequent loss, was 
responsible for the decrease in ER [29]. 

Washout experiments showed that these effects were reversible after 48 
hours in the study of Saceda et al. [29]. However, Ree et al. [28] noted 
continuing depression of ER mRNA and protein despite similar washout 
procedures. Finally, TPA did not universally lead to a decrease in ER protein 
in ER-positive breast cancer cell lines. TPA at the same concentration of 
100nM had no effect on ER expression in T47D or ZR-75 cells [29], two 
cell lines that manifest little change in growth upon TPA exposure [24). 
It is of note that T47D cells particularly have relatively low endogenous PKC 
activity and TP A elicited little evidence of PKC translocation in these cells 
[24,26]. 

The effects of TPA on EGFR mRNA have also been examined [29,30]. 
Treatment of MCF-7 cells with 100nM TPA led to a 14-fold increase in EGFR 
mRNA within 24 hours. Nuclear run-on studies showed that this was associ
ated with a fourfold increase in EGFR gene transcription by 6 hours. Again, 
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the inactive 4-a-phorbol had no demonstrable effect, attesting to the involve
ment of PKC. These mRNA changes occur in parallel with an acute decrease 
in EGF binding affinity, which is felt to result from phosphorylation of the 
EGFR as a consequence of TPA activation of PKC {19,20,30]. Together, these 
studies are notable in that the pattern of ER and EGFR mRNA expression 
after PKC activation by TP A mirrored the relationship between PKC activity 
and ER and EGFR in primary tumors - high PKC activity in conjunction 
with high EGFR and low ER. They also provided evidence for involvement of 
PKC in the regulation of expression of two critical receptors in breast cancer 
cells. 

TP A treatment was also associated with decreased expression of prolactin 
receptor in all five breast cancer cell lines examined [31]. In MCF-7 cells, 
10nM TPA caused a 70% loss of prolactin receptor mRNA within 12 hours, 
with a subsequent decrease in prolactin receptor at the cell surface. Molecular 
studies showed that this was due to a reduction in prolactin receptor gene 
transcription without any effect on mRNA stability. Thus TPA has pleiotropic 
effects on receptor expression, leading to diminished expression of ER and 
prolactin receptor but increased expression of EGFR, suggesting variable 
effects of PKC on the regulation of these receptor types. 

Multiple studies suggest that transforming growth factor f3 (TGF-f3) inhibits 
growth of MCF-7 cells. Increased TGF-f3 activity in conditioned medium as 
well as increased TGF-f31 mRNA levels are also a consequence of TPA treat
ment of MCF-7 cells [25,32]. Treatment with TPA resulted in rapid induction 
of TGF-f31 mRNA between 6 and 12 hours. This effect was dose dependent, 
first seen at 0.8nM and maximal at concentrations ?10nM. This is no doubt in 
part a consequence of the interaction of TPA with a phorbol ester-responsive 
element in the promoter region of the TGF-f31 gene. The potential importance 
of this finding is that increased TGF-f3 activity could contrihu:te to the growth 
inhibitory effects of TPA on MCF-7 cells via an autocrine loop. 

Metastasis formation and PKC in breast cancer 

The ability to metastasize is a key property of the cancer cell. Formation of 
metastasis depends on a series of discrete steps, including attachment of tumor 
cells to the basement membrane, proteolysis of the basement membrane, and 
migration of tumor cells through the membrane. A relationship between PKC 
activity, cell motility, and metastatic capacity has been previously reported in 
a variety of model systems. Several lines of experimental evidence in those 
systems suggest that downregulation of PKC activity abrogates the invasive 
and metastatic phenotype [33,34]. 

The role of PKC in breast cancer metastasis has been studied using TPA
treated MCF-7 cells [35]. MCF-7 cells are poorly metastatic in nude mouse 
models. In a Boyden chamber assay, TPA effected an 18-fold increase in 

96 



invasiveness of MCF-7 cells. This was associated with a l4-fold increase in 
cell motility. TPA also increased the ability of MCF-7 cells to adhere to 
fibronectin, laminin, and Matrigel, an important observation in that the meta
static process is also dependent on the ability of the cell to bind to substratum 
such as basement membrane. Finally, TPA increased the expression of certain 
matrix metalloproteinases (MMP-l and MMP-9) by up to 100-fold, suggesting 
that TPA treatment could enhance the ability of MCF-7 cells to degrade 
extracellular matrix. Together these findings highlight the possibility that PKC 
might act as a critical mediator in the regulation of invasion and metastasis of 
human breast cancer cells. 

MuItidrug resistauce and PKC in breast cancer cells 

Cancer cells frequently manifest de novo or acquired resistance to 
antineoplastic drugs. One phenotype of resistance, multidrug resistance (mdr), 
is associated with the presence of a membrance glycoprotein, the p170 glyco
protein, which functions as an efflux pump for a variety of chemotherapeutic 
agents derived from natural products. A number of features of the mdr pheno
type suggested a role for calcium-dependent processes, but a role for PKC 
specifically was first suggested by the work of Fine et al. [36]. In these studies, 
PKC activity was sevenfold higher in a multidrug-resistant cancer cell line, 
MCF-7/ADR, than in the sensitive parental MCF-7 line. Exposure of the 
sensitive parent line to phorbol-12,13-dibutyrate increased PKC activity and 
induced resistance to doxorubicin and vincristine (agents included in the mdr 
phenotype) but not melphalan (an alkylating agent). This increased resistance 
was at least partially reversed by a calcium channel blocker, verapamil. 

Imunohistochemical and subcellular fractionation studies of MCF-7/ADR 
cells suggested that these cells had four- to eightfold higher nuclear PKC 
activity, a three- to fivefold higher cytosolic activity, and a less than twofold 
higher membrane activity than parental MCF-7 cells [37]. Studies with isotype
specific antisera showed that nuclei from MCF-7/ADR cells contained high 
levels of an altered form of PKC-a. These results have been confirmed by 
Blobe et al. [38], who found that MCF-7/ADR cells have a 10-fold increase 
in calcium-dependent PKC activity and a 10-fold decrease in calcium
independent PKC activity. These changes are associated with increased PKC
a expression and decreased expression of PKC-o and PKC-f. Finally, MCF-7 
cells transfected with the human mdrl gene (BC-19 cells) exhibited greater 
multidrug resistance when stably transfected with PKC-a as well [39]. How
ever, BC-19 cells transfected with PKC-y show no demonstrable change in 
their drug resistance phenotype, although they had increased PKC activity (all 
accounted for by PKC-y) [40). Taken together, these findings underscore the 
possibility that PKC-a may playa role in the mdr phenotype in breast cancer 
cells. 
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Overexpression of PKC-a in MCF-7 cells 

The isolation and cloning of specific PKC isoforms have made it possible to 
examine the effects of sustained overexpression of a single PKC isoform. Ways 
et al. [41] studied the effects of stable over expression of PKC-a in MCF-7 cells 
using standard transfection and selection techniques (Table 3). A pool of 
MCF-7-PKC-a clones was derived, as was a pool of vector clones; MCF-7-
PKC-a cells demonstrated 5- to 16-fold greater PKC activity using a variety of 
substrates than MCF-7-vector cells. This was associated with a three- to 
fivefold increase in PKC-a expression. Western blot analysis of endogenous 
expression of other PKC isoforms showed that MCF-7-PKC-a cells expressed 
higher levels of PKC-a and -~ isoforms" and decreased levels of y and f] 

compared with MCF-7-vector or parental MCF-7 cells, while levels of PKC-e 
and -s were unchanged. The mRNA transcripts for PKC-a, -~, -y, and -f] 

paralleled protein expression. 
MCF-7-PKC-a cells proliferated more rapidly and had a higher S-phase 

fraction than parental cells (MCF-7 23%, MCF-7-PKC-a 39%). Soft agar 
cloning showed that MCF-7-PKC-a cells grew readily in anchorage-indepen
dent conditions, while parental cells grew poorly. MCF-7-PKC-a cells also 
demonstrated marked alterations in morphology. Whereas parental and MCF-
7-vector cells displayed an epithelial appearance and grew attached to the 
plastic substratum, MCF-7-PKC-a cells were more spherical, formed giant 
cells, and detached from the plastic surface to grow in suspension. Electron 
microscopy showed increased expression of secondary lysosomal granules and 
intermediate filaments. Northern analysis showed an increase in mRNA tran
scripts for vimentin, an intermediate filament not normally expressed in MCF-
7 cells. 

Given the inverse relationship between ER and PKC activity and the obser
vation that TPA downregulates ER mRNA transcripts, the ER status of the 
MCF-7-PKC-a cells was examined. In contrast to parental MCF-7 or MCF-7-
vector cells, MCF-7-PKC-a cells lacked ER mRNA; had decreased mRNA 
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Table 3. Characteristics of MCF-7 cells over
expressing PKC-u 

Increased proliferation and S-phase fraction 
Anchorage-independent growth 
Morphological changes 
Increased vimentin mRNA 
Loss of ER and estrogen-mediated responses 
Tumorigenic and metastatic in nude mice 
Increased PKC-u and -~ protein, and mRNA 
Decreased PKC-y and -11 protein, and mRNA 
Stable PKC-E and -~ protein 

Adapted from Ways et al. [41], with permission. 



expression of two estrogen-responsive genes, pS2 and cathepsin D; and acti
vated an estrogen-responsive vit-tk-CAT reporter construct only minimally. 
Finally, MCF-7-PKC-a cells were uniformly tumorigenic in female nude mice, 
and microscopic metastases to lung, perinephric fat, and lymph nodes was 
documented in about one third of the animals. Parental MCF-7 cells formed 
microscopic tumors at the inoculation site in 2 of 10 animals without evidence 
of metastases. Thus, these studies suggest that MCF-7-PKC-a cells display 
a more undifferentiated phenotype, characterized by increased prolifera
tion, anchorage-independent growth, loss of ER expression, and increased 
tumorigenicity and metastatic potential in nude mice. Whether these changes 
were a direct consequence of PKC-a overexpression or an indirect result of 
modulation of the activity of other PKC isoforms such as PKC-B remains to be 
determined. 

PKC as a therapeutic target in breast cancer 

Given the role of PKC in a number of fundamental cellular mechanisms in 
breast cancer cells, the possibility that PKC might be a therapeutic target in 
breast cancer is worthy of exploration. Several agents that might act via PKC 
pathways are at various stages of clinical development. These include 
tamoxifen, UCN-Ol, and bryostatin 1. 

Tamoxifen 

Tamoxifen, a synthetic, nonsteroidal antiestrogen, is a mainstay of hormonal 
therapy for breast cancer. Its primary mechanism of action is via competition 
with estrogen for binding to the ER. However, nonreceptor activities have also 
been proposed. One possible target is PKC. O'Brian et al. [42] showed that 
tamoxifen inhibited rat brain PKC in vitro with an ICso of about 100 11M. 
It also inhibited binding of PH] phorbol dibutyrate to high-affinity m.embrane 
receptors or C3HlOT1f2 cells with an ICso of 5 11M. Related triphenethylene 
compounds, including clomiphene, 4-hydroxytamoxifen, and N
desmethyltamoxifen, were also PKC inhibitors, with ICsos in the micromolar 
range [43]. The inhibitory potencies of these drugs against PKC were corre
lated with their estrogen-irreversible cytotoxic effects against MCF-7 cells. 

In vitro studies further showed that the triphenylethylenes do not interact 
with the active site of PKC. Rather, there is evidence that these agents may 
inhibit PKC via specific interactions with other undefined domain(s) of the 
PKC enzyme as well as nonspecific interaction between antiestrogen and lipid 
cofactors [44]. Bignon et al. [45] extended these studies to show that two 
triphenylethylene derivatives inhibited PKC activity in ER-negative BT-20 
cells in a concentration-dependent manner with an ICso of 3-7 11M. Fraction
ation studies showed that PKC isoforms a and B were both reduced. These 
findings raise the possibility that specific PKC antagonists could be developed 
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from this class of agents and suggest that PKC may be an alternate target 
through which tamoxifen exerts its effects. Also, given tamoxifen's ability to 
inhibit PKC, especially PKC-a, the possibility that it might reverse the mdr 
phenotype is under investigation [46]. 

UCN-Ol 

UCN-Ol or 7-hydroxystaurosporine was isolated from the culture broth of 
Streptomyces species. Although developed as a potentially selective inhibitor 
of PKC, it can inhibit a number of tyrosine and serine-threonine kinases. In 
vitro studies showed that UCN-01 inhibited the growth of MCF-7, MDA-MB-
453, SK-BR-3, MDA-MB-468, and Hs578t cells with a 50% inhibitory con
centration range of 30-100nM after 6 days of exposure. Washout studies 
suggested that a 24 hour exposure to UCN-Ol irreversibly inhibited cell growth 
in MCF-7 and MDA-MB-453 cells but that continuous treatment was neces
sary for maximal growth-inhibitory effects in other cell lines. Detailed studies 
in MDA-MB-468 cells showed that UCN-Ol inhibited the progression from 
G 1 to S phase at low concentrations and progression within S phase at higher 
concentrations [47]. Clinical trials with this agent are slated to begin shortly. 

Bryostatin 1 

Bryostatin 1, a macro cyclic lactone isolated from the marine bryozoan, Bugula 
neritina, is a potent modulator of PKC in many systems [48]. It has been found 
to have effects both agonistic and antagonistic to those of TP A [49]. Like TP A, 
it can substitute for DAG through its ability to bind to PKC and to elicit its 
subsequent subcellular translocational activation [50]. From a chemothera
peutic perspective, it is an attractive compound as it stimuhtes the proli
feration of normal human hematopoietic progenitors [51], has significant 
antineoplastic activity against leukemias [52], and lacks the tumor-promoting 
activities of TPA [53]. A phase I trial has been completed in the United 
Kingdom and other trials are in progress in the United States [54,55].. 

Initial studies of bryostatin 1 showed that it inhibited growth of human 
breast cancer cells relatively poorly when compared with TPA [24,25,56]. 
However, it completely antagonized the growth inhibition and morphological 
changes induced by TPA in MCF-7 cells [24]. It was therefore postulated that 
the differences between TP A and bryostatin in their effects on cell growth may 
be associated with differential effects on PKC isoform activity. Kennedy et al. 
[24] reported that 100nM TPA induced rapid translocation of the PKC-a 
isoform and PKC activity from the cytosolic to membrane fraction in MCF-7 
cells. In contrast, 100nM bryostatin 1 treatment resulted in loss of PKC activ
ity and PKC-a isozyme from both cytosol and membrane compartments 
within minutes. 

In combination assays, the bryostatin 1 effect was dominant over the TP A 
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effect. These disparate effects of TP A and bryostatin 1 were seen in MCF-7 
and MDA-MB-468 cells, both cell lines whose growth was inhibited by TPA 
but only minimally affected by bryostatin 1. Interestingly, T47D cells, whose 
growth is only slightly affected by TPA or bryostatin 1, showed no transloca
tion of PKC-a isozyme or PKC activity in response to TP A. But bryostatin 1 
still caused rapid loss of PKC activity and PKC-a isozyme from both cytosolic 
and membrane-associated fractions in T47D cells. These results are compat
ible with the hypothesis that distinct effects of bryostatin 1 and TP A in human 
breast cancer cells may be explained by their different effects on the expres
sion and activity of the PKC-a isoform, although involvement of other targets 
certainly cannot be excluded. 

Stanwell et al. [56] also showed that TPA had similar effects on PKC-a in 
MCF-7 cells with redistribution of the a isoform to the membrane and nuclear 
fractions in a concentration-dependent manner. However, in this study 
bryostatin 1 had little effect except at a concentration of 1 [.tM, at which 
translocation of PKC-a isozyme to the membrane fraction was evident. Mod
est redistribution of PKC-~ from the cytosol to membrane (bryostatin) or the 
membrane and nucleus (TPA) was seen and was also not concentration depen
dent. Finally, PKC-E was also translocated to the membrane and nucleus by 
both drugs. Effects of TP A or bryostatin 1 on total PKC activity were not 
examined. Differences in cell culture conditions or use of variable MCF-7 
sub lines may account for some of these differences. In any case, these studies 
point out the complexities of studies designed to tease apart the effects of 
various PKC isoforms. 

Although bryostatin 1 does not inhibit the growth of human breast cancer 
cell lines in vitro, its potential ability to induce the rapid loss of PKC activity 
from the cytosolic fraction of treated human breast cancer cells may have 
significant biological and clinical implications. As noted earlier, there is a large 
body of evidence that downregulation of PKC may reduce the metastatic 
capacity of tumor cells; thus, the ability of bryostatin 1 to act as an 
antimetastatic agent should be further explored. Indeed, Johnson et al. [35] 
have shown that bryostatin 1 blocked TPA-induced increases in MCF-7 cell 
invasiveness and motility. In addition, the fact that bryostatin 1 may be a 
potent downregulator of PKC-a raises the possibil,ity that it may be useful 
in the management of malignancies with the mdr phenotype because 
overexpression of PKC-a particularly was observed in MCF-7/ADR cells. 

Finally, multiple studies in a variety of experimental models support a role 
for PKC as a mediator of programmed cell death. In these systems, activation 
of PKC is associated with a block of programmed cell death, while PKC 
inhibition is associated with potentiation of programmed cell death. Thus, 
treatment of human breast cancer cells with bryostatin 1, which appears to 
downregulate PKC, could render cells more sensitive to the apoptotic effects 
of commonly used chemotherapeutic agents. Studies of Grant et al. [57] have 
confirmed the feasibility of this approach in other cell systems. 

101 



Conclnsions 

Systemic therapy for breast cancer has reached a plateau, suggesting that new 
approaches based on an improved understanding of basic breast cancer biol
ogy are necessary. Ample evidence from studies using both human tissues and 
established breast cancer cell lines suggests a pivotal role for PKC in breast 
cancer. Its involvement in cell growth and differentiation, metastatic capabil
ity, and drug resistance is only now beginning to be understood. It is hoped 
that enhanced knowledge about regulation of PKC and its isoforms will 
permit the development of new approaches to breast cancer treatment and 
prevention. 

Acknowledgment 

This work was supported by grant DOl CA66084 from the National Cancer 
Institute. 

References 

1. Takai Y, Kishimoto A, Inove M, Nishizuka Y (1977) Studies on a cyclic nucleotide-indepen
dent protein kinase and its proenzyme in mammalian tissues and purification and character
ization of an active enzyme from bovine cerebellum, J Bioi Chern 252:7603-7609. 

2. Takai Y, Kishimoto A, Iwasa Y, et aL (1979) Calcium-dependent activation of a mttltifunc
tional protein kinase by membrane phospholipids. J Bioi Chern 254:3692-3695. 

3. Kishimoto A, Takai Y, Mori T, Kikkawa V, Nishizuka Y (1980) Activation of calcium 
and phospholipid-dependent protein kinase by diacylglycerol, its possible relation to 
phosphatidylinositol turnover. J Bioi Chern 255:2273-2276. 

4. Nishizuka Y (1986) Studies and perspectives of protein kinase C. Science 233:305-312. 
5. Nishizuka Y (1989) Studies and perspectives of the protein kinase C family for celllUtar 

regulation. Cancer 63:1892-1903. 
6. Nishizuka Y (1988) The molecular heterogeneity of protein kinase C and its implications for 

cellular regulation. Nature 334:661-665. 
7. Hug H, Sarre TF (1993) Protein kinase C isoenzymes: Divergence in signal transduction? 

Biochern J 291:329-343. 
8. Dekker K, Parker P (1994) Protein kinase C - a question of specificity. Trends Biochern Sci 

19:73-77. 
9. Parker PI, Coussens L, Totty N, et aL (1986) The complete primary structlUre of protein kinase 

C - the major phorbol ester receptor. Science 233:853-859. 
10. Coussens L, Parker PI, Rhee L, et al. (1986) Multiple, distinct forms of bovine and human 

protein kinase C suggest diversity in cellular signaling pathways. Sciefa(:e 233:859-866. 
11. Blobe GC, Obeid LM, Hannun Y A (1994) Regulation of protein kinase C and role in cancer 

biology. Cancer Metastasis Rev 14:411-421. 
12. O'Brian CA, Vogel VG, Singletary SE, Ward NE (1989) Elevated protein kinase C expression 

in human breast tumor biopsies relative to normal breast tissue. Cancer Res 49:3215-
3217. 

13. Wyss R, Fabbro D, Regazzi R, Borner C, et aL (1987) Phorbol ester and epidermal growth 
factor receptors in human breast cancer. Anticancer Res 7:721-728. 

14. Imber R, Haberthiir F, Meier F, Filipuzzi I, Almendral AC (1994) No tumor-specific expres-

102 



sion levels of protein kinase C isoenzymes and of c-fos in human breast cancer cell cultures. 
Carcinogenesis (Land) 15:359-363. 

15. Fabbro D, Kung W, Roos W, Regazzi R, Eppenberger U (1986) Epidermal growth factor 
binding and protein kinase C activities in human breast cancer cell lines: Possible quantitative 
relationship. Cancer Res 46:2720-2725. 

16. Borner C, Wyss R, Regazzi R, Eppenberger U, Fabbro D (1987) Immunological quantitation 
of phospholipid/Ca2+ -dependent protein kinase of human mammary carcinoma cells: Inverse 
relationship to estrogen receptors. Int J Cancer 40:344-348. 

17. Neidel JE, Kohn LJ, Vandenbark GR (1983) Phorbol diester receptor copurifies with protein 
kinase C. Proc Natl Acad Sci USA 80:36-40. 

18. Castagna M, Takai Y, Kaibuchi K, et al. (1982) Direct activation of calcium-activated, phos
pholipid-dependent protein kinase by tumor-promoting phorbol esters. J BioI Chern 
257:7874-7851. 

19. Osborne CK, Hamilton B, Nover M, Ziegler J (1981) Antagonism between epidermal growth 
factor and phorbol ester tumor promoters in human breast cancer cells. J Clin Invest 67:943-
951. 

20. Roos W, Fabbro D, Kung W, Costa SD, Eppenberger U (1986) Correlation between hormone 
dependency and the regulation of epidermal growth factor receptor by tumor promoters in 
human mammary carcinoma cells. Proc Nat! Acad Sci USA 83:991-995. 

21. Darbon J-M, Valette A, Bayard F (1986) Phorbol esters inhibit the proliferation of MCF-7 
cells. Biochem Pharmacol 35:2683-2686. 

22. Valette A, Gas N, Jozan S, et al. (1987) Influence of 12-0-tetradecanoylphorbol-13-acetate on 
proliferation and maturation of human breast carcinoma cells (MCF-7): Relationship to cell 
cycle events. Cancer Res 47:1615-1620. 

23. Issandou M, Bayard F, Darbon J-M (1988) Inhibition of MCF-7 cell growth by 12-0-
tetradecanoylphorbol-13-acetate and 1,2-dioctanoyl-sn-glycerol: Distinct effects on protein 
kinase C activity. Cancer Res 48:6943--{i950. 

24. Kennedy MJ, Prestigiacomo L, Tyler G, May WS, Davidson N (1992) Differential effects of 
bryostatin-1 and phorbol ester on human breast cancer cells. Cancer Res 52:1278-1283. 

25. Nutt JE, Harris AL, Lunec J (1991) Phorbol ester and bryostatin effects on growth and the 
expression of oestrogen responsive and TGF-~1 genes in breast tumour cells. Br J Cancer 
4:671--{i76. 

26. Fabbro D, Regazzi R, Costa SD, Borner C, Eppenberger U (1986) Protein kinase C desensi
tization by phorbol esters and its impact on growth of human breast cancer cells. Biochem 
Biophys Res Commun 135:65-73. 

27. Darbon J-M, Oury F, Clamens S, Bayard F (1987) TPA indl\lCes subcellular translocation and 
subsequent down-regulation of both phorbol ester binding and protein kinase C activities in 
MCF-7 cells. Biochem Biophy Res Commun 146:537-546. 

28. Ree AH, Landmark BF, Walaas SI, et al. (1991) Down-regulation of messenger ribonucleic 
acid and protein levels for estrogen receptors by phorbol ester and calcium in MCF-7 cells. 
Endocrinology 129:339-344. 

29. Saceda M, Knabbe C, Dickson RB, et al. (1991) Post-transcriptional destabilization of estro
gen receptor mRNA in MCF-7 cells by 12-0-tetradecanoylphorbol-12-acetate. J BioI Chern 
25:17809-17812. 

30. Lee CSL, Koga M, Sutherland RL (1989) Modulation of estrogen receptor and epidermal 
growth factor receptor mRNAs by phorbol ester in MCF-7 breast cancer cells. Biochem 
Biophys Res Commun 162:415-421. 

31. Ormandy CJ, Lee CSL, Kelly PA, Sutherland RL (1993) Regulation of prolactin receptor 
expression by the tumor promoting phorbol ester 12-0-tetradeccanoylphorbol-13-acetiIJte in 
human breast cancer cells. J Cell Biochem 52:47-56. 

32. Guerin M, Prats H, Mazars P, Valette A (1992) Antiproliferation effect of phorbol esters on 
MCF-7 human breast adenocarcinoma cells: Relationship with enhanced expression of trans
forming growth factor-~l' Biochim Biophys Acta 1137:116-120. 

33. Schwartz GK, Redwood SM, Ohunma T, et al. (1990) Inhibition of invasion of invasive human 

103 



bladder carcinoma cells by protein kinase C inhibitor staurosporine. J Natl Cancer Inst 
82:1753-1756. 

34. Dumont JA, Jones WD, Bitonti AJ (1992) Inhibition of experimental metastasis and cell 
adhesion of B16F1 melanoma cells by inhibitors of protein kinase C. Cancer Res 52:1195-
1200. 

35. Johnson MD, Torri JT, Lippman ME, Dickson RB (1994) Regulation of the invasiveness of 
the human breast cancer cell line MCF-7 by agents that act through protein kinase C (abstr). 
J Cell Biochem 18D(Suppl):243. 

36. Fine RL, Patel J, Chabner BA (1988) Phorbol esters induce multidrug resistance in human 
breast cancer cells. Proc Natl Acad Sci USA 85:582-586. 

37. Lee SA, Karaszkiewicz JW, Anderson WB (1992). Elevated level of nuclear protein kinase C 
in multidrug-£.esistant MCF-7 human breast carcinoma cells. Cancer Res 52:3750-3759. 

38. Blobe GC, Sachs CW, Khan W A, et a1. (1993) Selective regulation of expression of protein 
kinase C (PKC) isoenzymes in multidrug-resistant MCF-7 cells. J Bioi Chem 268:658-664. 

39. Yu G, Ahmad A, Aquino C, et a1. (1991) Transfection with protein kinase C a confers 
increased multidrug resistance to MCF-7 cells expressing P-glycoprotein. Cancer Commun 
3:181-189. 

40. Ahmad S, Trepel JB, Ohno S, et a1. (1992) Role of p,rotein kinase C in the modulation of 
multidrug resistance: Expression of the atypical y isoform of protein kinase C does not confer 
increased resistance to doxorubicin. Mol PharmacoI42:1004-1009. 

41. Ways DK, Kukoly CA, deVente J, et a1. (1995) MCF-7 breast cancer cells transfected with 
protein kinase C-a exhibit altered expression of other protein kinase C isoforms and display 
a more aggressive neoplastic phenotype. J Clin Invest 95:1-10. 

42. O'Brian CA, Liskamp RM, Solomon DH, Weinstein IB (1985) Inhibition of protein kinase C 
by tamoxifen. Cancer Res 45:2462-2465. 

43. O'Brian CA, Liskamp RM, Solomon DH, Weinstein IB (1986) Triphenylethylenes: A new 
class of protein kinase C inhibitors. J Natl Cancer Inst 76:1243-1247. 

44. O'Brian CA, Housey GM, Weinstein IB (1988) Specific and direct binding of protein kinase 
C to an immobilized tamoxifen analogue. Cancer Res 48:3626-3629. 

45. Bignon E, Ogita K, Kishimoto A, Nishizuka Y (1990) Protein kinase C subspecies in estrogen 
receptor-positive and -negative human breast cancer cell lines. Biochem Biophys Res 
Commun 171:1071-1078. 

46. Trump DL, Smith DC, Ellis PG, et a1. (1992) High-dose oral tamoxifen, a potential mtllltidrug
resistance-reve:rsal agent: Phase I trial in combination with vinblastine. J Natl Ciill7cer Inst 
84:1811-1816. 

47. Seynaeve CM, Stetler-Stevenson M, Sebers S, et a1. (1993) Cell cycle arrest and grO\vth 
inhibition by the protein kinase antagonist UCN-01 in human breast carcinoma cells. Cancer 
Res 53:2081-2086. 

48. Berkow RL, Kraft AS (1985) Bryostatin, a non-phorbol macrocyclic lactone, activates intact 
human polymorphonucler leukocytes and binds to the phorbol ester receptor. Biochem 
Biophys Res Commun 131:1109-1115. 

49. Gschwendt M, Fiirstenberger G, Rose-John S, et a1. (1988) Bryostatin 1, an activator of 
protein kinase C, mimics as well as inhibits biological effects of the phorbol ester TPA in vivo 
and in vitro. Carcinogenesis (Lond) 9:555-562. 

50. Kraft AS, Baker VV, May WS (1987) Bryostatin induces changes in protein kinase C location 
and activity without altering c-myc gene expression in human promyelocytic leukemia cells 
(HL-60). Oncogene 1:111-118. 

51. May WS, Sharkis SJ, Esa A, et a1. (1987) Antineoplastic bryostatins are multipotential 
stimulators of human hematopoietic progenitor cells. Proc Nat! Acad Sci USA 84:8483-8487. 

52. Pettit GR, Dey JF, Hartwell JL, Wood HB (1970) Antineoplastic components of marine 
animals. Nature 227:962-963. 

53. Hennings H, Blumberg PM, Pettit GR, et a1. (1987) Bryostatin 1, an activator of protein 
kinase C, inhibits tumor promotion by phorbol esters in SEN CAR mouse skin. Carcinogenesis 
(Lond) 8:1343-1346. 

104 



54. Prendiville J. Crowther D, Thatcher N, et al. (1993) A phase I study of intravenous bryostatin 
1 in patients with advanced cancer. Br J Cancer 68:418-425. 

55. Philip PA, Rea D, Thavasu P, et al. (1993) Phase I study of bryostatin 1: Assessment of 
interleukin 6 and tumor necrosis factor a induction in vivo. J Nat! Cancer Inst 85:1812-1818. 

56. Stanwell C, Gescher A, Bradshaw TD, Pettit GR (1994) The role of protein kinase C 
isoenzymes in the growth inhibition caused by bryostatin 1 in human A549 lung and l\ICF-7 
breast carcinoma cells. Int J Cancer 56:585-592. 

57. Grant S, Jarvis WD, Swerdlow PS, et al. (1992) Potentiation of the activity of 1-(3-D
arabinofuranosyl-cytosine by the protein kinase C activator bryostatin 1 in HL-60.cells: 
Association with enhanced fragmentation of mature DNA. Cancer Res 52:6270-6278. 

105 



6. Protein tyrosine phosphatases: 
Cellular regulators of human breast cancer? 

Yi-Fan Zhai, Julie J. Wirth, Clifford W. Welsch, and Walter J. Esselman 

Introduction 

Protein tyrosine phosphorylation and dephosphorylation are believed to be 
key regulatory mechanisms in the control of signal transduction, cell prolifera
tion, differentiation, and neoplastic transformation [1-4]. The net cellular 
level of tyrosine phosphorylation is maintained dynamically by the opposing 
actions of protein tyrosine kinases (PTKs) and protein tyrosine phosphatases 
(PTPases). While the involvement of PTKs in these cellular processes has 
been examined extensively, an investigation of the concomitant role of 
PTPases has only just begun. 

PTPases have been identified in many different eukaryotic cell types. The 
diverse family contains both transmembrane glycoproteins and cytosolic pro
teins [2,3]. The transmembrane receptor-type PTPases contain distinct extra
cellular domains, a single hydrophobic transmembrane region and two tandem 
repeated conserved cytoplasmic PTPase domains. The cytoplasmic PTPases 
generally contain one PTPase domain and regulatory segments containing 
diverse elements [3]. Examples of primary structures of the PTPases relevant 
to this communication are shown in Figure 1. 

In the studies reported in this communication, we have examined the recep
tor-type PTPases, LAR-PTPase and CD45, and two cytoplasmic PTPases, 
PTPlB and TCPTP. PTP1B and TCPTP, although initially isolated from 
human placenta and a human T-cell library, respectively [5,6], are widely 
distributed in many tissue types. CD45 is expressed primarily in nucleated 
hematopoietic cells [7]. LAR-PTPase (leukocyte-common antigen related) is 
expressed on endothelial and epithelial cells of a broad range of tissue and cell 
types, including breast, kidney, thymus, brain, intestine, muscle, and different 
tumor cell lines [3,8,9]. The objective of our studies has been to define the role 
of PTPases in human breast carcinoma development and/or growth, in particu
lar in those breast carcinomas that have a high expression of PTK activity. 
More specifically, our objectives in this communication are to examine the 
expression levels of specific PTPases in human breast carcinoma cells that 
have a high expression level of PTK and to assess the influence of increased 
PTPase expression, via transfection of PTPase cDNA, on in vitro growth of 
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TCPTP PTP18 
Figure]. Basic structure of the major PTPases .e.",amined in this communication. Shown are the 
receptor-type PTPase, LAR-PTPase, and the cytoplasmic-type PTPases, PTPIB and TCPTP. The 
homologous PTPase domains are shown and, for LAR-PTPase, the domains homologous to Ig 
and fibronectin III are shown. 

human breast carcinoma cells and in vivo tumorigenicity of these cells in 
athymic nude mice. We intend to test the hypothesis that the elevation in 
expression of certain PTPases, if expressed in sufficient quantities, would alter 
or suppress the neoplastic transforming and tumorigenic effects of aberrant 
hyperphosphorylation caused by PTK oncogenes. 
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Materials and methods 

Cell lines 

A benzopyrene-induced, immortalized, but non tumorigenic human breast 
epithelial cell line, 184B5, was obtained from Dr. M. Stampfer (Livermore 
Laboratory, Berkeley, CA). 18-Rn1, 18-Rn2, and 18-Hn1 cell lines and 184B5 
cells were grown in MCDB170, prepared by mixing equal amounts of mini
mum essential medium (MEM; Gibco, Grand Island, NY) and keratinocyte 
basal medium, that is, modified MCDB153 (Clonetics, San Diego, CA), 
supplemented with EGF (10ng/ml), insulin (10~g/ml), transferrin (10~g/ml) 
(Collaborative Research, Bedford, MA), hydrocortisone (0.5 ~g/ml, Sigma 
Chemical, St. Louis, MO), and gentamicin (5 ~g/ml, Gibco). MCF-7 and SK
BR-3 human breast carcinoma cell lines were obtained from the American 
Type Culture Collection (Bethesda, MD). MCF-7 and SK-BR-3 cell lines were 
grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf 
serum (Gibco). All cells were incubated at 37°C in 5% CO2• 

Animals 

Female athymic nude mice (nu/nu) were obtained from Harlan Sprague
Dawley (Indianapolis, IN). The mice were maintained in our pathogen-free 
barrier facility (germ-free laminar airflow), and the drinking water, feed, bed
ding, and cages were sterilized before use. The animals were housed in a 
temperature (24°C) and light (14hr/day) controlled room. The mice were fed 
Wayne Autoclave Rodent Blox (8658) (Dyets, Bethelehem, PA). 

neu transfection 

18-Rn1 cells were derived by infecting 184B5 cells with a mutationally acti
vated replication-defective amphotropic retrovirus vector, JR-neu (rat), 
containing a single amino acid substitution (Va1664 to Glu664) in the transmem
brane region. 18-Rn2 cells (obtained from Dr. C. Aylsworth, Michigan State 
University, E. Lansing, MI) were derived by infecting 184B5 cells with muta
tionally activated rat neu oncogene (identical to that described earlier). The 
18-Hn1 cell line was derived by transfecting 184B5 cells with a mutationally 
activated human neu (erbB-2) oncogene and was a gift from Dr. J. Pierce 
(National Cancer Institute, Bethesda, MD). 

Oligonucleotide primers 

All oligonucleotide primers were synthesized in the Macromolecular Synthe
sis Facility, Michigan State University. The primers (including position in 
eDNA and the size of amplified fragment in bp) were as follows: 1. GAPDH, 
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human CCATGGCACCGTCAAGGCTGAGAACG (228-253), CAAT
GCCAGCCCCAGCGTCAAAGGT (964-939) 738bp; 2. LAR, human 
TCGAGCGCCTCAAAGCCAACG (4362-4382), GGCAGGCACCTCTG
TGTGGCCG (5191-5170), 831 bp, 3. PTPlB, human CGGCCATTTACC
AGGATATCCGACA (130-154), TCAGCCCCATCCGAAACTTCCTC 
(839-817) 711 bp; 4. TCPTP, human GCTGGCAGCCGCTGTACTTG
GAAAT (110-134), ACTACAGTGGATCACCGCAGGCCCA (687-663) 
579bp; 5. neu, rat TGCCCCATCAACTGCACCCACTCCTGT (1907-1933), 
TCCAGGTAGCTCATCCCCTTGGCAATC (2541-2515), 636bp; primers 
for human neu were identical to those previously reported [10]. 

RT-PCR analysis 

Total RNA was isolated from cultured cells before confluence and RT-PCR 
was performed. Radioactive labeling was performed by addition of 11lCj of ( u-
32p)dCTP (DupontlNEN Research Products, Wilmington, DE) to each poly
merase chain reaction (PCR) reaction mixture. At the end of every five PCR 
cycles, one reaction was stopped and the amplified products were analyzed by 
8% native polyacrylamide gels and autoradiography. The amount of incorpo
rated radioactivity of each gel band was determined by using a Betascope 603 
blot analyzer (Betagen, Waltham, MA). 

Immunofluorescence analysis 

Cells were seeded at 1 X 104 cells per chamber (eight chamber slides; Nunc, 
Naperville, IL), incubated for 48 hours, then fixed with 100% methanol at 
-20°e. Anti-human c-erbB-2 monoclonal antibody was obtained from 
Oncogene Science (Uniondale, NY), and anti-human LAR mAb 11: lA and 
anti PTPIB-mAb AE4-2J were generous gifts from Dr. M. Streuli (Dana
Farber Cancer Institute, Boston, MA) and Dr. D. Hill (Applied Biotechnol
ogy, Cambridge, MA), respectively. The second antibody for c-erbB-2, LAR, 
and PTPIB was FITC-conjugated goat anti-mouse IgG (Sigma Chemical 
Company). The amount of p185neu , LAR, and PTPIB proteins was quantitated 
by measuring the fluorescence intensities of the samples on a single-cell basis 
using an ACAS 570 interactive laser cytometer (Meridian Instruments, 
Okemos, MI). 

Northern blot analysis 

RNA was isolated using guanidine thiocyanate, and poly-A mRNA was iso
iated using a PolyATract mRNA Isolation System (Promega, MadiSOlIl., WI). 
mRNA was separated on a 1 % MOPS-formaldehyde agarose gel and trans
ferred to a nylon membrane (Gene Screen, DupontlNEN Research Products). 
GAPDH (738bp) andneu (622bp) probes were prepared by PCR of cDNA of 
18-Hnl cells. The LAR (1306 bp) and PTPIB (1273 bp) probes were prepared 
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A. LAR cDNA (pSP6.DL-LAR) 
s'ur 
I I Extracellular 

EcoRI BamHI BamHI NheI 

I I I I I 
I 341 616 1921 2639 

B. LAR Vector 

EcoRI 

LAR 
6.7kb 

NheI 

rM 

4142 

Cytoplasmic 

Dral 

3'ur 

Dral 

I 
6713 7702 bp 

Figure 2. LAR-PTPase cDNA expression vector. A: The pSP6.DL-LAR plasmid region contain
ing the full-length coding sequence of LAR-PTPase. The positions of the start and stop codons are 
indicated, as well as the restriction enzyme sites used in the construction. The regions coding the 
extracellular, cytoplasmic, and transmembrane (TM) domains of LAR-PTPase are indicated. B: 
The plasmid, pTB-LAR (14.Skb) contains the MT-l heavy metal inducible metallothionein 
promoter (MT), the LAR-PTPase coding sequence (solid, 6.7kb from the EeaRI to DraI sites), an 
SV-40 polyadenylation signal (shaded), and a hygromycin-resistanee gene as a selection marker. 
The arrows indicate the position of the PCR primers, and the bracket indicates the position of the 
segment spliced out of the PCR product. 

by BamHI or HindIII digestion, respectively, of cDNA. Probes were labeled 
with a(3zP)dCTP (DupontlNEN Research Products) using a random primer 
labeling kit (United States Biochemical, Cleveland, OH). 

LAR-PTPase expression vector 

The vector containing human LAR-PTPase cDNA was constructed as follows 
(Figure 2). The pSP6.DL-LAR plasmid (Figure 2A), containing the human 
LAR-PTPase cDNA (a gift from Dr. M. Streuli), was digested with EcoRI + 
NheI to yield 2.6kb and 4.1kb fragments, respectively. Then the 2.6kb 
pSP6.DL-LAR fragment was ligated to NruI + Nhel digested pTB-hyg (a gift 
from Dr. J. McCormick, Michigan State University East Lansing, MI), gener
ating a 10.5kb intermediate plasmid pTG-LAREN• The 4.1kb pSP6.DL-LAR 
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fragment was ligated into pTB-hyg after NheI + NaeI digestion, giving a 
second intermediate plasmid pTB-LARND (11.8kb). The final plasmid pTB
LAR, constructed by ligating the 4.7kb NotI + NheI fragment from pTB
LAREN into pTB-LARND (after NotI + NheI digestion), contained the 
full-length coding sequence of LAR-PTPase (Figure 2B). The orientation and 
structure of the insertion were analyzed by restriction digestion. The pTB
LAR plasmid contained the human LAR-PTPase cDNA, the MT-1 heavy 
metal (zinc or cadmium) inducible metallothionein promoter, and a 
hygromycin resistance gene (hyg). 

LAR-PTPase transfections 

18-Hnl cells were transfected with pTB-LAR or with control plasmid DNA 
(pTB-hyg alone) using lipofectin (Gibco) as described by the supplier with 
minor modifications. Cells were seeded at 5 X 105 per tissue culture dish 
(100mm) in serum-containing growth medium. After 24 hours, 4 ml of medium 
with lipofectin reagent-DNA complex (30~g of plasmid DNA and 30~1 of 
lipofectin reagent) were added to each dish and incubated overnight at 37°C. 
The DNA-containing medium was replaced with growth medium containing 
serum and was incubated for 48 hours before the addition of hygromycin 
(75~g/ml). 

LAR-PTPase expression 

After hygromycin selection, LAR-transfected 18-Hn1 cell lines (18-Hn1-
LAR) were cultured in Dulbecco's modified Eagle's medium (DMEM) 
containing 10% fetal bovine serum (GIBeO) and 10-3 M dexamethasone 
(Sigma Chemical). RT-PCR analysis (35 cycles) of LAR-PTPase transfected 
18-Hn1 cells was performed using a sense primer in LAR-PTPase (5'
CGTCCAGCCCTCCTACGCAGA-3'; positioned just 3' to the LAR
PTPase termination codon) and an antisense primer 5' to the SV40 
polyadenylation signal in the vector (5'-ATTTTATGTTTCASGGTTCA
GGGGGA-3'; see arrows, Figure 2B). 

For analysis of LAR-PTPase protein expression, cells were grown in 
DMEM-containing serum with hygromycin B (150mg/ml). When confluent, 
cells were washed twice in PBS and surface-labeled with N
hydroxysuccinimidobiotin (Sigma Chemical). Following labeling, cells were 
lysed with NP-40 cell lysis buffer (20mM TRIS-HCl, pH 8.0,1 % NP-40; Pierce 
Chemical Co., Rockford, IL), 0.9% NaCl, 5mM EDTA, 0.23U/ml aprotinin, 
2mM PMSF, l~M pepstatin A, l~M leupeptin, 50~g/ml RNAase A, and 
50~g/ml DNAase I (reagents from Sigma Chemical or Boehringer 
Manneheim, Indianapolis, IN). The protein concentration of the lysates was 
determined by the Bradford protein assay. Lysates (2mg) from each LAR
PTPase clone were precleared hvice by addition of lO~g 104.21mAb (anti
CD45) for 1 hour and 40~1 protein G agarose beads (Boehringer Manneheim) 
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for 1 hour. Immunoprecipitation was performed by incubation with 5 flg anti
LAR-PTPase mAb ll.lA for 1 hour followed by 40fll protein G-agarose 
beads for 1 hour. Immunoprecipitates were washed twice in PBS (pH 7.4), 
once in 0.5M LiCI, and twice in 20mM TRIS (pH 8.0), and were separated by 
SDS-PAGE (4-15% gradient). After electrophoresis, the proteins on the 
SDS-PAGE gel were transferred onto a 0.2 micron PVDF membrane (BioRad 
Laboratories, Melville, NY), blocked with 10% skim milk (w/v), 20mM 
TRIS (pH 8), 0.137M saline containing 0.1 % Tween-20 (v/v) for 1 hour, and 
incubated with 1: 5000 streptavidin-horseradish peroxidase conjugate 
(Immunopure, Pierce). Lastly, the blot was developed with a chemilumines
cent detection system (ECL; Amersham, Arlington Heights, IL) and 
H yperfilm (Amersham). 

Cell proliferation rates in vitro 

For comparison of cell proliferation rates, cells were seeded at 1 .x 105 cells per 
35 mm well in 6 well Costar culture cluster dishes in serum-free MCDB170 
medium. At the indicated times, triplicate wells of each cell line were washed 
twice with PBS, trypsinized (0.05% trypsin, 0.53 mM EDT A), centrifuged, and 
resuspended in PBS, and the cells were counted individually using a Coulter 
Counter (Coulter Electronics, Hialeah, FL). For flow cytometric DNA 
analysis, bivariate flow cytometric measurement of BrdUrd incorporation 
was performed. Fluorescence intensity was determined with an Ortho 
cytofluorograph (Ortho Diagnostic Systems, Westwood, MA). Statistical 
analysis was performed by one-way analysis of variance and the Neuman
Keuls multiple comparison test. 

Tumorigenicity assay 

Tumorigenicity of cell lines was determined by the ability of cells to form 
tumors in mature female athymic nude mice. A total of 5 X 106 cells of each 
cell line were inoculated subcutaneously into athymic nude mice. Mice were 
observed at weekly intervals, and tumor diameters were obtained by using a 
vernier caliper. The tumor volumes were calculated based on the formula V = 
4/31t([A + B]/4)3, in which A and B are two perpendicular diameters obtained 
from each tumor. Tumor weights were obtained when the experiments were 
terminated 5 weeks after cell inoculation. Statistical analysis was performed by 
Student's t test and by one-way analysis of variance and the Neuman-Keuls 
multiple comparison test. 

Results 

Effect ofneu introduction on 184B5 cell proliferation in vitro 

The activated rat neu oncogene cDNA was introduced into the immortalized 
human breast epithelial cell line, 184B5. More than 1000 G418 resistant colo-
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nies were observed on each 100 mm plate following a single exposure to 1 ml of 
JR-neu virus at 2 X 104 colony-forming units (CFU)/ml. These colonies were 
pooled and designated as the cell line 18-Rn1. As a consequence of neu 
introduction, 18-Rnl and a second neu transfected 184B5 cell line, 18-Hnl, 
were found to proliferate significantly more rapidly compared with parental 
184B5 cells. The population doubling times for 184B5, 18-Rnl, and 18-Hnl 
were 28, 24, and 19 hours, respectively. The neu transfection resulted in 
BrdUrd uptake of 30.3% and 38.9% in 18-Rnl and 18-Hnl cells, respectively, 
compared with 11.7% for 184B5 cells. These data provide evidence that in
creased neu expression resulted in a substantial elevation of DNA synthesis 
and cell proliferation. 

Effect ofneu introduction on tumorigenicity of 184B5 cells in athymic 
nude mice 

As a direct test of the transforming potential of the neu oncogene, the capabil
ity of neu transfected 184B5 cells (18-Hnl and 18-Rnl) to form tumors in 
athymic nude mice was determined. Both 18-Rnl and 18-Hnl cells readily 
formed palpable tumors after subcutaneous inoculation (Figure 3). 18-Rnl 
cells formed tumors that initially grew progressively, followed by a period of 
slow growth; a number of these tumors ultimately regressed. 18-Hnl cells 
formed rapidly growing progressive tumors; no evidence of regression was 
observed in these tumors. Histological analysis revealed that all 18-Rnl tu
mors exhibited many characteristics of human breast carcinomas, including a 
high degree of nuclear polymorphism, central necrosis, and cysts. Histological 
characteristics of 18-Hnl tumors were similar to 18-Rnl tumors but lacked 
substantial cystic formation. No tumor development was observed from the 
parental 184B5 cell line. 

Expression ofneu and PTPases in 184B5 cells and in neu-transformed 
184B5 cells 

The PTPases studied by RT-PCR were LAR-PTPase, PTPIB, and TCPTP. 
Labeling of PCR products with (a-32P)dCTP was used to determine the RT
PCR amplification efficiency and to semiquantitatively compare amplified 
PCR products. The amount of radioactive amplified product produced for 
each PTPase, GAPDH, and neu was measured every five PCR cycles. Since 
amplification was found to reach a plateau range at more than 25 cycles, the 
data used for comparative analysis were at 25 cycles of amplification. Thus, it 
was possible to obtain a semiquantitative comparison of the initial amounts of 
mRNA template by comparing the amounts of amplified PCR products. The 
expression of neu and PTPases in 18-Rnl, 18-Hnl, and 18-Rn2 cells and the 
parental 184B5 cells were compared using GAPDH as an internal control. By 
use of this method, neu elevation was estimated at from 5- to 22-fold in the 
three independently transformed 184B5 cell lines (18-Rnl, 18-Hnl, and 18-
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Figure 3. Tumorigenicity of neu-transformed 184B5 human breast epithelial cells. Tumor growth 
of neu-transformed 18-Hn1 (-e-) and 18-Rn1 (-T-) cells, and parental 184B5 (-0-) cells was 
measured after subcutaneous inoculation of these cells into athymic nude mice. The number in 
parentheses is the number of inoculation sites for 184B5 cells, or the number of tumors resulting 
from inoculation of 18-Hn1 and 18-Rn1 cells. Data points are the mean tumor volume:':: SEM. 

Rn2). Of the PTPases examined, LAR-PTPase and PTPIB expression in
creased substantially over the very low levels found in 184B5 cells. TCPTP 
expression was also observed to increase, albeit slightly. Substantial expres
sion of PTPases was not observed in SK-BR-3 and MCF-7 cell lines. Northern 
blot analysis was also performed and, although the PTPase mRNAs were 
present in extremely low amounts, the results were consistent with our RT
PCR data. 

The expression levels of p185nell , LAR-PTPase, and PTPIB were further 
confirmed by analysis of fluorescent-antibody labeled cells. Using respective 
primary antibodies and FITC second antibodies, the relative amounts of 
P185nell , LAR-PTPase, and PTPIB proteins were estimated in individual cells 
as fluorescent units by using quantitative laser cytometry. The results indicated 
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Table 1. Expression of p185""', LAR-PTPase, and PTP1B proteins neu-trans
formed 185B5 human breast epithelial cells and in SK-BR-3 and MCF-7 human 
breast carcinoma cell lines determined by immunofluorescence analysis 

Fluorescent units x 1O-2/ceU (mean:±:: SEM) 

Cells 

184B5 
18-Rn1 
18-Hn1 
SK-BR-3 
MCF-7 

P185"'" 

195 :±:: 3 (170) 
2943 :±:: 59 (235) 

43,985 :±:: 376 (119) 
6469 :±:: 4 (73) 

344 :±:: 7 (125) 

LAR-PTPase 

489 :±:: 29 (114) 
4641 :±:: 54 (181) 
5947 :±:: 252 (114) 

464 :±:: 4 (86) 
354 :±:: 1 (65) 

Numbers in parentheses represent the number of cells analyzed. 

PTP1B 

166 :±:: 1 (210) 
425 :±:: 6 (163) 

1414 :±:: 20 (118) 
296 :±:: 10 (73) 
163 :±:: 8 (83) 

that p185nell protein was expressed at elevated levels in 18-Rn1and 18-Hn1 cell 
(~15- and ~225-fold, respectively), compared with 184B5 cells (Table 1). 
LAR-PTPase was also expressed at elevated levels in 18-Rn1 and 18-Hn1 cells 
(~9- and ~ 12-fold, respectively) compared with 184B5 cells. PTP1B was also 
expressed at elevated levels in 18-Rn1 and 18-Hn1 cells (~3- and ~8-fold, 
respectively) compared with 184B5 cells. Of the two human breast carcinoma 
cell lines, SK-BR-3 expressed high levels of p185neu protein, whereas MCF-7 
cells expressed low levels of p185nell , results that are in accord with literature 
reports. SK-BR-3, MCF-7. and 184B5 cells expressed LAR-PTPase and 
PTP1B proteins at low levels. We conclude from these data that LAR-PTPase 
and PTP1B expression were elevated in the neu-transfected 184B5 cells. 

Transfection of LAR-PTPase cDNA into neu-transformed 184B5 cells 

In the above-described study the levels of LAR-PTPase and PTP1B expres
sion in neu-transformed cells were found to be increaserl above very low 
background levels in 184B5 cells. However, the observed levels of LAR
PTPase and PTP1B expression were still somewhat low in the neu
transformed cells. In order to test the hypothesis that the overexpression of 
LAR-PTPase would alter the transformed phenotype and tumorigenicity, we 
transfected neu-transformed 184B5 cells with an expression vector containing 
LAR-PTPase cDNA. A vector (pTB-LAR) was prepared incorporating full
length LAR cDNA and a metallothionine promoter Figure 2. The pTB-LAR 
vector was introduced into neu-transformed, 184B5 human breast epithelial 
cells using lipofectin. Selection using hygromycin resistance resulted in 25 
clonal cell lines from which four independent clones (designated 18-Hn1-
LAR5, LAR7, LAR10, and LAR13) were selected on the basis of elevated 
constitutive LAR-PTPase expression. Neither of these 4 cell lines, which were 
selected for further study, nor the other 21 cell lines, were found to be signifi
cantly inducible for LAR-PTPase expression with either zinc or cadmium 
treatments. However, the constitutive expression of the exogenous LAR-
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PTPase gene in the cell lines selected was determined to be sufficient to 
perform the following experiments. 

Expression of LAR-PTPase in LAR-PTPase-transfected neu-transformed 
184B5 cells 

RT-PCR was performed on 18-Hnl-LAR5, -LAR7, -LARlO, and -LAR13 cell 
lines using a LAR-PTPase sense primer and an antisense primer in the SV40 
vector sequence. The expression of the introduced LAR-PTPase gene was 
confirmed by the presence of RT-PCR products of about 650 and 750bp in 
each of the cell lines (confirmed by DNA sequencing). Expression of LAR
PTPase protein was determined using whole cell lysates from surface 
biotinylated 18-Hnl and 18-Hnl-LAR5, -LAR7, -LAR10, and -LAR13 cells. 
Labeled cells were subjected to immunoprecipitation using monoclonal anti
human LAR-PTPase mAb 11.1A, SDS-PAGE separation, electrotransfer to 
PVDF membrane, and ECL chemiluminescence detection. Such analysis of 
18-Hnl-LAR cells indicated that LAR-PTPase was overexpressed in each of 
the 18-Hnl-LAR cell lines compared with 18-Hnl-C cells transfected with the 
control plasmid (Figure 4). 

1 2 3 4 5 6 
kD 
-203 
f- LAR 

- 105 

- 71 

- 44 

Figure 4. Immunoprecipitation of LAR-PTPase from 18-Hnl and 18-Hnl-LAR cells. Cells were 
surface labeled with biotin, immunoprecipitation was performed with monoclonal anti-LAR
PTPase (1l.IA), and detection was performed by chemiluminescence. Lane 1, l8-Hnl-C cells 
(transfected with pTB-hyg only); lane 2, l8-Hnl-LARS cells; lane 3, l8-Hnl-LAR7 cells; lane 4, 
l8-Hnl-LARlO cells; lane 5, l8-Hnl-LAR13 cells; lane 6, HeLa cells (positive control). The scale 
is in kilodaltons, and the position of LAR-PTPase is indicated by the arrow at lSOkD. 
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Figure 5. In vitro proliferation of 18-Hnl and 18-Hnl-LAR cells. Cells were seeded at I x 105 

cells per well and were cultured in serum-free m.edium. Triplicate wells of each cell line were 
collected and counted individually at the indicated times. CO), 18-Hnl cells; ce), 18-Hnl-LARS 
cells; CT), 18-Hnl-LARlO cells; C'7), 18-Hnl-LAR7 cells; CD), 18-Hnl-LAR13 cells. The values 
represent the means ± SD. At certain time points the SD of the means were so small as to be 
nondiscernible in this figure. Mean numbers of cells/well, 18-Hnl versus 18-Hnl-LARS, 7, 10, or 
13, p < 0.01. 

Cell proliferation of LAR-PTPase-transfected neu-transformed 184B5 cells 

Slight alterations in morphological appearance were observed in the 18-Hnl
LAR cell lines compared with 18-Hnl and 18-Hnl cells containing the control 
vector alone, that is, an increase in cell size, an increase in number of 
perinuclear granules or vesicles, and an increased proportion of large cells. 
The in vitro proliferation rate of 18-Hnl cells containing the control vector 
was compared with those of the 18-Hnl-LAR cells in serum-free media 
(Figure 5). Each of the 18-Hnl-LAR cell lines proliferated significantly more 
slowly than the 18-Hnl cells containing the control vector alone, a reduction in 
the rate of proliferation of approximately 23-50%. The reduction in growth 
rate was most apparent when the cells became confluent, between days 5 and 
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Figure 6. Tumorigenicity of 18·Hnl cells, 18-Hnl cells transfected with the control vector (C), and 
18-Hnl-LAR cells in athymic nude mice. Tumor weight is shown 5 weeks after subcutaneous 
inoculation of 5 x 106 cells. Significant (p < 0.05) mean differences (indicated by *) were observed 
when comparing 18-Hnl cells or 18-Hnl-C cells (18-Hnl transfected with pTB-hyg) with 18-Hnl
LAR cells 5, 7, 10, and 13. The parentheses indicate the number of tumors measured, and error 
bars represent the standard error of the means. 

7 of growth. These studies were performed three times with virtually identical 
results. 

Tumorigenicity of LAR-PTPase-transfected neu-transformed 184B5 cells 

The tumorigenic potential of 18-Hn1-LAR cell lines was compared with 18-
Hn1 cells and 18-Hn1 cells transfected with the control vector following 
subcutaneous injection into athymic nude mice (Figure 6). Each cell line 
examined formed palpable tumors. Importantly, however, mean tumor 
weights were significantly smaller in each of 18-Hn1-LAR cell lines than those 
observed in 18-Hn1 cells or in 18-Hn1 cells containing the control plasmid 
alone (C). This tumorigenicity study was repeated two times with virtually 
identical results. Histopathological examination revealed that all the tumors 
were carcinomas with varying degrees of cystic necrosis. No unique 
histopathological distinction was apparent between tumors arising from 18-
Hn1 and 18-Hn1-LAR cells. 
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Discussion 

A positive association of neu expression with human breast carcinoma devel
opment was supported by our finding that transfection of activated neu 
oncogene cDNA into an immortalized nontumorigenic human breast epithe
lial cell line (184BS) resulted in (a) an increase in p18Sneu expression and (b) 
the formation of progressively growing carcinomas after such cells were inocu
lated into athymic nude mice. Expression levels of neu were substantially 
higher in the faster growing, more progressive tumors (18-Hnl) than in the 
slower growing tumors (18-Rnl). An examination of the effect of neu 
overexpression on PTPase levels in these tumors indicated a significantly 
increased expression of specific PTPases, that is, LAR-PTPase and PTPlB. 
Although elevated, the expression level of these PTPases in l8-Hnl and 18-
Rnl cells was still relatively low and could only be detected without difficulty 
by immunofluorescence and by RT-PCR (techniques such as immunoblotting 
or Northern analysis were only partly successful). To test the hypothesis that 
expression of LAR-PTPase at high levels would alter or suppress the trans
formed and tumorigenic phenotype, we undertook experiments to introduce 
LAR-PTPase into neu-transformed l84BS cells (18-Hnl cells). Transfection of 
LAR-PTPase cDNA into l8-Hnl cells resulted in cells with an elevated ex
pression level of this PTPase. Four clones exhibiting constitutive, elevated 
expression of LAR-PTPase had significantly reduced rates of proliferation in 
vitro and significantly reduced tumorigenicity after inoculation into athymic 
nude mice. These results provide evidence that specific PTPases (e.g., LAR
PTPase) may playa key suppressive regulatory role in the tumorigenicity of 
human breast carcinoma cells that overexpress p18Sneu PTK. 

The human neu proto-oncogene (also known as c-erbB-2 or HER-2) en
codes a l8SkD transmembrane glycoportein (p18Sneu) that shows extensive 
structural similarity with the epidermal growth factor receptor (EGFR), a 
l70kD transmembrane protein. Like EGFR, p18Sneu protein possesses a hy
drophobic transmembrane spanning sequence, a cytoplasmic portion with 
PTK activity, and an extracellular portion containing two cysteine-rich clusters 
[10]. p18Sneu specific ligands have been identified [11-14]. Point mutations 
containing a substitution of Glu for Val at position 664 in the transmembrane 
region of p18Sneu result in constitutive receptor oligomerization, leading to an 
activation of the PTK, which is important for the neoplastic transforming 
activity of neu [IS]. The transforming activity of the neu oncogene is mani
fested via multiple genetic mechanisms, all resulting in constitutive elevation 
of neu PTK activity. 

As a receptor tyrosine kinase in the growth factor receptor family, p18Sneu 

has been proposed to transduce signals in the cell via at least four pathways 
associated with the binding of SH2 domain-containing proteins to p18Sneu 

autophosphorylation sites. Among the major signaling components implicated 
in early post-receptor events are phospholipase Cy (PLCy), p2lras guanosine 
triphosphate-activating protein (GAP), phosphatidylinositol-3' kinase (PI'3K, 

120 



pllO/p85), and SHC [16,17]. These proteins are phosphorylated by the PTK 
activity of the receptor, and some serve as binding sites for additional 'adaptor' 
molecules containing SH2 domains (e.g., Grb2). A positive correlation be
tween PLCy1 expression and the expression of EGFR or p185neu has been 
reported for human breast carcinomas [18], and both PLCy and GAP have 
been reported to be phosphorylated by, and to co precipitate with, p185neu [19-
21]. Furthermore, a variety of other tyrosine phosphorylated proteins are 
associated in a cytosolic complex with PLCy and GAP [21]. In addition, PI'3K 
has also been identified as a substrate of activated p185neu (chimeric protein) 
and forms a complex with p185neu upon ligand binding [22]. SHC is also 
phosphorylated upon stimulation with growth factor receptor tyrosine kinases 
[23]. . 

The human neu proto-oncogene has been found to be amplified and/or 
overexpressed in approximately 30% of primary human breast carcinomas 
[24-27]. The incidence and level .of neu amplification has been found to remain 
consistent in matched primary and metastatic breast carcin.omas from the 
same patient, suggesting that amplification is an early and possibly initiating 
event in human breast carcinomas [28]. In human breast carcinomas, neu 
proto-oncogene amplification and overexpression have been found to be 
highly correlated with poor prognostic factors [29]. These factors include large 
tumor size, lymph node positivity, a higher number of involved nodes, ad
vanced stage, steroid receptor negativity, aberrant DNA content, and higher 
rate of cell proliferation. However, until recently the effects of induced neu 
overexpression in cultured human breast epithelial cells and the effects of such 
overexpression on the pathogenesis of these cells have remained unknown. 
Pierce et al. [30] first reported that overexpression of p185neu alone was suffi
cient for neoplastic transformation of immortalized human breast epithelial 
cells. Our results, as reported in this communication, confirm and extend those 
of Pierce et al. [30]. These findings strongly suggest that amplification and/or 
overexpression of the neu proto-oncogene and the consequent continued 
overphosphorylation of tyrosine residues in cellular proteins are important 
and critical factors in the initiation, growth, and/or progression of human 
breast carcinomas. 

LAR-PTPase is a transmembrane molecule composed of a 1234 amino acid 
extracellular, receptor-like region, a 24-amino acid transmembrane segment, 
and a 623 amino acid cytoplasmic region containing two tandem repeated 
PTPase domains (only the first PTPase domain is believed to be active) 
(Figure 2). LAR-PTPase has been found to be expressed on endothelial and 
epithelial cells of a broad range of tissue and cell types [3,8,9]. Streuli et al. [8] 
have demonstrated that the LAR-PTPase protein is proteolytically cleaved 
within the cell to produce a mature structure conta,ining two subunits, termed 
the LAR-P subunit (PTPase) and the LAR-E subunit (LAR extracellular 
subunit), which can be released from the cell surface. The extracellular region 
of LAR-PTPase is composed of three immunoglobulin (Ig)-like domains and 
eight fibronectin type III (FN-III) domains, and resembles neural cell adhe-
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sion molecules (N-CAM) [8]. N-CAM facilitates cell adhesion by homotypic 
cell-cell interaction among Ig domains [31,32]. Hence, LAR-PTPase may also 
be a cell adhesion molecule. It was reported that the PTPase, RPTPfl, a 
receptor-type PTPase with both Ig and Fn-III domains, mediates homotypic 
cell aggregation [33]. Thus, the physiological function of LAR-PTPase may 
not only involve the regulation of cellular tyrosine phosphorylation of proteins 
but may also mediate cell-cell or cell-matrix recognition and interaction, the 
loss of which could lead to unreastrained cell proliferation and neoplastic 
transformation [2,3]. Supporting this hypothesis is the finding that the product 
of a colorectal tumor suppressor gene, DCC (deleted in colorectal cance.r), 
which was shown to be frequently deleted in human colorectal carcinomas, is 
structurally similar to the extracellular region of LAR-PTPase [34,35]. In 
addition, Streuli et al. [8] have demonstrated that the LAR-PTPase gene is 
located on human chromosome 1p32-33, a chromosome that contains several 
candidate tumor suppressor genes. Altogether, the position of the LAR
PTPase gene and the results of our studies showing consistent and significant 
suppression of tumorigenicity in LAR-PTPase transfected human breast car
cinoma cells raises the possibility that this gene may act, at least in part, as a 
tumor suppressor gene. 

It is well established that protein tyrosine phosphorylation is a fundamental 
mechanism for regulating diverse cellular processes, including signal transduc
tion, cell proliferation, and neoplastic transformation. The constitutive activa
tion of certain PTKs causes unregulated cell proliferation, which is a very 
important component of oncogenesis. About one third of all known oncogenes 
are PTKs. Therefore, it is certainly reasonable that certain genes of the 
PTPase family may act as tumor suppressor genes [2,34,36]. Conceptually, 
hyperphosphorylation of a key signal transduction protein, driving 
tumorigenic processes, can occur either by overexpression of PTK activity or 
by the loss of PTPase activity. Therefore, one would predict that over
expression of a PTPase gene could counteract certain oncogenic PTKs, either 
by conferring resistance to neoplastic transformation or by reversing the 
neoplastically transformed phenotype. Conversely, loss or inactivation of one 
or both copies of a PTPase gene could result in constitutively increased ty
rosine phosphorylation of particular cellular proteins, thus leading to the 
malignant phenotype. 

In support of the concept that certain PTPases may function as tumor 
suppressor gene products is a report demonstrating the loss of one allele of the 
human RPTPy-PTPase gene in approximately one half of the human tumor 
samples examined [37]. The gene for PTP1B may also qualify as a candidate 
tumor suppressor gene. Brown-Shimer et al. [38] have demonstrated that 
PTP1B, when transfected into NIH 3T3 cells, was capable of suppressing 
transformation by neu. In addition, W oodford-Thomas et al. [39] reported that 
overexpression of the PTPase, PTP1, in v-src transformed NIH 3T3 cells 
caused a 75% reduction in the ability of these cells to form colonies in soft 
agar, such cells reverted to a morphology characteristic of the parental cells. 
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Histochemically, PTPases have been reported to be increased in primary 
benign and malignant human breast disease [40,41], while a specific PTPase, 
that is, PTP1B, has been reported to be expressed in primary human breast 
carcinomas, an expression that is positively associated with the expression of 
neu [42]. 

Breast carcinoma continues to be one of the most common cancers in 
women throughout the western world. In the United States, the incidence of 
this disease has been steadily increasing; currently 1 in 9 womeucan expect to 
develop this disease in their lifetime. Despite this continued increase in brea'st 
carcinoma incidence and mortality, there has been a tremendous increase in 
the past 5-10 years in our understanding of this tumorigenic process at the 
cellular level. Most prominent has been the realization that certain proto
oncogenes have a critical role in this disease process. Of these, neu has gener
ated much excitement. Like many other proto-oncogenes, activated p185neu 

oncoprotein is a potent PTK. Continuous and/or increased activities of this 
enzyme system, leading to enhanced protein (tyrosine) phosphorylation, is 
clearly an important component of the induction of tumorigenic processes. 
Our understanding of the role of specific cellular PTPases as gene products 
that can potentially effectively modify PTK activities could lead to gene trans
fection strategies effective in the prevention of human breast neoplastic trans
formation and/or in the development of new therapies to modify the balance 
of tyrosine phosphorylation in the human breast carcinoma cell. 
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7. Role of the nuclear matrix in breast cancer 

Tracy S. Replogle and Kenneth J. Pienta 

Introduction 

The mammalian nucleus contains approximately 2cm of DNA packed into a 
nucleus that is 10 microns in diameter. The packaging of DNA into the nucleus 
is organized by the nuclear matrix, the RNA-protein skeleton of the matrix. 
The nuclear matrix is the scaffold that organizes DNA at a structural as 
well as a functional level [1]. By organizing DNA in both structural and 
functional manners, the nuclear matrix plays a critical role in normal cellular 
function. Several reports have now demonstrated that the nuclear matrix is 
altered in cancer cells and is intimately involved in the function of several 
oncogenes. Defining how the nuclear matrix is involved in the process of 
cell transformation has implications not only for understanding malignancy, 
but also for the development of new biomarkers for diagnosis and 
prognosis. 

The concept of a residual nuclear structure, composed predominantly of 
protein, was proposed in 1942 by Mayer and Gulick when it was noticed that 
high concentrations of sodium chloride used to extract nuclei resulted in 
insoluble protein [2]. In 1963, Smetan.a et a1. reported the presence ola 
ribonucleoprotein network of fibers in nuclei after a series of extractions of 
soluble proteins and deoxyribonucleoproteins from Walker tumor and rat 
liver cells [3]. Eleven years later, the identification of a nuclear protein matrix 
was reported by Berezney and Coffey, who utilized a variety of extractions of 
rat liver nuclei to remove the major components of the nucleus. Figure 1 
diagrams the steps necessary to isolate the nuclear matrix from intact cells. 
The procedure uses detergents and salt extractions to successively remove 
lipids, soluble proteins, intermediate filaments, DNA, and most of the RNA. 
The extractions revealed a nonchromatin framework that extended through
out the nucleus. Upon chemical analysis it was found that the nuclear matrix 
contained 98.2% protein, 0.1 % DNA, 0.5% phospholipid, and 1.2% RNA [4]. 
A later report from the same laboratory stated that the structural components 
of the isolated matrix bear remarkable resemblance to well-defined structures 
of intact nuclei, suggesting that the nuclear matrix network is not a result of the 
extractions and enzyme treatments. Berezney and Coffey went on to suggest 

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. Isolation of nuclear matrix. The nuclear matrix is isolated by sequential extractions 
using non-ionic detergent, DNase I digestion, and a hypertonic salt buffer. These extractions 
remove over 98% of the DNA, 70% of the RNA, and 90% of the protein, resulting in the residual 
structure, which is essentially devoid of histones and lipids. 



Table 1. Nuclear matrix is the dynamic structural subcomponent of the nucleus that directs the 
functional organization of DNA into loop domains and provides organizational sites for many of 
the functions involving DNA 

Reported functions of the nuclear matrix 

Nuclear morphology: The nuclear matrix contains structural elements of the pore complexes, 
lamina, internal network, and nucleoli, which give the nucleus its overall three-dimensional 
organization and shape. 

DNA organization: DNA loop domains are attached to nuclear matrix at their bases, and this 
organization is maintained during both interphase and metaphase. Nuclear matrix shares 
some proteins with the chromosome scaffold, including topoisomerase II, an enzyme that 
modulates DNA topology. 

DNA replication: The nuclear matrix has fixed sites for DNA replication and contains the 
replisome complex for DNA replication. 

RNA synthesis: Actively transcribed genes are associated with the nuclear matrix. The nuclear 
matrix contains transcriptional complexes, newly synthesized heterogeneous nuclear RNA, 
and small nuclear RNA. RNA processing intermediates are bound to the nuclear matrix. 

Nuclear regulation: The nuclear matrix has specific sites for steroid hormone receptor binding. 
DNA viruses are synthesized in association with the matrix. The nuclear matrix is a cellular 
target for transformation proteins, some retrovirus products such as the large T antigen, and 
EIA protein. Many of the nuclear matrix proteins are phosphorylated at specific times in the 
cell cycle. 

that the nuclear matrix is a dynamically changing structure and therefore may 
play important roles in nuclear functions [5]. 

The nuclear matrix is defined as the RNA-protein skeleton of the nucleus 
that contributes to the structural and functional organization of DNA. In the 
last several decades, there has been a great deal of insight into the importance 
of the nuclear matrix, especially in the area of cancer. Five of the general 
functions of the nuclear matrix are listed in Table 1. They include nuclear 
morphology and regulation, DNA organization and replication, RNA synthe
sis and transport, and nuclear regulation. 

A cellular hallmark of the transformed phenotype is abnormal nuclear 
shape and the presence of abnormal nucleoli. Nuclear structural alterations 
are so prevalent in cancer cells that they are commonly used as a pathological 
marker for transformation for many types of cancer. Nuclear shape is thought 
to reflect the internal nuclear structure and processes, and is determined, at 
least in part, by the nuclear matrix. The nuclear matrix contains structural 
elements of the pore complexes, lamina, internal network, and nucleoli that 
give the nucleus its overall three-dimensional organization and shape. The 
lamina forms the periphery of the matrix, while the nuclear matrix extends 
inward from the lamina [6]. The nucleolus, which is composed of RNA and 
proteins, is responsible for RNA synthesis and processing of pre-ribosomal 
RNA within the cell as well as assembly of ribosomal proteins [7]. The lamins 
comprise a structure that lies between the membrane and the peripheral 
chromatin. The predominant polypeptides are termed lam ins A, B, and C; 
have a molecular weight (MW) range of 60,000-80,000; and have been found 
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to be associated with the chromatin of cells [6]. It is now known that chromo
somes are not free floating in the nucleus but must instead have a specific 
three-dimensional spatial organization, hence, much emphasis turned to the 
role of the nuclear matrix in DNA organization. 

Vogelstein et al. were the first to visualize DNA loop structures attached to 
the nuclear matrix by releasing the supercoiled loops in the presence of a low 
concentration of ethidium bromide [8]. Using fluorescence microscopy, 3T3 
nuclei devoid of soluble proteins and his tones were placed in various concen
trations of ethidium bromide and viewed. A halo, representing DNA interca
lated with ethidium bromide, was seen surrounding the nuclear matrix 
skeleton. Intercalation of ethidium bromide into DNA caused positive super
coiling (i.e., unwinding of loops), which was experimentally represented as the 
enlargement of the halo. At higher concentrations of ethidium bromide, the 
DNA overwinds, causing positive supercoiling, represented by a decrease in 
halo size. Nicking the DNA resulted in uniform halos regardless of the 
ethidium bromide concentration used. The results of this study implicated 
DNA loop domains as an important level of DNA organization. 

DNA is organized into loop domains of approximately 60 kilobases that are 
attached at their bases to the nuclear matrix. The points of attachments of 
DNA sequences to the matrix have been studied and have been termed matrix 
attachment regions (MARs) or scaffold attachment regions (SARs) [9]. The 
MARs generally contain AT-rich DNA sequences as well as sequences that 
are similar to topoisomerase II consensus sequences [10]. To date, no con
served consensus sequences are known for MARs; however, MARs have been 
found to be closely associated with actively transcribed genes and thus may 
control their expression. Romig et al. identified four novel DNA binding 
proteins that specifically bound to SARs, one of which (SAF-A) was found to 
specifically bind to several SAR elements from different species [11]. Other 
MARs have been purified and functionally characterized that bind lamins A 
and C [10]. Dickinson et al. cloned a DNA-binding protein thalt binds MARs 
called SATBl. SATB1 appears to recognize a particular type of AT-rich 
sequences, and binding occurs in the minor groove of DNA [12]. Most re
cently, Durfee et al. have isolated a 84-kD nuclear matrix protein (p84) that 
localizes to an area in the nucleus associated with RNA processing. In particu
lar, p84 was found to specifically interact with the amino-terminal region of the 
retinoblastoma susceptibility gene [13]. 

The nuclear matrix has also been implicated in the replication of DNA. 
Vogelstein et al. demonstrated the rate of movement of newly synthesized 
DNA by autoradiography using 3H-thymidine [8]. Using pulse-chase experi
ments, Pardoll et al. provided further evidence that the nuclear matrix pro
vides fixed sites for the attachment of replication complexes [14]. These 
investigators demonstrated that after short pulse times with 3H-thymidine 
given to rats, the matrix DNA had a very high specific activity when compared 
with the total DNA. This indicated that newly synthesized DNA is associated 
with the nuclear matrix, which had been shown by other investigators [15]. 
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Berezney and Coffey also reported DNA that was labeled rapidly during 
DNA synthesis appeared to be associated with the nuclear matrix [16]. These 
replication sites that contain the enzymes needed to duplicate DNA have been 
named replicases by Reddy and Pardee [17]. Earnshaw and Heck demon
strated that topoisomerase II, an enzyme known to regulate DNA topology, is 
also a component of the DNA loops in mitotic chromosomes [18]. 

Berezney and Buchholtz provided further evidence to support the role of 
the nuclear matrix in eukaryotic DNA replication [19]. The replication of 
DNA occurs discontinuously in subunits on th,e long chromosomal DNA, 
called replicons. They proposed that DNA replication complexes remain 
bound to the nuclear matrix while DNA is reeled through during replication. 
Further evidence came from Valenzuela et aI., when He La nuclei were shown 
to have an enrichment of replication forks (i.e., branched DNA) associated 
with the nuclear matrix [19]. Tubo et aI. demonstrated that nuclear matrix 
prepared from labeled nuclei were enriched in DNA synthesized by the nuclei 
compared with the total nuclear DNA [21]. Younghusband observed that the 
nuclear matrix is the site of adenovirus DNA replication in infected He La cells 
[22]. Smith and Berezney reported a significant portion of DNA polymerase a 
bound to isolated nuclear matrices during active replication in regenerating 
liver [23]. 

The nuclear matrix has also been implicated in transcription. The nuclear 
matrix consists not only of protein, but also RNA, which has been shown to be 
an essential component [24]. Herlan et aI. found that labeled RNAs associated 
tightly with the nuclear matrix and that the majority of the RNA included in 
the RNA-protein matrix consisted of pre-rRNA [25]. Small nuclear RNA 
complexed with proteins (snRNP) have also been localized to the nuclear 
matrix [26]. Heterogeneous nuclear RNA (hnRNA), which is the precursor to 
messenger RNA, has been shown to be associated with the nuclear skeleton 
after the removal of most of the chromatin, suggesting that the hnRNA is 
associated with nonchromatin structures within the nucleus [27]. This associa
tion was shown to be specific when labeled hnRNA was added to isolated 
nuclei, and very little hnRNA became associated with the nuclear structure of 
both intact and chromatin-depleted nuclei [27,28]. 

Van Eekelen and van Venrooij reported a specific set of proteins that were 
associated with the hnRNA and nuclear matrix complex, and concluded that 
proteins are involved in the binding of hnRNA to the nuclear matrix [29]. This 
association of hnRNA with the nuclear matrix led to the idea that the nuclear 
matrix may also playa role in transcription. In one study, all precursors of 
RNA were found to be exclusively associated with chick oviduct nuclear 
matrix, supporting the notion that the nuclear matrix may be the structural site 
for RNA processing [30]. In a series of experiments using He La nuclei, Jack
son et al. demonstrated that RNA is synthesized at the nuclear cage (i.e., 
nuclear matrix) [31]. They observed, along with prior investigators, that RNA 
is attached in a specific manner to the nuclear matrix; In addition, transcribed 
sequences were found to be closely associated with the nuclear cage. This 
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latter observation has been demonstrated in active viral genes using nine cell 
lines transformed with viral sequences of polyoma and/or avian sarcoma virus. 
The transcriptionally active genes were shown to be in close proximity to the 
nuclear cage [32]. 

Buckler-White et al. isolated nuclear matrix from mouse 3T3 cells infected 
with polyoma virus and showed that there is a fixed number of sites for T 
antigen on the matrix, implicating that the nuclear matrix does playa role in 
transcription. Additional evidence of the interaction of the nuclear matrix and 
transcriptionally active genes came from studies involving the thick oviduct 
[33,34], SV40-infected cells [35], chicken liver [36], and chicken erythrocytes 
[37]. Bidwell et al. examined nuclear matrix DNA-binding proteins that inter
acted with the osteocalcin gene promoter [38]. Their results were consistent 
with the involvement of the nuclear matrix in gene transcription. 

The nuclear matrix has also been suggested to play a role in RNA pro
cessing. Using He La cells infected with adenovirus type 2, Mariman et aL 
provided evidence that adenoviral-specific nuclear matrix RNA contains pre
cursors, intermediates, and products of RNA processing [39]. Other investiga
tors have reported similar results [40-42]. Smith et aI., using a previously 
isolated rat liver nuclear matrix protein and its corresponding antibody, pro
vided evidence that the nuclear matrix does playa role in RNA splicing in 
vitro [43]. 

From the above-mentioned studies, it is easy to see why it has been pro
posed that the nuclear matrix is involved in gene regulation and expression. 
Gene expression can best be demonstrated by steroid hormones, which are 
thought to be involved in the transcriptional control of some genes. Barrack 
and Coffey used the induction of vitellogenin synthesis, which is a well-charac
terized model used in studying the regulation of specific gene expression 
by steroid hormones [44]. They found that nuclear matrix of an estrogen
responsive tissue (chicken liver) and of an androgen target tissue (rat ventral 
prostate) contained specific binding sites for both estradiol and dihy
droxytestosterone, respectively. In addition, the levels of these matrix-associ
ated steroid binding sites alter in response to changes of the hormonal status 
of the animal. In a later study, Barrack demonstrated the presence of specific 
acceptors for the androgen receptor in nuclear matrix of the prostate [45]. In 
addition, the majority of these acceptors were found in the internal network 
components of the matrix, while only 17% were found to be in the peripheral 
lamina. Kumara-Siri et al. reported that the T3-nuclear receptor is associated 
with GC cells, suggesting that this association may help to regulate thyroid 
hormone action [46]. Ki-67, a mouse monoclonal antibody that recognizes a 
nuclear antigen expressed only in proliferating cells, also binds to the nuclear 
matrix and is now being introduced more into routine pathology [47]. It has 
also been observed that many of the nuclear matrix proteins are phosphory
lated at specific times in the cell cycle. Phosphorylation is one common mecha
nism used by the cell to control gene expression. Henry and Hodge observed 
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that there are changes in the phosphorylation pattern of several matrix pro
teins during the cell cycle [48]. 

Since the nuclear matrix plays crucial roles in the cell, it seems obvious to 
conclude that the nuclear matrix may play some role(s) in the development of 
cancer, perhaps as the result of protein alterations during transformation. 
Getzenberg et al. compared the nuclear matrix protein patterns from normal 
rat prostate and rat prostate tumors. Using two-dimensional g.el electrophore
sis, the complex mixture of nuclear matrix proteins was resolved. It was found 
that the protein pattern between prostate tumor nuclear matrix and normal 
nuclear matrix was different. In addition, the nuclear matrix proteins in several 
rat Dunning prostate adenocarcinoma lines were compared with the nuclear 
matrix composition of the dorsal prostate, the original tissue from which this 
tumor was derived. The nuclear matrix protein composition between the 
transformed cell lines contains a large number of common proteins, as well as 
nuclear matrix proteins that differed significantly from their tissue of origin 
[49]. These differences in the nuclear matrix protein composition could repre
sent cell alterations during the tumor development. Pienta and Lehr went on 
to look at the protein composition of human prostate tumors as well as human 
prostate cell lines [50]. It was found that normal prostate cell transformation is 
accompanied by specific changes in nuclear matrix composition. Differences in 
nuclear matrix composition have also been reported in human hepatoma cells 
versus normal liver cells [51], human breast cancer tissue versus normal breast 
tissue [52], and in human laryngeal squamous cell carcinoma versus normal 
laryngeal epithelium [53]. 

Our laboratory has recently studied nuclear matrix protein composition of 
cancerous and normal breast tissue from 10 patients with infiltrating ductal 
carcinoma as well as the MCF-10 breast cell lines [52]. Using two-dimensional 
electrophoresis, it was found that the normal human breast tissue and tumor 
tissue possess a common set of nuclear matrix proteins as well as demonstrate 
specific protein protein changes. The two-dimensional patterns of nuclear 
matrix isolated from breast cancer tissue and normal breast tissue are shown in 
Figure 2A and 2B. A schematic representation illustrating the positions of 
proteins common to both normal and cancerous breast tissue, as well as 
proteins specific to each type of tissue, is given in Figure 3, and the molecular 
weights and the isoelectric points of several of these nuclear matrix proteins 
are listed in Table 2. We estimated that there were approximately 50-70 
common proteins and arbitrarily identified 10 proteins that were common to 
all of the normal and malignant tissue samples and designated these nuclear 
matrix breast (NMB) 1-10. Four proteins were identified that were found only 
in the cancer specimens were identified as nuclear matrix breast cancer 
(NMBC) W, X, Y, and Z (designated by arrows in Figure 2A). Two proteins 
were identified that were found only in normal tissue and not in the cancer 
specimens, and were designated nuclear matrix normal breast (NMNB) A and 
B (designated by arrows in Figure 2B). 
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Figure 3. Composite schematic representation of high-resolution gel electrophoresis shown in 
Figure 2A and 2B. Proteins common to all tissue are numbered 1-10. Cancer-specific proteins are 
labeled W, X, Y, and Z. Normal tissue specific proteins are labeled A and B. 

These alterations in nuclear matrix protein composition found between the 
different tissue specimens could represent stromal or epithelial cell compo
nent changes. To help determine whether these changes were epithelial in 
origin, we investigated the nuclear matrix composition of the MCF-IO cell 
lines. The MCF-IO mortal line, the spontaneously immortalized MCF-1OA, 
and the transfected variants of the immortalized line, H-RAS-MCF 10A and 
C-NEU-MCFIOA, were all investigated. The MCF-IO cell line and its deriva
tives demonstrated a nuclear matrix phenotype that contained the proteins 
found in both normal and breast cancer tissue. These data suggest that these 
cell lines, which do not form tumors in athymic mice, may represent interme
diate steps in the breast cancer transformation pathway. The nuclear matrix 
proteins that are lost and gained between normal and tumor tissues may be 
useful as intermediate endpoints or biomarkers if further characterization 
identifies them as mediators of transformation. 
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Table 2. Nuclear matrix proteins 

Designation 

NMBl' 
NMB2 
NMB3 
NMB4 
NMB5 
NMB6 
NMB7 
NMB8 
NMB9 
NMB10 
NMBC-Wb 
NMBC-X 
NMBC-Y 
NMBC-Z 
NMNB-A' 
NMNB-B 

12,000 
14,000 
14,000 
27,000 
30,000 
31,000 
31,000 
64,000 
76,000 
92,000 
18,000 
62,000 
64,000 
80,000 

24 
26 

Isoelectric point 

6.8 
5.6 
5.7 
5.4 
4.9 
7.2 
7.8 
5.6-5.7 
5.7-5.9 
5.9-6.1 
6.5 
5.3 
4.7 
5.5 
6.2 
6.4 

'NMB = nuclear matrix breast; NMB1-NMBlO are common 
nuclear matrix proteins found in both normal and cancerous 
breast. 

bNMBC = nuclear matrix breast cancer; NMBC-W-NMBC-Z are 
nuclear proteins found in tumor samples but not in normal breast 
tissue. 

'NMNB = nuclear matrix normal breast tissue; NMNB-A and 
NMNB-B are nuclear matrix proteins found in only normal 
breast tissue. 

Figure 4. Expression of breast cancer-specific protein W. Immunohistochemistry utilizing a 
monoclonal antibody generated against protein W in the MCFlO-A cell line. Protein W appears 
to localize to nucleoar regions, suggesting a possible role in transcription. 
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The determination of a function for a particular nuclear matrix protein is a 
tedious process. We have isolated NMBC-W by running multiple preparative 
gels of MCF-lOA cells. After running approximately 400mg of nuclear matrix 
protein on multiple gels, we cut the NMBC-W and produced a monoclonal 
antibody to spot W. In immunohistochemical experiments, this antibody tar
gets nucleolar regions in the MCFlO-A cells, suggesting that it may NMBC-W 
may have a role in transcription (Figure 4). This antibody will be utilized to 
screen cDNA libraries to elucidate the function of NMBC-W. By this method, 
our laboratory is currently isolating several nuclear matrix proteins. It is our 
belief that this approach will lead to a better understanding of the role of the 
nuclear matrix in cancer transformation, as well as identify potential interme
diate biomarkers for breast cancer. 
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8. Cyc1ins and breast cancer 

Kimberley J.E. Sweeney, Elizabeth A. Musgrove, Colin K.W. Watts, 
and Robert L. Sutherland 

Introduction 

There is unequivocal evidence that cancer is a disease resulting from abnormal 
gene function [1]. In the past 20 years, up to 100 positively acting oncogenes [2] 
have been identified, along with a dozen negatively acting tumor suppressor 
genes [3]. The proteins encoded by the majority of these genes are components 
of growth regulatory pathways, that is, they are growth factor receptors, sig
naling molecules, transcription factors, and proteins involved in entry into, 
progression through, and exit from the cell cycle. It is not surprising, therefore, 
that the cyclins, a family of molecules that play a central role in regulating 
progression through the cell cycle, have been implicated in oncogenesis. 

In eukaryotic cells, specific classes of cyclin regulatory subunits form com
plexes with cyclin dependent kinase (CDK) molecules to form active holoen
zymes that are responsible for controlling cell cycle transitions during different 
phases of the cell cycle. Although the mechanistic basis for control of cell cycle 
progression during G 1, S phase, and mitosis has largely been defined in studies 
using nonmammalian species, particularly yeast [4], a clear pattern of sequen
tial cyclin induction and CDK activation in mammalian cells is now emerging 
and is summarized in Figure 1. 

The A and B type cyclins, which were the first to be identified, are partners 
for Cdk2 and Cdc2, and are active in the Sand G2/M phases of the cell cycle. 
These cyclins must be destroyed for the cells to exit mitosis, and hence in 
normal cells over expression of these genes leads to cell cycle arrest rather than 
unbridled cell cycle progression [5]. Cyclin E/Cdk2 and cyclin D/Cdk4 Of 

cyclin D/Cdk6 complexes are active during the G1 phase of the cell cycle and 
are induced in response to growth factor stimulation. Activation of these 
complexes allows cells to pass through G1 and become committed to DNA 
synthesis and cell division. These processes do not require the complete 
destruction of the G1 cyclins. Thus, of the cyclins, G1 cyclins are the most likely 
to act as oncogenes through over expression or activating mutations. It is 
conceivable, however, that the perturbation of any of the cyclin complexes 
could lead to deregulation of all other checkpoints in the cell cycle, since 
interconnections between the various cyclins, such as common negative regu-
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Figure 1. Points of action of cyclins, CDKs, and steroids during the cell cycle. The mammalian cell 
cycle consists of four distinct phases, designated G" DNA synthesis or S phase, G2, and mitosis, as 
illustrated. The proposed points of action of estrogens and progestins, and their antagonists and 
retinoic acid, are shown. The sequence of cyclin-CDK complex formation throughout the cell 
cycle and their times of maximal activity are also shown schematically. After stimulation of breast 
cancer cells by mitogens or estrogens, progression through the cell cycle is accompanied by cyclin 
D/Cdk4 kinase activity (1), followed by cyclin E/Cdk2 activity at the G/S phase boundary (2), and 
cyclin A/Cdk2 activity upon entry into the S phase (3). During late S phase, cyclin A associates 
with Cdc2 to perform its functions during the G/M phase of the cell cycle (4) and cyclin BICdc2 
complexes are formed in late G2 to become activated during mitosis (5). 

lators, exist. There is also the possibility that over expression of one cyclin is 
able to usurp the role of other cyclin/CDK complexes. Additionally, several 
reports describe relationships between cyclin/CDK complexes and known 
oncoproteins and tumor suppressors, for example, Myc, Ras, Rb, and p53 .. A 
key question in determining a role for cyclins in oncogenesis is whether cyclins 
themselves have oncogenic potential or if oncogenic proteins exert their ef
fects by binding or activating cyclin/CDK complexes to deregulate ordered 
progression through the cell cycle. 

This chapter reviews the roles of cyclins in mammalian cell cycle progres
sion, illustrating how these molecules can become dysregulated and in so 
doing potentially contribute to the initiation and progression of breast cancer. 
This includes discussion of the documented aberrant expression of various 
cyclins and related molecules in human breast cancer cells and the likely 
implications of these changes, based on an emerging understanding of the role 
of these genes in mediating the growth stimulatory effects of steroid and 
growth factor mitogens and the growth inhibitory effects of steroid antagonists 
and differentiation agents. 
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Role of cyelins, cyelin dependent kinases, and associated proteins in cell 
cyele control 

The contemporary model of the mammalian cell cycle is an increasingly com
plex system of checks and balances with a currency of phosphates. Progression 
through the cell cycle is controlled by the sequential formation, activation, and 
inactivation of cyclin/CDK complexes. Each CDK phosphorylates specific 
substrates, many of which remain to be identified, orchestrating the appropri
ate changes necessary for progression through that checkpoint in the cell cycle 
[6]. The cyclin/CDK complexes are subject to several levels of control [7]. 
First, most cyclins are only available at the appropriate time in the cell cycle 
due to precise control of their abundance. Secondly, the CDKs are regulated 
post-transcriptionally by reversible phosphorylation by phosphatases and 
CDK activating kinases (CAK, itself a cyclin/CDK complex regulated by 
phosphorylation, e.g., cyclin H/Cdk7 is the CAK that phosphorylates Cdc2). 
Finally, the cyclin/CDK complexes have to contend with small protein mol
ecules that inhibit their kinase activity (CDK inhibitors), including pIS, p16, 
p21, and p27. 

Roles in Sand G/M phase 

The cyclin B protein, which is predominantly involved in control in G2 and at 
mitosis, is synthesized during the Sand G2 phases of the cell cycle, where it 
binds to the Cdc2 molecule. The Cdc2-cyclin B complex was initially called the 
maturation promoting factor (MPF) , based on it first being identified as a 
critical component for oocyte maturation, and promotes G2/M transition in all 
eukaryotes that have been studied [4]. Ectopic expression of cyclin B in rat 
fibroblasts results in increased Cdc2 kinase activity, but there is no change in 
the rate of cell cycle progression [8]. Conversely, early studies involving micro
injection of Cdc2 into mammalian fibroblasts resulted in events that mimic 
those occurring during the early phases of mitosis, including the rounding up 
of cells, loss of the cell-substratum interaction, reduction of interphase micro
tubules, actin microfilament redistribution, and premature chromatin conden
sation. These cells did not pass further into division; nonetheless, these 
experiments provided evidence that Cdc2 activation plays a key role in the 
rearrangement of cellular structures associated with mammalian cell mitosis 
[9]. 

The primary function of cyclin A is to control progression through S phase 
and, as with cyclin B, this property is common to all eukaryotes. The promoter 
of cyclin A is repressed during the early and mid G1 phase of the cell cycle and 
is activated at the beginning of S phase [10]. Microinjection of cyclin A anti
body inhibits both DNA synthesis and entry into mitosis [11]. Cyclin A, 
therefore, is recognized as having two roles in the cell cycle: one in G2 with 
Cdc2 as the partner and the other in S phase with the formation of cyclin 
A/Cdk2 complexes. Likely S phase substrates for cyclin A/Cdk2 include the 
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single-stranded DNA-binding replication protein A [12,13], indicating a role 
in DNA replication itself. 

In both NRK and NIH3T3 fibroblasts, the appearance of cyelin A mRNA 
and protein in late G) is dependent on cell adhesion. Transfection of NRK cells 
with a cyelin A cDNA resulted in adhesion-independent accumulation of 
cyelin A protein and cyelin A-associated kinase activity, allowing these cells to 
enter the S phase and to complete multiple rounds of cell division in the 
absence of cellular adhesion. Thus, the cyelin A promoter is also the target of 
the adhesion-dependent signals that control cell proliferation [14]. This loss of 
cell adhesion is a common trait of transformed cells. 

Roles of cyclins in G, phase 

In budding yeast the G) to S phase transition is accompanied by the accumu
lation of a novel family of G) cyelins (Clns), distinct from the cyelins that are 
required for progression through G2 and M phases [15]. G) cyclins with analo
gous functions exist in mammalian cells and inelude cyelin E, cyelin C, and the 
D-type cyelin family, cyelins Dl, D2, and D3. In mammalian cells, the G) phase 
of the cell cyele is the primary point of action for growth regulating factors, and 
therefore studying the cyelins involved in the regulation of this phase of the 
cell cyele is pertinent to the loss of normal growth control in cancer. Figure 2 
illustrates the intricate network of regulatory pathways, both proven and 
hypothesized to exist, in the G) phase of the cell cyele. The presence of 
seemingly redundant checks and balances may reflect the importance of G) 
cyelins in reacting appropriately to outside stimuli and either initiating the cell 
cyele, directing the cell into the quiescent Go phase, or initiating a pathway of 
terminal differentiation. 

It is now elear that cyelin E has a major role in controlling G/S phase 
transition. Cyelin E gene expression is increased in mid to late G) phase, and 
levels of cyelin E protein are maximal during late G) [16,17]. Cyelin E
associated kinase activity, which is maximal in late G), is regulated by both 
phosphorylation of the Cdk2 subunit and accumulation of cyelin E protein. 
Ectopic expression of cyelin E in fibroblasts and HeLa cells causes a shorten
ing of the G) phase, often accompanied by diminished cell size [8,18,19]. 
Although overexpression of cyelin E diminished the serum requirement of 
some cells, they did not become serum independent. Indeed, rat fibroblasts 
overexpressing cyelin E retain the ability to quiesce under serum-free 
conditions [8]. 

The three D-type cyelins - Dl, D2, and D3 - are differentially expressed 
in various cell types; for example, cyelin D2 rather than cyelin Dl is expressed 
in hemopoietic cells. In contrast to the other cyelins, the abundance of D-type 
cyelins does not oscillate dramatically throughout the cell cyele, although 
immunohistochemical studies demonstrate that cyelin Dl protein is predomi
nantly nuelear during G) phase but cytoplasmic in S phase [20]. 
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Figure 2. Molecular interactions during G, phase progression. D-type cyclins, Cdk4 and Cdk6, are 
induced as part of the delayed early response to mitogens in cells entering the G, phase. Myc 
and pRb may also stimulate cyclin DI expression. pRb is initially present in its inhibitory 
hypo phosphorylated form, sequestering transcription factors such as E2F. Cyclin D-bound Cdk4 
or Cdk6 must be phosphorylated by CAK to become enzymatically active. The kinase activity of 
this cyclin/CDK complex is negatively regulated by the CDK inhibitors, pIS, p16, p2I, and p27. 
Cyclin E is expressed later in G, phase, binds to CDK2, and the associated kinase activity is 
regulated in a similar manner to cyclin D/CDK4 by CAK, CDC2SA, and the p2I and p27 CDK 
inhibitors. The activation of the G, CDK complexes results in the accumulation of inactive 
hyperphosphorylated pRb and consequently the release of the E2F transcription factor. 

The effect of ectopic expression of either cyclin 02 or 03 depends on the 
cell type studied. NIH3T3 cells engineered to express both cyclin 03 and its 
partner Cdk4 did not undergo significant phenotypic changes despite 
supraphysiologicallevels of kinase activity [21]. These cells do not ordinarily 
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express cyclin D3. In contrast, over expression of cyclin D2 or D3 in hemopoi
etic 32Dc13 cells, which normally express both proteins, resulted in an in
creased number of cells in S phase, apparently related to a shortening of G j • 

Unlike stimulation with cyclin E, this was not accompanied by a change in ceU 
size, nor was it associated with a change in cell viability, the rate of cell 
proliferation, or dependence on exogenous mitogens [22]. The constitutive 
expression of cyclin D2 in these cells was not accompanied by an increase in 
the cyclin D2-associated pRb kinase activity [23], suggesting that cyclin D2 
may be altering the distribution of cells through the cell cycle in a manner 
independent of CDK-associated activity. Quelle et al. also observed an accel
eration from Go to S phase in rodent fibroblasts engineered to overexpress 
cyclin D2 [24]. 

Of all the G j cyclins, cyclin D1 has been studied in most detail. Several 
methods have been employed for the ectopic expression of cyclin D1 in a 
variety of fibroblast cells, all with the same general conclusion: Over
expression of cyclin D1 causes a shortening of G j phase but the cells remain 
serum dependent [8,24,25]. The assembly of the holoenzyme cyclin DlICdk4 
was rate limiting for progression through G j in quiescent cells stimulated to 
progress into the S phase, and the kinase activity lagged behind the appear
ance of cyclin D1 protein, paralleling the appearance of Cdk4 [21]. The rate
limiting event was the activation of Cdk4 by CAK, which was present in 
proliferating cells but present and inactive in cells emerging from quiescence 
[26]. Evidence that cyclin D1 is necessary for cell cycle progression is provided 
by studies that showed microinjection of a cyclin D1 antibody prevented cells 
from entering S phase [27]. 

Two independent studies have examined the role of cyclin D1 in the G j to 
S transition in cancer cells. Expression of cyclin D1 under the control of an 
inducible promoter and microinjection of cyclin D1 antibodies demonstrated 
that the protein is rate limiting for G1 transit and is necessary for progression 
into S phase [28,29]. The dependence of cell cycle progression on cyclin D1 
does, however, require functional pRb [20]. In T-47D breast cancer cells, 
induction of cyclin D1 was sufficient for growth arrested cells to complete a 
round of cell division in the complete absence of exogenous growth factors 
[28]. Thus cyclin D1 was both necessary and sufficient for cell cycle progres
sion, in marked contrast to normal fibroblasts, in which cyclin D1 regulated the 
rate of G j progression but could not replace the requirement for serum to 
stimulate proliferation. 

Roles in differentiation and senescence 

Although investigations of cyclin/CDK function and regulation have concen
trated on their roles in the control of proliferation, there is accumulating 
evidence for cyclin/CDK involvement in differentiation and senescence. Dif
ferentiation of myeloid cells can be blocked by altering the expression of cyclin 
D genes. These cells normally express cyclins D2 and D3 but not cyclin Dl. 
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Upon differentiation these cyelins cease to be expressed, although the levels of 
their kinase partners Cdk4 and Cdk2 are sustained. Constitutive expression of 
cyelin D2 or D3, but not Dl, stopped the cells from differentiating. 

Changes in cyelin gene expression during terminal differentiation are cell 
type specific and inelude induction of expression, an unexpected finding in 
view of the cell cyele arrest accompanying differentiation, but understandable 
when one notes that induction of the CDK inhibitor, p21, is a common feature 
of differentiated cells [30]. L6 skeletal musele precursors, for example, exhibit 
little change in the levels of cyelins Dl and D2 upon differentiation but 
undergo a significant increase in the amount of cyelin D3, although the D3 
protein was not part of an active complex [31]. There are no published data 
from breast epithelial cells, although treatment of some breast cancer cell lines 
with differentiation agents is associated with decreased expression of cyelin 
Dl, elevated levels of cyelin D3 and E, and increased expression of the CDK 
inhibitor, p21 [dePazio et aI., unpublished data]. 

Senescence is a state of irreversible cell cyele arrest when cells reach the end 
of their life span and fail to enter DNA synthesis, even when serum stimulated. 
In senescent human fibroblasts, cyelin A and Cdc2 are downregulated, and 
constitutive expression of active cyelin A and Cdc2 does not prevent senes
cence [32]. Independent studies have reported both modestly reduced expres
sion and overexpression of cyelins Dl and E, respectively, in senescent cells 
[32,33]. The latter report noted that the accumulated cyelin E/Cdk2 complexes 
in senescent cells harbored very little kinase activity, and an unexpected 
finding was that the majority of the Cdk2 was associated with cyelin Dl in an 
inactive complex. Again, this may be due to the increased expression of the 
CDK inhibitor p21 in senescent cells [34]. 

Interaction of the G] cyclins and the tumor suppressor pRb 

Cyelins and CDKs interact with cellular proteins, in addition to those that 
directly regulate the activity of the complex. These inelude the product of the 
retinoblastoma susceptibility gene, pRb. In its hypophosphorylated state, pRb 
binds and thus inhibits a number of transcription factors, for example, E2F. 
Hyperphosphorylation and concomitant inactivation ofthe pRb protein, re
sulting in the release of bound transcription factors, occurs in late G j phase 
and is necessary for cell cyele progression. Cyelin D/Cdk4 and cyelin D/Cdk6 
complexes are pRb kinases in vitro [21]. These cyelin D-associated kinases, 
together with cyelin E/Cdk2, are also believed to be the important Rb kinases 
in vivo [35]. 

D-type cyelins bind directly to the pRb protein, suggesting that these cyelins 
both regulate CDK activity and direct the kinase to the pRb substrate [36]. 
Several transfection studies in Saos cells, which do not express pRb, have 
demonstrated that expression of pRb causes cell cyele arrest. Coexpression of 
cyelin Dl and pRb results in the cells being rescued from their arrest, but this 
does not coincide with the expected hyperphosphorylation of pRb [37]. This 
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suggests that cyclin D1 is not solely bound to pRb in order to phosphorylate 
the molecule but may have as yet undefined functions in cell cycle progression. 
There is, however, a codependent relationship between cyclin D1 and pRb. 
Cells that do not express functional pRb and express only very low levels of 
cyclin D1 mRNA and protein fail to form cyclin DlICdk4 or cyclin DlICdk6 
complexes [38,39]. Consequently, these cells have been relieved of the neces
sity for cyclin D1 function in the G1 phase of the cell cycle, as shown by lack of 
cell cycle arrest following microinjection of cyclin D1 antibodies into such cells 
[29]. Furthermore, cells lacking endogenous pRb take on an absolute need for 
cyclin D1 upon reintroduction of pRb, and microinjection of cyclin D1 anti
bodies under these circumstances causes cells to arrest in G1 [29]. 

The relationship between cyclin D1 and pRb is regulatory as well as func
tional, since cyclin D1 promoter activity is stimulated, either directly or indi
rectly, by the pRb protein, suggesting cyclin D1 is also an object of pRb 
regulation [40]. This implies the existence of an autoregulatory loop in G1 in 
which hypophosphorylated pRb binds to transcription factors and inhibits cell 
cycle progression while stimulating the expression of pRb. Upon formation 
and activation of the cyclin DlICdk4 complex phosphorylation, and hence 
inactivation, of the pRb protein is initiated, thus unleashing pRb-bound tran
scription factors but at the same time relieving stimulation of the cyclin D1 
promoter [41]. A further degree of complexity in this association has arisen 
with data demonstrating that co expression of wild-type cyclin D1 with a mu
tated form of cyclin D1 unable to bind pRb results in an increased percentage 
of cells rescued from a pRb-induced block [42]. Clearly, the interaction be
tween cyclin D1 and pRb is not a simple enzyme/substrate interaction, and the 
many facets of this relationship have yet to be assimilated. 

In summary, a model of cell cycle progression in G1 phase involves tran
scriptional activation of D type cyclin gene expression followed by assembly 
and activation of cyclin D/Cdk4 or /Cdk6 complexes, which independently or 
together with cyclin E/Cdk2 phosphorylate pRb and relieve its inhibitory role 
by releasing E2F and other transcription factors essential for progression 
through S phase. While this is clearly an oversimplification, as evidence by the 
data cited earlier, it provides a framework for interpretation of the likely 
consequences of aberrant cyclin gene expression in breast cancer. 

Expression and regulation of cyelins in breast cancer cells 

Early studies on cell cycle control in hormone-responsive breast cancer cell 
lines showed that these cells are responsive to growth factors, steroids, and 
steroid agonists during the G] phase of the cell cycle [43] (see Figure 1). At that 
time, the target genes mediating the growth factor and steroid effects were 
largely unknown. However, the emerging role for G1 cyclins in the control of 
G1 progression indicated that these genes were likely targets for the mitogenic 
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and inhibitory effects of steroids and their antagonists. The potential actions of 
such factors on cyclin function could be manifest at several levels, including 
direct transcriptional control, post-transcriptional regulation, regulation of 
CDK inhibitors and complex formation, changes in protein degradation ma
chinery, or possibly alterations in spatiotemporal distributions. 

Expression of cyclins in breast epithelial cells 

The differential expression of various cyclin genes has been investigated in 
both normal and neoplastic breast epithelial cell lines [44,45]. These cells 
represent a variety of phenotypes, ranging from more differentiated cell lines 
that are estrogen receptor-positive and hormone responsive, to estrogen 
receptor-negative, hormone-independent cell lines that represent more 
aggressive, less differentiated tumors. Evidence of aberrant cyclin expression 
in breast cancer has been obtained. Cyclin A mRNA levels are increased 
in two lines, MDA-MB-157 and BT-549, while increased mRNA expression 
of cyclin B1 was also observed in BT-549 cells. Cyclin E mRNA was 
overexpressed in one cell line, MDA-MB-157, at a level which was estimated 
to be some 64-fold increase compared with normal cells and resulted in 
marked overproduction of the cyclin E protein. There was little variability in 
cyclin D3 mRNA expression between the cell lines examined, although Tam et 
al. found this protein was overexpressed in MCF-7 cells [46]. Cyclin D2 
mRNA, however, was abundant in normal breast epithelial cells but was 
expressed at very low levels or was absent in most breast cancer cell lines [44]. 
This has been confirmed at the protein level [46] and raises the interesting 
possibility that loss of expression of cyeliD. D2 is in some way associated with 
transformation and oncogenesis. 

Cyclin D1 mRNA was highly expressed in MDA-MB-134, -175, -330, -453, 
and MCF-7M compared with the levels observed in other breast cancer lines 
and two normal breast epithelial lines. Other researchers observed elevated 
cyclin D1 mRNA expression in T-47D cells [47] as well as ZR-75 and CAMA 
cells [48]. Very low levels of cyclin D1 mRNA expression were noted in two 
breast cancer cell lines (DU-4475 and BT-549) and in HBL-100, a cell line 
derived from normal breast epithelial cells but containing SV 40 sequences. 
Cyclin D1 protein expression is generally consistent with these observations of 
cyclin D1 mRNA [39,46]. The very low expression of cyclin D1 in two cell lines 
and reduced expression in some others is likely to be associated with deletion 
or inactivation of pRb [46,49]. The mRNA expression of G1 cyclins, p16, and 
the state of the pRb protein for several cell lines are compared in Table 1. 

Cyclin gene amplification in breast cancer cell lines 

To determine if the increased expression of certain cyclin genes observed in 
these breast cancer cell lines was due to gene amplification, gene copy number 
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Table 1. Relationship between 01 cyclin mRNA expression, p16 mRNA (INK 4) expression, and 
Rb mutation 

Cyclin 
RB 

Cell line D1 D2 D3 E INK 4 inactivation 

Normal breast ++ ++++ ++ ++ + nd 
Cells 
MCF-7M ++++ + nd ++ 
MCF-7 ++++ ++++ ++ 
ZR-75-T ++++ nd ++++ ++ nd nd 
ZR-75-1 ++ nd ++ + 
BT-474 ++ nd ++ + , 
BT-483 ++ nd ++ + 
BT-20 ++ ++ ++ 
BT-549 + nd ++ ++++ + 
MDA-MB-134 ++++ ++ nd ++ + 
MDA-MB-361 ++ nd ++ + 
MDA-MB-157 +1++ ++++ ++++ ++++ 
MDA-MB-175 ++++ nd ++ + 
MDA-MB-330 ++++ nd ++ 
MDA-MB-453 ++++ nd ++ + 
MDA-MB-231 ++ ++++ ++ 
MDA-MB-436 ++1+ ++ ++ ++++ + 
MDA-MB-468 ++1+ no ++ ++++ + 
T-47D ++ ++ ++ + 
DU-4475 + nd ++ + + 
Hs-578T ++ ++++ ++ 
SK-BR-3 ++ ++ ++ + 
HBL-100 + ++ ++ ++++ + 

p16 mRNA (INK 4) expression; -, not expressed; +, normal level expression; ++++, over-
expression; nd, not determined (ref. 49). 
Cyclin mRNA expression: -, undetectable expression; +, weak expression; + +, moderate ex-
pression, + + + +, overexpression; + + 1+, differing reports from independent studies; od, not 
determined. Cyclin data collated from references 39, 44-48. 
RB: +, mutation present; nd, not determined; -, normal gene present. Rb data from rCFcrcnces 
39,142-144. 

was determined by Southern blot analysis. In MDA-MB-157 cells, an eight
fold amplification of the cyclin E gene accompanied increased expression 
[44,50]. Cyclin Dl gene amplification was detected in six cell lines, but ampli
fication was not a prerequisite for increased cydin Dl expression. No gross 
rearrangements were noted for any of the genes examined, although a subse
quent study identified a truncation of the cyclin Dl gene in the MDA-MB-453 
cell line [51]. Thus aberrant expression of cyclins typically involves deregu
lated expression of a normal protein rather than expression of a mutated 
protein. 
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Cyclin dependent kinase expression in breast epithelial cell lines 

Protein expression of Cdc2 or Cdk2 does not vary dramatically between breast 
cancer cell lines and normal breast epithelial cells (unpublished data); this 
result is consistent with a study of 12 breast cancer cell lines that revealed only 
moderate variations in the expression of Cdc2 protein [52]. These data are in 
marked contrast to the study of Keyomarsi and Pardee in which Cdc2 was 
overexpressed at both the mRNA and protein level in 9 of 10 breast cancer cell 
lines when compared with normal breast epithelial cells [45]. 

Tam et a1. examined the protein expression of the two G j CDKs, Cdk4 and 
Cdk6 [46]. Cdk6 protein was undetectable in any of the cell lines examined, 
although we have observed strong mRNA expression in normal breast epithe
lial cells and in MDA-MB-157 and DU-4475 breast cancer cells. Cdk4 was 
expressed in all cell lines investigated at levels that varied widely when com
pared with the expression of the other CDKs. Two cell lines that lacked cyelin 
D1 protein had exceptionally high levels of Cdk4 protein (HBL-100 and BT-
549). Conversely, the cell line with the highest level of cyelin D1 protein 
(MDA-MB-134) also exhibited high levels of Cdk4. Whether this is translated 
into increased activity of cyelin DlICdk4 complexes in this cell line is yet to be 
established. Thus there is evidence for aberrant expression of selected CDK 
molecules in some breast cancer cell lines, although the functional conse
quences of these changes have yet to be defined. Furthermore, there are no 
published data on tumor samples to determine if similar lesions occur in 
elinical breast cancer, and if so at what frequency. 

Cell cycle oscillations of cyclin expression in breast cancer cells 

The expression of cyelin genes at various stages of the cell cyele and following 
mitogen stimulation has been examined in normal breast epithelial cells and in 
several breast cancer cell lines [45,53-55]. These studies involved monitoring 
cyelin gene expression following release from a block in cell cyele progression 
[45] or growth factor stimulation of growth arrested cells [53]. Serum-starved 
T-47D cells stimulated to re-enter the cell cyele with insulin [54] showed the 
sequential induction of cyelin expression depicted in Figure 3. The sequence 
and timing of increased expression of cyelin Dl in early to mid G j , cyelin D3 
later in G j , cyelin E in late G j , cyelin A in S phase, and cyelin B1 during G2/M 
was common to growth factor stimulation of both normal breast epithelial cells 
and breast cancer cells [45,53,54]. Indeed, mRNA changes for cyelins A, E, 
and Band kinases Cdc2 and Cdk2 were generally consistent with results 
obtained using mitogen-stimulated fibroblasts and HeLa cells [56,57], support
ing the view that these are critical events conserved in mammalian cell cyele 
progression. 

Studies comparing synchronized normal breast and breast cancer cells sug
gested that the basal levels of cyelins A and Bin G j phase in tumor cells were 
significantly higher than the negligible levels detected in normal cells. It was 
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Figure 3. Sequential induction of cyclin mRNA in T-47D cells. Sequential induction of cyclin 
mRNA following growth factor stimulation of T-47D breast cancer cells. Bars indicate approxi
mate times of maximum expression of individual cyclins after growth factor stimulation of growth
arrested cells at 0 hours. 

proposed the untimely appearance of these cyclins in G1 may contribute to loss 
of normal growth control in breast cancer [45]. Although high basal expression 
may be a consequence of the synchronization methods employed, two
parameter flow cytometry to examine cyclin expression in different phases of 
the cell cycle has confirmed that in some breast cancer cell lines, cyclins E and 
B are expressed during phases of the cell cycle when their expression was 
expected to be negligible [58,59]. Whether this cell cycle phase-independent 
expression is associated with inappropriately timed kinase activity remains to 
be determined. Nevertheless, the various cyclins reached peak abundance in 
the same sequence in normal and neoplastic cells. 

These studies also demonstrated that in normal breast epithelial cells cyclin 
D1 mRNA expression was rapidly downregulated in late G1 so as to be barely 
detectable in S phase, while in T-47D cells treated with insulin, cyclin D1 
expression did not begin to decline until the start of S phase and declined 
slowly, returning to control levels as the cells entered G2 phase [45,54,60]. This 
may merely reflect the duration of action of the mitogenic stimulus but could 
be of functional significance, given that microinjection of cyclin D1 in late G 1 

can inhibit progression into S phase in human fibroblasts [61] but does not 
inhibit the progression of T-47D cells into S phase. A concentration
dependent increase of cyclins D1, D3, and E was observed with increasing 
concentrations of mitogen in T -47D cells, and this was concomitant with an 
increase in the number of cells that subsequently entered S phase. Further 
experiments demonstrated similar patterns of cyclin expression for other mito
gens (IGF-1, bFGF, and FCS), suggesting that the induction of cyclin genes 
was a common response to mitogenic stimulation by peptide growth factors in 
these cells. This relationship suggests that sequential induction of cyclins D1, 
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D3, and E is involved in the commitment to DNA synthesis in breast cancer 
cells, as has been documented in other cell systems [20]. 

This question was specifically addressed by engineering T-47D cells for 
inducible cyclin D1 expression. Induction of cyclin D1 expression shortened 
the length of G j phase, and in serum-starved cells the induction of cyclin D1 
alone was sufficient to initiate a round of cell division. This study demon
strated that cyclin D1 was indeed rate limiting for progress through the G1 

phase in the T-47D breast cancer cell line and provided a model to further 
define the consequences of cyclin D1 expression [28]. Induction of cyclin D1 
mRNA and protein resulted in the accumulation of cydin DlICdk4 complexes 
that support pRb-associated kinase activity in vitro, and this was followed by 
an increase in cyclin E/Cdk2 associated kinase activity and pRb phosphoryla
tion in vivo [62]. In other cellular systems, specifically quiescent fibroblasts, the 
ectopic expression of a G j cyclin, such as cyclin D1, in the absence of serum is 
insufficient to induce kinase activity; therefore, there may be other factors that 
are rate limiting in these systems, such as downregulation of inhibitor action, 
CDK activation by CAK phosphorylation, or phosphatase activity [27]. It is 
possible that the differences observed between fibroblasts and breast cancer 
cells are due to the former cells being arrested in Go as opposed to early G j 

following serum deprivation. 

Estrogen and antiestrogen action on cyclins 

It is well established that estrogen is essential for both the initiation and 
progression of breast cancer, and several well-studied breast cancer cell lines 
have an absolute dependence on estrogens for tumor formation and growth in 
nude mice [63]. Dissection of the cell cycle effects of estrogens in a breast 
cancer cell model showed that cells were sensitive to estrogen in early G j 

phase, immediately following mitosis [64,65]. Similarly, anti estrogens inhibit 
proliferation of breast cancer cells, and their action is restricted to the same 
window within early G j phase [66]. Since this point of action within the cell 
cycle coincides with mitogenic induction of G j cyclins, particularly cyclin D1, 
we investigated whether the same regulatory genes that are involved in growth 
factor regulation of breast cancer cells might also be responsible for steroidal 
regulation of cell growth. 

The possible involvement of cyclins in antiestrogen action was tested in T-
47D and MCF-7 cells [54,67]. The antiestrogen ICI 164384 inhibits the insulin
stimulated growth of T-47D cells, and examination of cyclin expression 
showed decreases in the level of cyclin D1 and cyclin E but not cyclin D3 [54]. 
In MCF-7 cells decreases in cyclin D1 mRNA were detected in response 
to both steroidal (ICI 164384) and nonsteroidal (4-hydroxytamoxifen) 
antiestrogens and preceded any changes in %S phase by several hours. These 
effects were concentration dependent and reversible with the simultaneous 
addition of estrogen. A more recent study has revealed that decreased pRb 
phosphorylation is an early response to antiestrogen treatment. Within 6 hours 
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of treatment with ICI 182780, hypophosphorylated pRb was evident, and this 
preceded the beginning of the decline in the %S phase cells by at least 2 hours. 
This led to the hypothesis that a primary mechanism of growth arrest by 
antiestrogens is the decreased ability of Cdk4 to phosphorylate pRb [63]. 
Whether the decrease in Cdk4 activity can be accounted for by decreased 
cyclin D1 expression alone or involves effects of antiestrogen on CAK or CDK 
inhibitor expression and function is under study. 

The ability of estrogen to reverse the decrease in cyclin Dl mRNA induced 
by antiestrogens suggests that cyclin D1 is in fact an estrogen-regulated gene 
[67]. This has been confirmed in T-47D cells in which in serum-free medium 
containing insulin, estrogen had a similar effect as other mitogens in inducing 
cyclin Dl mRNA expression [Musgrove et aI., unpublished data]. It remains to 
be determined whether these effects on cyclin Dl gene expression by estro
gens and antiestrogens are directly transcriptionally mediated or whether they 
involve immediate early genes such as c-myc. No classical estrogen response 
elements are evident within the published sequence for the cyclin Dl pro
moter, suggesting that direct transcriptional control by the estrogen receptor 
is unlikely. There are, however, data suggesting that c-myc, an estrogen
regulated protein, regulates expression of the cyclin Dl gene [68,69]. 

These results have implications for an improved understanding of the major 
problem in antiestrogen therapy: the development of resistance. Since rapid 
downregulation of cyclin Dl expression appears to be an early event following 
antiestrogen treatment of breast cancer cells, it is possible that overexpression 
of this gene is a potential mechanism for antiestrogen resistance. OUT demon
stration that inducible expression of cyclin Dl can reinitiate cell cycle progres
sion in antiestrogen-arrested cells provides further support for this view. 

Progestin and antiprogestin action on cyclins 

T-47D and MCF-7 breast cancer cells exhibit a biphasic response to progestin 
treatment. There is an initial transient increase in cell cycle progression, fol
lowed by cell cycle arrest and long-term growth inhibition [70]. Both actions 
are mediated during the G1 phase. 

Addition of the synthetic progestin ORG 2058 to T-47D cells proliferating 
exponentially in insulin-supplemented serum-free medium results in a tran
sient increase in cyclin Dl expression, which precedes the increase in cell cycle 
progression [54]. Experiments conducted in the presence of cycloheximide 
showed that the response of cyclin Dl to progestin treatment depends in part 
on the synthesis of new protein. Ectopic expression of cyclin Dl leads to 
effects similar to the stimulatory effect of progestins, that is, acceleration of G1 

phase progression [28,70], strongly implicating progestin induction of cyclin 
Dl as the mechanism underlying this response. Growth arrest following ORG 
2058 treatment is accompanied by decreased expression of both cyclin Dl and 
c-myc, and by reduced pRb phosphorylation. Preliminary data suggest that 
both Cdk2 and cyclin DlICdk4 activity also decrease. 
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The synthetic antiprogestin RU486 also induces growth inhibition in T-47D 
cells but acts through a different inhibitory pathway than progestin, as evi
denced by the temporal displacement of these two effects and differential 
effects on cyclin gene expression [71]. In contrast to both progestin and 
anti estrogen, following RU486 treatment cyclin Dl mRNA expression 
was not reduced but cyclin D3 expression was clearly decreased, concomitant 
\vith a decrease in %S phase [54]. Rb phosphorylation also decreased, 
but the changes in CDK activity responsible for this remain to be 
determined. 

Retinoid effects on cyclins 

Retinoids exert antiproliferative effects on breast cancer cells in culture and 
exhibit anti carcinogenic effects in rodent models of mammary carcinoma [72]. 
The hypothesis that retinoids have antiestrogenic properties in breast cancer 
cells [73] led to a comparison of the effects of retinoids and antiestrogens on 
breast cancer cell cycle progression and cyclin gene expression [74]. The 
inhibitory effects of retinoids on T-47D cell cycle progression are delayed by 
at least 16 hours compared with antiestrogen effects, suggesting that they may 
act via different mechanisms. Differential effects on cyclin gen.e expression 
support this view. Retinoid treatment does not significantly alter the expres
sion of cyclins Dl, D3, E, nor the Cdk2 and Cdk4 kinase partners, but the 
hypophosphorylated, cell cycle inhibitory form of pRb is markedly increased, 
providing a potential mechanism by which retinoids exert their inhibitory 
effects on the cell cycle. Although there is no change in the abundance of 
cyclin Dl and Cdk4, cyclin DlICdk4 kinase activity is decreased in retinoid
treated cells [74]. 

It is clear from these experiments that the mechanisms by which progestins, 
antiestrogens, progestin antagonists, and retinoids cause growth inhibition are 
not identical. Although decreased phosphorylation of pRb appears to be a 
universal feature, the effects on cyclin/CDK complex abundance and activity 
are specific for each class (Table 2). It is also clear that while regulation of 
cyclin gene expression is an important component of the mechanisms for 
proliferation control by steroids, steroid antagonists, and retinoids, other ele
ments, including CDK inhibitors and CAK activity, are likely to contribute to 
these responses. 

eyelins as oncogenes 

Over the past 5 years there has been fragmented evidence linking cyclins to 
cancer [75,76]. There is as yet no undisputed, formal proof for intrinsic 
oncogenic activity for any of the cyclins, although it has been frequently 
reported that cyclins are involved in chromosomal translocations associated 
with neoplasia, are located adjacent to viral integration sites, and cooperate 
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Table 2. Summary of effects of steroids, steroid antagonists, and retinoids on cell cycle regulatory 
genes in breast cancer cells' 

Cyclinsb 

c-mycb Dl D3 E pRb' 

Estrogen i i ND i i 
Antiestrogen .j. .j. NS .j. .j. 

Progestind i i ND ND i 
Progestine .j. .j. ND ND .j. 

Antiprogestin .j. NS .j. .j. .j. 

Retinoic acid NS NS NS NS .j. 

'Determined under serum-free conditions, except for retinoic acid and estrogen. 
bmRNA. 
'Degree of protein phosphorylation. 
d Changes associated with progestin stimulation of cell cycle progression. 
c Changes associated with progestin inhibition of cell cycle progression. 
ND = not determined; NS = no significant change. 

Table 3. Cyclins as oncogenes 

Cyclin 

Cyclin A 

Cyclin Dl 

Cyclin D2 

Link to oncogenesis 

Site of hepatitis B virus integration in hepatocellular carcinoma 
Target of the human adenovirus oncoprotein EIA 
Inversion in chromosome 11 in parathyroid adenomas places 

cyclin Dl under the control of the parathyroid hormone 
promoter 

t(11;14)(q13;q32) in B-celllymphoma places cyclin Dl under 
control of IgG heavy chain enhancer 

Cooperates with Myc to induce B-cell neoplasms in transgenic 
mice 

Confers transformed properties on established fibroblasts 
when overexpressed 

Induces mammary hyperplasia and carcinoma in transgenic 
mice 

Part of the fusion protein resulting from the 5' portion of the 
AMLI gene fusing with the 3' portion of a chromosome 8 
t(8;21) gene in acute myelogenous leukemia 

vin-l gene, a provirus integration site in retrovirus induced 
rodent T-cell leukemia 

p21 

.j. 

i 
.j. 

ND 
ND 
NS 

Ref. 

145,146 
147-150 
82,151, 

152 

96 

98,101 

25 

100 

153 

154 

with known oncogenes to promote tumorigenesis. A summary of the involve
ment of cyclins in various forms of human cancer is outlined in Table 3. 

Cyclin Dl and breast cancer 

Amplification of the q13 region of chromosome 11 has been reported in 
squamous cell carcinomas of the head and neck, esophagus, and lung; in 
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carcinoma of the breast and bladder; and in a single case of melanoma and 
hepatoma [77], supporting the view that genes within this region harbor 
oncogenic activity. The amplified region is up to 15 million base pairs long and 
consists of somewhere between 15 and 150 genes. Among these genes, the 
potential proto-oncogenes identified inelude INT-2 (FGF3), HST-l (FGF4), 
EMS-I, and BCL-I. INT-2 and HST-l are rarely expressed in normal human 
breast tissue or breast cancer [78,79], and since it is more likely that the gene 
providing the selective advantage for 11q13 amplification is expressed in nor
mal tissue, these two genes are unlikely to playa role in the pathogenesis of 
breast cancer. EMS-l is consistently overexpressed in some breast cancer cell 
lines and breast carcinomas. EMS-l is a cytoskeletal protein that is a substrate 
for Src kinase, suggesting it may have a role in cell motility and invasion 
[47,80]. BCL-l has undoubtedly received the most attention. This is not a 
cellular gene but identifies the breakpoint for the well-documented t(11;14) 
chromosomal translocation in B-cell lymphomas. The cyelin Dl gene 
(PRADl, CCNDl, D11S287E) is now the favored BCL-l candidate oncogene 
[81,82]. It was originally thought that all these genes were amplified together 
as a single amplicon [83], but more recently evidence has been presented for 
independent amplification, suggesting that as many as four amplification units 
exist around 11q13 [80,84-86]. The most commonly amplified region of 11q13 
in breast cancer ineludes cyelin DI. 

11q13 amplification has been examined in breast cancer in a number of 
studies [77,78]. Of the 2000 breast tumor samples examined, 13% showed 
amplification at the 11q13 locus. Following demonstration of discordance 
between cyelin Dl gene amplification and expression in breast cancer cell 
lines, a series of 124 breast tumor samples and 16 normal breast tissue controls 
was examined for overexpression of cyelin Dl mRNA. Forty-five percent of 
tumor samples expressed cyelin Dl to a greater extent than the normal tissue 
samples [44]. In a similar study, 5 of 10 tumor samples had a two- to eightfold 
increased expression of cyelin Dl mRNA [87]. Two laboratories employing 
immunohistochemical detection of cyelin Dl in approximately 350 breast 
tumor samples found that 43-55% had increased cyelin Dl staining [39,88,89]. 
The latter study reveals that overexpression of cyelin Dl protein is a relatively 
early event in breast cancer in that it was apparent in samples of ductal 
carcinoma in situ [39,89]. These studies exemplify the fact that overexpression 
and amplification of cyelin Dl can occur independently since the frequency of 
overexpression is greater. The mechanisms responsible for elevated expres
sion have yet to be defined, but mutations in the promoter region, altered 
expression of negative regulators, or extended half-lives could all contribute to 
the accumulation of cyelin Dl in breast tumors. 

There are a number of reports correlating 11q13 amplification and selected 
elinicopathological parameters in breast cancer, but there is little consensus on 
these relationships. In patients with operable breast cancer, amplification of 
the 11q13 locus, ineluding the cyelin Dl gene, has been weakly associated with 
the presence of lymph node metastases, tumor size, early presentation, and 
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poor prognosis, as judged by relapse-free and overall survival [47,80,90-95]. A 
stronger relationship exists between llq13 amplification and steroid hormone 
receptor positivity, although even this relationship has not been universally 
demonstrated [83]. The possibility of llq13 amplification or expression acting 
as a useful prognostic marker remains unresolved. Since the frequency 
of over expression of the cyelin D1 mRNA and protein is greater than ampli
fication of this gene, correlating expression with elinicopathological param
eters may be more relevant and indeed may allay the discrepancies in the 
current literature. 

The functional consequences of cyelin D1 expression in breast tumors 
remains unelear. Overexpression of cyelin D1 in B cell neoplasms is powerful 
enough to subvert control of G1 phase and, despite its absence in normal B 
cells, cyelin D1 becomes essential for the cell cyele progression in these 
transformed cells [20). Parathyroid adenomas that express high levels of 
cyelin D1 exhibit rapid growth, but since they are noninvasive, overexpression 
of the cyelin D1 gene is considered to be a purely proliferative lesion [96]. 
It is possible that overexpression of the cyelin D1 gene in breast tumors 
may promote premature S phase entry, as has been described for breast cell 
lines in culture [28). It is highly probable that any oncogenic potential of the 
cyelin D1 protein would involve its interaction with the tumor suppressor gene 
pRb. 

eyelin D1 alone may not be sufficient to transform primary breast cells but 
may cooperate with other oncogenes. Although this has not been studied in 
normal breast epithelial cells, there is evidence of cyelin D1 cooperating in 
transformation with Ha-Ras in primary rat kidney cells or rat embryo 
fibroblasts and Myc in B cell lymphomas [97-99]. Furthermore, over
expression of cyelin D1 alone confers transformed properties on established 
fibroblasts [25]. Perhaps the most convincing evidence supporting the view 
that cyelin D1 can act as an oncogene in breast cancer comes from studies in 
transgenic mice, in which overexpression of cyelin D1 resulted in mammary 
hyperplasia and carcinoma, albeit after a long latency period [100). To date 
this study stands alone but anticipates a link between tumorigenic potential 
and the expression of cyelin D1 in breast tissue, perhaps in association with 
other oncogenes, such as c-myc, as has been demonstrated in the lymphoid 
system [98,101]. 

Other cyclins and breast cancer 

eyelin D2 appears to be important in the development of certain leukemias 
(Table 3); these cells normally express cyelin D2 but not cyelin Dl. eyelin D2 
functions in these cells in a manner analogous to cyelin D1 in other cell types. 
Overexpression of both cyelin D2 and cyelin D3 disables the differentiation 
pathway in lymphocytes, perhaps sentencing them to continuous proliferation 
[102). There is, however, no apparent involvement of either gene in breast 
cancer, although it is curious that cyelin D2 expression is abundant in normal 
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breast epithelial cell lines but not in most breast cancer cell lines examined 
[44,46). 

A role for cyclin E in breast cancer has been suggested based on a sample 
of nine breast tumors in which both qualitative and quantitative changes in 
cyclin E protein were observed independent of the S phase fraction. Increased 
expression correlated with increased tumor stage and grade, indicating that 
cyclin E may be a prognostic indicator [45]. This interesting observation re
mains to be confirmed in a larger series of tumors. There are no published 
reports examining cyclin A and B in clinical breast cancer, although the 
infrequent abnormalities noted in breast cancer cell lines suggest that aberra
tions in either of these cyclins are likely to be rare. 

Inhibitors of eyelin dependent kinases as tumor suppressor genes 

Arguably the most important recent advance in cell cycle research is the 
discovery of CDK inhibitors. Independent lines of research have converged on 
the identification of small proteins that inhibit the kinase activity of all CDKs 
(p21 and p27) or solely inhibit the partners of the D-type cyclins, Cdk4 and 
Cdk6 (p15, p16, p1S). These proteins are putative tumor suppressor genes, 
providing a link between the negative control of cell cycle progression and 
cancer. Inactivation of these inhibitory molecules might be expected to have 
consequences similar to cyclin overexpression. 

p21 

The cyclin-dependent kinase inhibitor p21 was discovered independently as a 
protein induced by the tumor suppressor p53 (WAF1), as a CDK kinase 
inhibitor (CIP1), and as a protein (SDIl) induced as cells senesce [34,103,104]. 
The induction of p21 alone is sufficient to arrest the cell cycle of normal 
fibroblasts, and under these circumstances the protein is associated with cyclin 
A/Cdk2, cyclin E/Cdk2, and cyclin DlICdk4 complexes [34,103,104]. p21 
mRNA expression is high at the GoIG1 boundary but decreases as cells reach 
S phase in both human fibroblasts and human breast carcinoma cells [105,106]. 
The p21-containing cyclin/CDK complexes exist in both active and inactive 
forms, with inhibition of kinase activity occurring abruptly with saturating 
levels of p21 [107,10S). 

p21 can be induced independently of p53 [109], and this is often concomi
tant with initiation of terminal differentiation [30,110-112]. This inhibitor is 
induced in human breast carcinoma cells following treatment with etoposide, 
the differentiation agent sodium butyrate [deFazio et aI., unpublished data], or 
in response to serum starvation [106). In addition to inhibiting CDK activity, 
p21 blocks polymerase C)-dependent DNA replication [113,114]; these sepa
rate functions are mediated by different domains within the molecule [115). 
p21 does not, however, hinder damage-responsive DNA repair [105]. 

159 



The common mutation of p53 in human cancers strengthens the likelihood 
that aberrations in its targets might also occur. Deletions or dysfunctional 
mutations of the p21 gene, however, have not been described, although non
functional polymorphisms have been reported in one breast epithelial cell line 
and in 2 of 45 color ectal cancers [116,117]. There is no direct evidence linking 
p21 to tumorigenesis, although there is evidence for subunit rearrangements of 
the normal cyclin/CDK/p211PCNA quaternary complex following transforma
tion [107]. This may be a way in which oncogenic proteins can alter the action 
of p21 in the absence of inactivating mutations. These observations are limited 
to vir ally transformed and p53 'null' fibroblasts, and it remains to be deter
mined whether such alterations in subunit configuration also occur in carci
noma, including breast carcinoma. 

A study of CDK inhibitors in breast cancer cells has shown that, unlike p16, 
deletions of p21 alleles are not observed in breast cancer cell lines. There are, 
however, wide variations in p21 gene expression associated with the presence 
or absence of p53 mutations: Cell lines harboring mutations in p53 have 
markedly reduced p21 mRNA. Furthermore, in addition to regulation by 
differentiation agents, p21 gene expression was regulated by the growth states 
of the cells and by several steroids and their antagonists [49]. Whether or not 
changes in p21 are causal or a consequence of growth regulation by these 
agents remains to be elucidated. 

pI6 and pI5 

The p16 protein was originally identified in Cdk4 and Cdk6 complexes lacking 
cyclin in some transformed cells [118]., and was later cloned and identified as a 
specific Cdk4/Cdk6 inhibitor [119]. An inverse association between p16 and 
pRb has been observed, with p16 mRNA expression increased in cells lacking 
functional pRb (Table 1), consistent with data documenting repression of p16 
mRNA by pRb [120]. p15 was identified as a Cdk4/Cdk6 inhibitor and is 
transcriptionally regulated by TGF-~ [121]. The p15 and p16 genes are adja
cent on chromosome 9p21, and this region became the focus of widespread 
attention when it was discovered that the p16 gene alone or with p15 was 
deleted in a substantial number of tumor cell lines, including breast cancer 
cells [122-124]. Controversy emerged when it was suggested that the rate of 
p16 deletions reported in cell lines was an artifact of cell culture since the 
frequency of deletions was significantly less in related primary tumors 
[125,126]. Further detailed studies have found that p16 is frequently mutated 
or deleted in pancreatic adenocarcinoma and in 19% of bladder carcinomas 
[126,127]. Additionally, p16 mutations segregate with the disease in some but 
not all familial melanoma families [128,129]. Although p16 is a strong candi
date for a tumor suppressor gene in some cancers, particularly familial mela
noma, current mutation analysis techniques are inadequate to unequivocally 
confirm this. In primary breast carcinoma, the limited data currently available 
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do not support a major role for p16, despite the frequent deletion of this gene 
in breast cancer cell lines [49,130]. 

Evidence for a tumor suppressor function for p16 comes from studies in rat 
embryo fibroblasts in which cells stimulated by oncogenic Ha-Ras and Myc 
were blocked from entering S phase by ectopic expression of p16; this block 
was overcome by expression of Cdk4. Moreover, p16 suppressed cellular 
transformation of rat embryo fibroblasts by Ha-Ras and Myc, and these .effects 
were not seen in cells that lacked pRb [119]. Furthermore, transfection of p16 
cDNA into carcinoma cells appears to inhibit their colony-forming efficiency, 
since p16 expressing cells are selected against with continued passage in vitro 
[49,123]. These data are consistent with the hypothesis that p16 has tumor 
suppressor activity that may be important in the genesis of some cancers, but 
its involvement appears to be less widespread than was first suggested [124]. 

Another low molecular weight inhibitor p18, which is structurally and func
tionally similar to p16 and pIS, has recently been identified. p18 is primarily a 
Cdk6 inhibitor and, like p16, its ability to suppress growth is reliant on func
tional pRb [131]. 

p27 

Another CDK inhibitor, p27K1P1 , has been characterized and has been shown 
to have a role in growth arrest mediated by cell-cell contact, or treatment with 
TGF-~ or cAMP [132-137]. This molecule shares sequence homology with p21 
in a region of the molecule with known CDK inhibitor activity. In vitro p27 
inhibits the ability of cyclin E/Cdk2, cyclin A/Cdk2, and cyclin DlICdk4 com
plexes to phosphorylate pRb [135]. In vivo p27 associates with cyclin E/Cdk2 
complexes, preventing their activation. However, in the presence of increasing 
levels of cyclin D, the inhibitor is sequestered bycyclin D complexes, allowing 
activation of cyclin E/Cdk2. The role of p27, therefore, in the cell cycle appears 
to be to establish an order of activation for cyclin Dl and cyclin E 
[132,134,137]. 

There is emerging evidence that p27 is intimately involved in growth con
trol by physiological and pharmacological agents, for example, cAMP is pro
posed to induce G1 arrest in murine macrophages by raising the threshold of 
p27, preventing activation of the cyclin DlICdk4 complex by CAK [132]. More 
detailed studies on transforming growth factor (TGF-~) suggest that it arrests 
cells by inhibiting Cdk4 expression, which prevents free p27 binding to cyclin 
DI/Cdk4 complexes, thus allowing p27 to bind and inactivate the cyclin EI 
Cdk2 complex [135,137,138]. One of these studies employed normal human 
breast epithelial cells, providing a potential mechanism for the well
documented inhibitory effect of TGF-~ in breast epithelial cell proliferation 
[137]. Since TGF-~ has been implicated in mediating the growth inhibitory 
effects of antiestrogens [139], the synthetic progestin, gestodene [140], and 
retinoids [141], a description of the effects of these agents on p27 inhibitor 
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function in normal breast epithelium and breast cancer cells is eagerly awaited. 
Given that the role of TGF-~ in mediating the growth regulatory activity of 
steroids and steroid antagonists is controversial, and that transcriptional acti
vation of p15 is an alternative pathway of TGF-~ action, the regulation of 
CDK inhibitor function by factors known to control breast epithelial cell 
proliferation and differentiation is a priority for ongoing research. 

Conclusions 

An increased understanding of mammalian cell cycle control has identified 
new families of molecules with potential oncogene (cyclins and CDKs) and 
tumor suppressor gene function (CDK inhibitors). Accumulating evidence in 
diverse cancers supports such roles for a number of cyclins, particularly cyclin 
D1 and D2, and for p16, which specifically inhibits the Gl active kinases, Cdk4 
and Cdk6. Further evidence on the roles of cyclins, CDKs, and their inhibitors 
in the control of proliferation and differentiation by growth factors, steroids, 
steroid antagonists, and diverse differentiation factors in breast epithelial cells 
identify a central role for these molecules, specifically cyclin D1, in responding 
to extracellular stimuli. 

Although our understanding of these mechanisms is far from complete, it is 
already apparent how aberrant expression of molecules controlling G 1 pro
gression could subvert normal growth control mechanisms, including the need 
for extracellular stimuli to sustain cell proliferation. The overexpression of 
cyclin D1 in a significant proportion of breast carcinomas, including in situ 
cancers, and its oncogenic potential in the mammary gland of transgenic mice 
provide strong evidence for a role for cyclin D1 in the pathogenesis of breast 
cancer. If this is substantiated by further research, cyclin D1 will potentially 
provide a new marker of therapeutic responsiveness and prognosis, and a 
target for novel therapeutic intervention in breast cancer. 
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9. Nuclear oncogenes in breast cancer 

Don Dubik, Peter H. Watson, Marcello Venditti, and Robert P.e. Shiu 

Introdnction 

The prevailing view of cancer is that it isa disease resulting from a number of 
sequential mutations in critical growth regulatory genes [1]. In the past 20 
years it has been discovered that retroviral transforming genes, oncogenes, 
were actually modified growth regulatory genes derived from the viral host 
genome. In all cases the modifications in the viral oncogene yielded a growth 
regulatory gene that exhibited enhanced or unregulated activity when com
pared with its normal cellular counterpart. Growth regulatory genes may act 
to enhance or inhibit growth and encompass transactivators, including the 
steroid/retinoid/thyroid hormone receptors, cell cycle regulators, tumor sup
pressors, growth factors, and growth factor receptors. 

This broad range of cellular regulators potentiates its effects through a 
number of different molecular pathways that may converge. Normal cell 
growth is a balance between progression through the cell cycle and pro
grammed cell death (apoptosis), and cancer is a disease resulting from the 
disruption of this balance, allowing a cell to progress through the cell cycle 
unabated. It is evident that growth regulators control a small subgroup of 
genes that encode regulators of cell cycle progression or apoptosis. In this 
chapter we address one group of growth regulators, nuclear proto-oncogenes, 
as they relate to breast cancer. We review their functions and regulations, and 
attempt to define their role in the control of breast cell growth. We will limit 
our definition of proto-oncogenes to the cellular homologues of tumor-causing 
retroviral genes as opposed to any gene (e.g., cyclins) whose deregulated 
expression has the potential to cause tumorigenesis. 

Nuclear oncogenes and tumor suppressor genes in the hreast: c-myc, c1os, 
c-jun, c-myb, Rb, and p53 

To date more than 70 oncogenes have been characterized. Of these genes, 
more than a dozen encode proteins with a nuclear localization. For the most 
part, the products of these nuclear oncogenes encode trans-acting transcrip-

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. 



tional factors. The nuclear oncogenes that have been studied with respect to 
their potential roles in the proliferation and development of normal and 
cancerous breast epithelium are c-myc, c-fos, c-jun, and c-myb. All of these 
proto-oncogenes are classified as immediate early genes since they are ex
pressed transiently in the G1 phase of the cell cycle and are involved in 
initiating the progression of the cells through the cell cycle. In breast epithe
lium, the expression of these genes has been found to be influenced by a 
variety of factors, including steroids, retinoids, peptide hormones, and growth 
factors. In addition to these proto-oncogenes, the nuclear tumor-suppressor 
genes (or anti oncogenes ) Rb and pS3 have also been shown to be important in 
normal and cancerous breast physiology. In this review we limit the discussion 
to the above-mentioned genes. 

c-myc 

Although the c-myc proto-oncogene was one of the first to be identified, many 
aspects of its regulation, and the regulation, function, and mechanism of action 
of its protein product c-MYC, have only recently been discovered [2--4]. The c
myc proto-oncogene is one of three well-defined members (the others being 
N-myc and L-myc) of the MYC family. Each member codes for a nuclear 
phosphoprotein with structual similarity in the N- and C-terminal regions. The 
C-terminal region of each MYC protein contains a helix-loop-helix, leucine 
zipper motif through which it dimerizes with the nuclear protein MAX [4]. 
This MYC/MAX complex is a transactivator when bound to the E-box se
quence [CA(ClT)GTG] of responsive genes [S,6]. To date more than a dozen 
genes have been reported to be regulated by MYC (Table 1). Among these 
MYC target genes are the G1 cell cycle regulator cyclin Dl, whose expression 
is enhanced upon short exposure to c-MYC and repressed upon chronic expo
sure [7], the transactivator E2F-2, one of a family of transactivators through 
which the tumor suppressor Rb acts [8], and the tumor suppressor pS3 [9]. 
MYC also regulates its own activity through autorepression [10]. 

What is the evidence that c-MYC is involved in breast cancer? In vitro 
studies using human breast cancer cell lines indicate that c-MYC is important 
for cell growth and that it may playa role in the transition from hormone
dependent to hormone-independent growth [11]. In vivo studies in human 
breast tumors, focusing predominantly on c-myc amplification, have shown c
myc amplification is prevalent in 20-30% of breast carcinomas, although the 
degree of amplification is often low [12]. Furthermore, several of these studies, 
including some with large sample sizes [13,14], have shown c-myc amplifica
tion to be both a significant and independent prognostic indicator of early 
disease recurrence and poor outcome. Unlike hematopoietic malignancies, in 
breast carcinomas gross alteration of the c-myc gene through translocation is 
uncommon [IS]. 

Aside from c-myc amplification and translocation, many aspects of c-myc 
expression in breast cancer, including changes in the regulation, changes in the 
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Table 1. List of proposed c-MYC regulated genes 

Gene Type of expression Mechanism of expression Ref. 

c-myc Repression Autoregulation 10 
Cyclin D1 Induction (short 3 E-box elements in promoter 104 

exposure) 
Repression (chronic Inr element in promoter 51,105 

exposure) 
Cyclin A Induction Unknown 51 
Cyclin E Induction Unknown 51 
E2F-2 Induction 3 E-box elements in promoter 8 
p53 Induction E-box element in exon 1 9 
a-prothymosin Induction E-box element in intron 1 106,107 
C/EBPa Repression Inr element 108 
Dihydrofolate reductase Induction Tandem E-box elements 109 
Ornithine decarboxylase Induction E-box element in promoter 110,111 
ECA39 Induction E-box element exon 1 112 
c-erbB-2/neu Repression Transcriptional 113 
N-CAM [by N-Myc] Repression Inr element 114 
MHC class I Repression Inr element 115 
LFA-1 Repression Transcriptionall 116 

post-transcriptional 
CD44 Repression Inr element 117,118 
Pro-a1 (I) collagen Repression Unknown 119 
Pro-a2 (I) collagen 
Pro-a3 (IV) collagen 
Albumin Repression Unknown 108 
Gelatinase B Induction 5 potential E-box elements, 120 

2 in promoter region 
PAI-1 Induction Post-transcriptional 121,122 
MIG 1 Induction Unknown 123 
MIG 11 Induction Unknown 123 

E-box = CACGTG; Inr = initiator sequence. 

levels of expression, or the occurrence of alterations of c-myc within specific 
stages of tumor progression, have not been carefully examined. For example, 
altered regulation of c-myc expression at the level of mRNA stability can 
occur in breast cancer cell lines [11], and we have found that c-myc amplifica
tion can differ within components of breast carcinomas [12]. Furthermore, we 
have seen that amplification can occur at a comparatively early stage of tumor 
progression, and while this alteration exists in both the in situ and invasive 
components of tumors, it does not always persist in the corresponding nodal 
metastases [12]. Recent observations that MYC may regulate a number of 
genes involved in cell adhesion and proteolysis (see Table 1) have reaffirmed 
our suspicions that in breast cancer MYC may playa role in the transition from 
in situ to invasive carcinoma. 

Perhaps the most compelling evidence of c-MYC's involvement in breast 
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cancer is derived from studies of MMTV-myc or WAP-myc transgenic mice 
[16-18]. In the case of MMTV-myc transgenic mice, c-myc is expressed in 
breast cells and in lymphoid T cells and T-cell precursors. These mice develop 
breast tumors and occasional lymphomas, and tumors develop in 50% of 
female mice in less than a year [16,17]. Tumorigenesis can be greatly enhanced 
by coexpression of c-myc and c-ras [19]. In the case of c-myclc-ras transgenic 
mice, within 46 days tumors formed in 50% of the females [19]. Furthermore, 
co expression of c-myc with casein kinase II (CKII), which is a nuclear kinase 
that phosphorylates the MYC protein [20], results in the development of lethal 
lymphomas in neonatal and perinatal mice [21]. The early lethal effect of the 
cooperation between c-MYC and CKII on the hematopoietic cell lineage has 
precluded assessment of the effect on other tissues; however, it is possible that 
the same cooperative effects hold true in the breast. Therefore, deregulated 
MYC expression in the breast epithelium can lead to tumor formation, and the 
effect on tumorigenesis can be influenced by other cellular anomalies. 

c-fos, c-jun 

Both proto-oncogenes are members of larger gene families: c-fos,fos-B,fra-l, 
fra-2, and c-jun, jun-B, jun-D [22]. All encode nuclear phosphoproteins con
taining a leucine zipper dimerization domain. JUN proteins form homodimeric 
complexes and heterodimeric complexes with related family members, as well 
as heterodimeric complexes with FOS family members [23]. Dimeric com
plexes transactivate when bound to a phorbol ester response element (TRE, 
-TGACTCA-). Heterodimeric JUN/FOS (AP-l) complexes are efficient gene 
activators, while JUN homodimeric complexes transactivate poorly, and FOS 
homodimers fail to bind DNA [24,25]. The physiological function of different 
complexes varies, as does their tissue distribution, pathways, and sensitivity to 
different signal transductions [23]. There have been numerous reports of 
regulated expression of c-fos and c-jun after mitogen stimulation of breast 
cancer cells [22,23,26-28]. These studies have shown that c-fos and c-jun 
expression is influenced to varying degrees by growth factors including insulin, 
TGF-a, IGF-l, and EGF [22,28] and by steroid hormones [26,27]. Continuous 
expression of c-fos can transform fibroblasts and cause osteosarcomas in mice 
[29], suggesting a role in proliferation and differentiation. Surprisingly, tar
geted disruption of c-fos or c-jun in embryonic stem (ES) cells did not affect 
their growth and differentiation, suggesting that neither gene is essential for 
these processes [30,31]. This result suggests that other fos family members may 
be able to compensate for the absence of c-fos in ES cells. It should be noted, 
however, that mice with c-jun null mutations die at mid-gestation (12.5 days), 
suggesting that c-jun is critical to cells later in embryo development [32]. This 
result also suggest that various AP-l factors act specifically and temporally 
with differing roles. The c-FOS/c-JUN complex is believed to regulate a vari
ety of genes, including activation of fra-l, ornithine decarboxylase, cyclin Dl, 
transin and collagenase and repression offra-2,jun-D, and possibly c-jun [29]. 
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Recently it has been proposed that the AP-1 complex might be an important 
regulator of vimentin expression in breast tumor cells [33], suggesting that 
expression of c-fos and c-jun could indirectly influence the development of the 
invasive phenotype that is associated with vimentin expression [34]. This ob
servation suggests a possible association between c-foslc-jun expression and 
tumor progression. 

c-myb 

The c-myb proto-oncogene also encodes a nuclear phosphoprotein. It was 
initially recognized to playa role in the proliferation and differentiation of 
hematopoietic precursor cells in which its expression was increased in late GJ 

and S cells [35]. Subsequently, deregulated c-myb expression was recognized 
in a variety of cell types, including those in breast tumors [36]. In addition to 
c-myb there are at least two other family members, A-myb and B-myb [37,381. 
The MYB protein is a transactivator that binds the consensus cis-acting ele
ment (C/Pu)(Py/A)Py AAC PyPu [39]. The c-myc gene has been proposed as 
a target of c-MYB and possibly B-MYB [39,40], and potential c-MYB binding 
sites have also been proposed in the DNA polymerase-a., cyclin D1, and cdc2 
genes [41]. Alternatively, c-JUN and JUN-D may transactivate c-myb [42]. In 
breast cancer, c-myb mRNA expression was identified in at least one study in 
a high proportion of tumors (64 % ) and was associated with a positive estrogen 
receptor status [36]. 

Tumor suppressor genes in the breast 

In addition to the nuclear oncogenes, two tumor suppressor genes, Rb and 
p53, have been shown to be important in breast physiology. Both are nuclear 
phosphoproteins and can suppress cell proliferation at the G1 phase of the cell 
cycle. 

p53 

Mutation of p53 is believed to contribute to as much as 50% of human cancers,. 
Runnebaum and colleagues examined 20 human breast cancer cell lines and 59 
primary breast tumors, and concluded that p53 gene mutations are the most 
common single mutations found in human breast cancer [43]. Alteration of 
p53 occurs at several levels, including the gene itself, the mRNA transcript, or 
the p53 protein. Most p53 gene alterations result from a point mutation, but in 
breast cancer the p53 gene is also prone to small rearrangements, deletions, or 
insertions [43]. Transfection of an intact p53 into breast cancer cell lines 
harboring a p53 mutation was able to suppress the malignant phenotype [44]. 
Although the function of p53 is not as yet fully known, recent studies have 
suggested that its role in the cell is to attenuate cell progression through G1 to 

175 



allow DNA repair mechanisms the opportunity to function [45]. The mecha
nism of p53 action involves transactivation of its nuclear target p21 (also 
known as W AFl, CIPl, SDIl, CAP20, and PIC!), which in turn inactivates a 
number of cyclin-cdk complexes and PCNA (part of the DNA replication 
machinery) [7]. Mutation of p53 prevents it from entering the nucleus or from 
trans activating p21, the consequence of which is genomic instability and un
controlled progression [7]. The mechanism of c-myc induced apoptosis is also 
believed to involve p53. As stated earlier, c-MYC trans activates p53, which 
will then, via p21, interrupt cell cycling. Depending on the growth stresses 
experienced by the cells, this p53-mediated cell cycle interruption can lead to 
G j arrest or to apoptosis [46]. 

Retinoblastoma susceptibility gene product, Rb 

As with p53, mutations of the Rb gene are also prevalent in breast cancer, 
occurring in 20 % of primary breast cancers and 25 % of breast cancer cell lines 
[47]. Rb and related proteins, pl07 and p130, are phosphoproteins that medi
ate their growth suppressor effects through an interaction with the E2F family 
of transcriptional activators and inhibit their function [48-50]. By blocking the 
activity of the E2F/DP transactivator, Rb is able to prevent the activation of 
cell cycle genes, such as cyclin A and cdc2 [50-52]. The mechanism or Rb 
action will be discussed in some detail later. 

Regulation of nuclear oncogenes in the breast 

Regulation by estrogens 

Regulation of c-myc expression is complex because it is affected by a large 
number of factors, including steroid and peptide hormones and growth factors. 
This is due to the fact that c-myc is involved in many aspects of cell biology, 
including cell growth, differentiation, and apoptosis. Thus, changes in the 
expression of the c-MYC might conceivably affect many aspects of tumor 
progression. 

The importance of estrogen in breast development is well established [53]. 
Estrogen together with other growth factors influence epithelial mitosis in
volved in ductal development [53]. Estrogen is also the principal hormone 
relevant to breast cancer, evidenced by the extremely low incidence of breast 
cancer in men and in women with dysfunctional ovaries [54,55]. The effects of 
estrogen and its mechanisms of action in both normal and cancerous tissue are 
vital to understanding breast cancer biology. In breast cancer cell lines, estro
gen increases the activity of several genes involved in DNA replication, such 
as DNA polymerase, thymidine kinase, dihydrofolate reductase, thymidylate 
synthase, uridine kinase, carbamyl phosphate synthetase, aspartate trans-
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carbamylase, and glucose-6-phosphate dehydrogenase [56]. Estrogen has also 
been shown to stimulate the expression of a variety of growth factors, includ
ing IGF-I, IGF-II, and TGF-a, all of which are breast cancer cell mitogens [56]. 
Estrogen also stimulates the expression of the progesterone receptor, and 
progesterone receptor levels are commonly used to assess estrogen receptor 
function in breast tumors [57]. Finally, our work and that of others has shown 
that estrogen can regulate the expression of the nuclear proto-oncogenes c
myc [58] and c-myb [59] in breast cancer cell lines and c-fos and c-jun in rat 
uterus [60]. 

In order to identify estrogen regulated genes involved in growth, we have 
focused on the MCF-7 breast cancer cell line, which is hormone responsive and 
contains functional estrogen receptors (ER). When MCF-7 cells are cultured 
in phenol red-free media containing charcoal-treated, steroid-depleted fetal 
bovine serum, they experience a distinct growth attenuation [58,61]. Treat
ment of these steroid-depleted cells with 17~-estradiol is sufficient to stimulate 
proliferation [58]. Associated with this proliferation is a rapid and transient 
induction in both c-myc mRNA and protein [58,62]. Pretreatment of the cells 
with cycloheximide, a translation inhibitor, does not inhibit the estrogen in
duction of c-myc, indicating that estrogen's effects on c-myc expression are 
independent of new protein synthesis. This result suggests the estrogen recep
tor complex transcriptionally regulates the c-myc gene, a conjecture that was 
confirmed by nuclear run-on transcriptional studies [11]. Our results have 
subsequently been reproduced by others [22,59]. 

We have also further examined the molecular mechanism of estrogen ac
tion on c-myc regulation. Using transient expression studies we were able to 
demonstrate that the P2 promoter of the human c-myc gene was essential to 
estrogen-regulated expression and that the estrogen response region of c-myc 
could be localized to a 116 bp fragment overlapping the P2 promoter [61]. 
Contained in the 116 bp region are two regulatory elements, MElal and 
MEla2: The former overlaps the binding site of the E2F and MAZ transcrip
tional factors [56]. The 116bp region does not contain sequences resembling 
any known estrogen response elements. Furthermore, both gel retardation 
and DNaseI footprinting studies using the 116 bp region, and in vitro tran
scribed and translated ER failed to show a direct interaction of the ER 
complex with the 116bp region. This failure of the ER complex to bind the 
116bp region may be an indication that the ER interaction is too weak to 
detect with standard DNA binding assays or that additional ER associated 
proteins may be necessary to permit DNA binding. 

To date a number of ER associated proteins have been identified [63-65]. 
Not surprisingly, when MCF-7 nuclear extract was used in DNA binding 
studies, extensive retardation and footprinting of the 116 bp region was ob
served. We have yet to show that any of these complexes contain the ER. 
Alternatively, the lack of ER binding may point to an indirect ER function to 
activate existing transcriptional regulators of c-myc. Such transcriptional regu-
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lators may include the E2F family of transactivators that have been extensively 
studied in nonbreast cell types. Findings from these studies may be relevant to 
unraveling the events of c-myc regulation in the breast. 

The E2F family consists of at least five members (E2F-l through E2F-5), 
which, as heterodimeric complexes with factor DP (three members: DP-l 
through DP-3), bind and transactivate from the E2F binding site [50]. E2FIDP 
heterodimeric transcription factors are believed to regulate a large number of 
genes, including c-myc, dihydrofolate reductase, cdc2, B-myb, cyclin A, and 
DNA polymerase a [66]. This regulation is carried out in conjunction with the 
tumor suppressor Rb and the related factors, p107 and p130 [50]. When 
complexed with Rb, pl07, or p130, E2F is unable to transactivate [50]. In the 
E2F-Rb complex, phosphorylation of Rb, or Rb interaction with other factors 
such as EIA, lead to the generation of a 'free,' active E2F molecule [50,67]. 
Therefore, if ER was able to influence the dissociation of Rb from the E2F-Rb 
complex, it could render E2F active to transactivate c-myc. Experimental 
evidence to support ER activation of E2F, however, is lacking. There are no 
reports of ER triggering phosphorylation of Rb or the disruption of the E2F
Rb complex. Nonetheless, it should be noted that there is a two- to fourfold 
increase in the phosphorylation of the estrogen receptor in the presence of 
hormone [68,69] and that estradiol can, almost instantaneously and in a recep
tor-dependent manner, stimulate phosphorylation of other proteins in MCF-7 
cells [70]. Also, there are at least two reports of enzymatic activity (kinase and 
protease) associated with immunopurified ER [71,72]. It is conceivable that 
these enzymatic activities are responsible for modifying the structure or func
tion of other proteins. 

Besides the lack of evidence that ER activates the E2F-Rb complex, there 
is also uncertainty regarding the importance of c-myc transactivation by E2F 
in vivo. It has been reported that E2F-l/DP-l binds and trans activates the c
myc P2 promoter and that the inhibitory effects of Rb are associated with the 
E2F binding site [52]; however, there is also evidence to suggest that expres
sion of E2F-l occurs later in the Gl phase of the cell cycle, after c-myc 
activation [50]. It is still conceivable that other, more early expressed members 
of the E2F family (e.g., E2F-4 and E2F-5 [SOD could be responsible, at least in 
part, for the increased expression of c-myc following mitogen stimulation of 
cells. Even though the role of E2F transactivation of c-myc remains uncertain, 
recent work by Nevins and colleagues shows that MYC can transactivate E2F-
2 but not E2F-l, defining another pathway through which c-myc expression 
leads to cellular proliferation [8]. 

To date not only the c-myc gene but also the c-fos, cathepsin D, progester
one receptor, ovalbumin, and creatine kinase genes have all been shown to 
exhibit unconventional mechanisms of ER transactivation [73-77]. Clearly the 
mechanism of estrogen receptor transactivation can vary widely for different 
genes in different cell types. Although estrogen activation of c-myc in 
hormone-responsive breast cancer cell lines is now well established, the 
precise mechanism of this activation is still unknown. 
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In addition to regulating c-myc expression, estrogen has also been reported 
to increase expression of c-fos and its partner c-jun in breast cancer cell lines 
[60]. This increased expression, however, appears to be dependent on the 
culture conditions. Under steroid-depleted culture conditions, we have ob
served a less than twofold induction of c-fos expression. Alternatively, addi
tion of insulin results in a greater than fivefold induction in c-fos expression 
[56]. Similarly, Davidson et aI. reported that estradiol had little effect on c-fos, 
c-jun, jun-B and jun-D expression in steroid-depleted MCF-7 cells synchro
nized by a double thymidine block [22]. They also showed that insulin, EGF, 
and TGF-a stimulate expression of c-fos, c-jun, and jun-B. Wilding et aI. also 
confirmed that estrogen had a minimal effect on c-fos expression, whereas 
EGF and TGF-a stimulated expression up to sixfold [78]. These results to
gether suggest that, unlike estrogen regulation of c-myc expression, the regu
lation of c-fos and c-jun in breast cancer cell lines is largely dependent on 
peptide hormones or growth factors. The inability of estrogen to activate the 
endogenous c-fos gene in breast cancer cells, even though it can stimulate 
CAT expression from the c-fos promoter in transient expression experiments 
[60], is probably an indication that the endogenous c-fos promoter is silent due 
to such processes as DNA methylation. 

As mentioned earlier, c-myb has also been implicated as a direct estrogen 
target gene on the basis of in vitro studies and correlation of c-myb expression 
with estrogen receptor-positive tumors. It is also possible that c-myb lies 
upstream of c-myc in the pathway of estrogen action, because potential bind
ing sites for c-myb have been found in the c-myc, cdc2, and cyclin D1 genes, 
and one report shows that c-myb and B-myb transactivate a c-myc-CAT 
construct [39]. A recent study by Gudas et aI., however, does not confirm the 
above observations [59]. This latter study shows that in estrogen-depleted 
MCF-7 cells, addition of estradiol results in transient induction in c-myb 
expression, peaking at about 20-fold, 5 hours post-hormone addition and 
suggests a post-transcriptional level of c-myb regulation. Thus c-myb induc
tion by estrogen occurs later than c-myc induction, suggesting that c-myb 
activation of c-myc expression, if it indeed occurs at all, is not an essential step 
in estrogen-regulated proliferation of breast cancer cells [59]. This conclusion 
is in agreement with our earlier studies of c-myc regulation by estrogen in the 
presence of a translational inhibitor cycloheximide, in which we showed that 
this regulation is a primary event not requiring de novo protein systhesis [11]. 
A recent study showed that the constitutive expression of B-myb can prevent 
p53-mediated growth arrest, suggesting that MYB may playa role in increas
ing the proliferative potential of stimulated cells by encouraging cells to cycle 
and protecting them from undergoing apoptosis [79]. 

Regulation by progrestins 

In the normal breast, progesterone is a principal hormone involved in the 
stimulation of glandular epithelium, promoting ductal branching and 
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lobuloalveolar development [53]. In breast cancer cells, the overaU eUect of 
progestins is to inhibit growth [26], and they have been used effectively in the 
therapeutic treatment of breast cancer patients [80]. The mechanism of this 
growth inhibition is for the most part unclear; however, several recent studies 
have identified the nuclear oncogenes c-fos, c-jun, and c-myc as targets of 
progestin action [26,81]. For the most part, these studies were done using the 
hormone-responsive human breast cancer cell line T-47D, although some of 
the experiments were repeated in the hormone-responsive MCF-7 breast can
cer cell line with similar results. By culturing T-47D cells in serum-free me
dium supplemented with insulin, Musgrove et ai. characterized a biphasic 
effect of progestin treatment [26]. This biphasic effect of progestin involved an 
initial stimulation of the progression of actively cycling cells through the cell 
cycle, followed by a blockage in G 1 of the newly cycling cells. 

Associated with the progestin-stimulated progression is a rapid transient 
induction in the expression of the proto-oncogenes c-fos and c-myc, which is 
maximal at 30 and 90 minutes, respectively. There is also an induction ofEGF, 
TGF-a, and EGF receptors (EGF-R). Similar observations have been made 
by Murphy et aI., who in addition showed a progestin specific induction of c
jun mRNA (maximal 3-6 hours post-hormone addition) and a progestin
specific reduction of TGF-Bl mRNA levels [81]. Taken together, the increased 
expression of c-fos, c-jun, c-myc, EGF, EGF-R, and TGFa, with a correspond
ing decrease of TGF-Bh are indicative of enhanced cellular proliferation and 
can explain the progestin-stimulated progression seen in T-47D and MCF-7 
cells. What is not understood is the nature of the later growth-inhibitory 
effects of progestins. Some insight into this growth inhibition has been ob
tained through studies using antiprogestins, such as RU486 and ZK98299. 
Like progestins, antiprogestins inhibit cell proliferation of T-47D cells [81]. 
Adding to T-47D cells a 10- to 100-fold excess of RU486 simultaneously with 
progestin antagonizes progestin-stimulated gene expression [26,81]. However, 
when proliferating T-47D cells were treated with RU486, c-myc mRNA levels 
were lowered by approximately 80% [82]. Basal mRNA levels of c-fos, c-jun, 
EGF, EGF-R, TGF-a, and TGF-Bl appeared to be unaffected by RU486 
[81,82]. Although much work remains to be done to understand progestin 
action in breast cancer cells, it would seem that MYC is an important modula
tor of both the early cycle progression and later growth inhibitory effects of 
progestins, as well as the growth inhibitory effects of antiprogestins. 

Regulation by retinoids 

In general terms retinoids are classified as differentiating factors, and they are 
known to inhibit cell growth. In human breast cancer cell lines all-trans 
retinoic acid (RA) has been shown to block the growth of normal cycling cells 
as well as cell growth induced by estrogen and insulin-like growth factors [83]. 
In most cell types, differentiation triggered by RA is associated with a distinct 
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decrease in c-myc mRNA expression. In serum-deprived MCF-7 cells, how
ever, RA has been shown not to decrease c-myc expression as expected, but 
rather to increase c-myc mRNA levels in a manner analogous to that seen with 
progestins [84]. Although further studies of the mechanism of growth inhibi
tion by RA and progestins need to be done, it would appear that both com
pounds may share a common inhibitory mechanism, possibly involving MYC. 

Regulation by growth factors 

In breast cancer, insulin and a variety of growth factors, including IGF-I, 
IGF-II, TGF-a, EGF, and TGF-f), are believed to be important autocrine, 
paracrine, or endocrine factors. Each of these growth factors potentiates its 
effects by interacting with cell surface receptors to activate receptor-associ
ated kinase activities, resulting in a phosphorylation cascade by several inde
pendent but interacting pathways [85-87]. 

Treatment of breast cancer cells with insulin or growth factors, such as 
EGF, TGF-a, IGF-I, and IGF-II, results in the increased expression of c-fos, 
c-jun, and c-myc [22,28,56,88]. Based on information obtained with many cell 
types, it is assumed that in breast cancer cells, this increased expression is a 
result of the actions of mitogen activated protein kinases (MAPK); thus, 
ERK1 and ERK2, via the activation of transcription factor Elk-lITCP, are 
believed to activate c-fos expression [89-92]. Likewise, JNKlIp45 and JNK21 
p55 are believed to activate c-JUN by phosphorylation [93-95]. c-JUN 
activation also triggers further c-jun expression through autoregulation [96]. 
With regard to c-MYC, the function of MAPKs is not clear. Phosphory
lation events at Thr-58 (decreased phosphorylation) and Ser-62 (increased 
phosphorylation) are known to be important in c-MYC's transformation po
tential [97,98]. In vitro, MAPKs and glycogen synthase kinase-3 (GSK-3) 
phosphorylate Thr-58 and Ser-62 [99]. There is, however, some uncertainty as 
to whether MAPKs phosphorylate c-MYC in vivo and whether phosphoryla
tion events at Thr-58 and Ser-62 are necessary for c-MYC transactivation via 
the E-box [98]. 

Casein kinase II (CKII) is also believed to phosphorylate MYC at several 
sites [20,100], as well as MYC's dimerization partner MAX at Ser-2 and Ser-ll 
[101]. This phosphorylation presumably enhances MYC activity, possibly by 
promoting the formation of MYC/MAX heterodimers instead of MAX/MAX 
homodimers [101]. That CKII is important in enhancing MYC activity is 
suggested by the MYC/CKII transgenic mice studies discussed earlier [21]. 
Nonetheless, it is at present not known whether CKII is a component of any 
peptide growth factor signal transduction pathway. Clearly, there is still a 
considerable amount of work to be done to elucidate the mechanism of the 
influence of growth factors on proto-oncogene expression in breast cancer 
cells. 
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Figure 1. Potential growth regulatory pathways in breast cancer cells involving the nuclear proto
oncogenes. Activation of the estrogen receptor by binding estrogen leads to transactivation of c
myc (and to a lesser extent c-fos and c-jun), resulting in an active MYC/MAX or AP-l (FOS/JUN) 
complex. These complexes are believed to influence expression of the Gj-phase cell cycle cyclins 
Dl, D2, D3, and cyclin E. These cyclins, in turn, activate the respective cyclin dependent kinases 
(cdks), which can phosphorylate and activate otmer factors involved in cell cycle progression. One 
such factor may be Rb, which, upon phosphorylation, disassociates from E2F, thus triggering the 
formation of the active E2FIDP transactivator. Also, MYC is known to transcriptionally stimulate 
the expression of E2F-2, further augmenting total E2F activity. E2F/DP is known to transactivate 
a number of S-phase genes important for DNA synthesis, genes that include c-myb. In a similar 
manner, acting through membrane-bound receptors, growth factors (GF) trigger a phosphoryla
tion cascade that also results in enhanced AP-l and MYC/MAX activity. Growth inhibitors like 
p53 and TGF-~ stimulate the expression of specific cdk inhibitors that block the action of G j cdks 
(cdk 2, 4, 5, 6). This blockage of G j cdks' activities leads to either growth arrest, or if the cell is 
stressed, to apoptosis. For more details see text. E = estradiol; R = receptor; cdk = cyclin
dependent kinase; DHFR = dihydrofolate reductase; TK = thymidine kinase; DNA pol a = DNA 
polymerase a; P = phosphorylation. 



Conclnsions 

In this short review, we have highlighted the current knowledge of nuclear 
proto-oncogene regulation and expression in human breast cancer. We ha¥e 
concentrated on c-myc, c-fos, c-jun, and c-myb, not because these are the only 
nuclear proto-oncogenes expressed in breast cancer, but because they are the 
best studied. In breast cancer cells, steroids, peptide hormones, or growth 
factors exert their influences by mechanisms that affect these nuclear 
oncogenes. In Figure 1 we have attempted to summarize potential growth and 
inhibition mechanisms that may exist in breast cancer cells. It would appear 
that there is considerable convergence between various regulatory pathways. 
For example, TGF-B potentiates its inhibitory effect on breast cancer cell 
growth through a pathway similar to that of p53, involving a cyclin-dependent 
kinase inhibitor [102]. Nonetheless, even if the effects of various steroids and 
growth factors are similar, the mechanisms resulting in these effects are, at 
least in part, distinctive and independent. For example, both IGF-I and estro
gen stimulate cellular proliferation of breast cancer cells, and IGF-I receptor 
antibodies have been shown to inhibit the effects of IGF-1. However, these 
IGF-I receptor antibodies do not inhibit the effect of estrogen on cell growth, 
suggesting that the mechanisms of action of estrogen and IGF-I are distinct 
and independent [103]. The mechanisms by which mitogens and growth inhibi
tors influence nuclear oncogene activities in breast cancer remain to be de
fined. It is almost certain that many of the key intracellular regulators are now 
known, and the next few years will see a more complete definition of the 
pathways leading to the proliferation, differentiation, or apoptosis of breast 
cancer cells. 
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10. Antiprogestin-progesterone interactions 

H. Michna, K.-H. Fritzemeier, K. Parczyk, Y. Nishino, and M.R. Schneider 

Introduction 

It was more than a decade ago that in 1889 Schinzinger was the first to propose 
that ovariectomy may be an effective treatment for breast cancer [1,2]. Until 
today the available treatment strategies for hormone-dependent breast cancer 
have mainly been based on estrogen-ablative principles, and improvements in 
the therapy for breast cancer are still sorely needed. A totally different strat
egy utilizes progesterone antagonists: This class of compounds targets the 
progesterone receptor in mammary carcinomas and therefore does not repre
sent another enzyme or receptor blockade of estrogen action. 

History and perspectives on progesterone antagonists 

Progesterone antagonists were not originally developed for breast cancer but 
rather for pregnancy-related indications. The original lead compound, RU 
(38)486 (Mifepristone), was discovered and pharmacologically characterized 
by Herrmann et a1. [3] in 1981 in the laboratories of Roussel Uclaf. The most 
characteristic feature of the steroidal progesterone antagonists is the llB
aromatic side chain, with the exception of one example, in which the aromatic 
substituent is attached to C18 [4]. The clinical potential of this new class of 
compounds was evaluated by Baulieu [5]. Mifepristone was originally in
tended to be an antiglucocorticoid [6], and thus it is obvious that in other 
indications in which long-term treatment is necessary, the compound may 
suffer from the major drawback of having this endocrine profile, as was in fact 
detected by Klijn et a1. [7] in clinical studies in postmenopausal patients with 
metastatic breast cancer. Nevertheless, this does not exclude its well-known 
and hotly debated use for the induction of medical abortion in more than 
100,000 women [5,8]. 

Numerous applications of RU (38)486 are currently being investigated 
(Table 1). It is apparent that there are pregnancy-related indications for this 
compound, and several tumor indications exist as well, and breast cancer is 
certainly the main focus. Therefore, we have been investigating compounds 

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. 



Table 1. Applications for progesterone antagonists 

Endocrine indication 
Cushing syndrome C 

Tumor indications 
Breast cancer CT 
Meningioma CT 
Endometrial carcinoma ? 
Endometriosis CT 
Prostate cancer EXP 
Gastro intestinal cancers EXP 

Pregnancy-related indications 
Medical abortion C 
Intrauterine fetal death C 
Cervical ripening EXP 
Induction of labor CT 
Ectopic pregnancy ? 
Stimulation of lactation EXP 
Leiomyomata CT 
Premenstrual syndrome ? 
Cervical dilatation CT 
Early postcoital contraception CT 
Menses induction, late postcoital contraception CT 
Male fertility control EXP 

C = in clinical use; CT = in clinical trials; EXP = under preclinical 
evaluation; ? = theoretically to be considered. 

with a better distinction between their antiprogestational and antigluco
corticoid activities. The 13-methyl compound, Onapristone (ZK 98.299), rep
resents a new group of progesterone antagonists characterized by inversion of 
the junction between the C and D rings (Figure 1). 

Pharmacology of progesterone antagonists 

In our preclinical models for evaluating antiglucocorticoid activity, 
Onapristone showed less activity than Mifepristone and, most significantly, 
induced no remarkable antiglucocorticoid changes at a dose of 100mg orally in 
a phase I clinical study in female volunteers (unpublished data). 

Receptor binding studies 

After the chemical breakthrough of synthesing l1~-substituted 19-nor steroids 
[9], it was interesting to discover that this class of compounds presented an 
unexpectedly high binding affinity to both progesterone and androgen recep
tors. Table 3 provides an overview of the relative binding affinities of 
Onapristone and Mifepristone in standard binding assays. In contrast to the 
excellent binding of both compounds to the progesterone and androgen recep
tors (Table 2), both antiprogestins displayed only marginal affinity to the 
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Figure I. Chemical structure of progesterone antagonists. 

Table 2. Relative binding affinities (RBA) of onapristone and mifepristone to the steroid hor-
mone receptors 

PR PR GR AR MR ER ER 
(rabbit) (rabbit) (rat) (rat) (human) (rat) (human) 

Incubation time (hours) 2h 24h 2h 2h 2h 2h 2h 
Mifepristone 143 667 334 5.9 n.C. 0.002 0.06 
Onapristone 25 37 100 8.3 n.c. 0.012 0.06 

1 The reference compounds were progesterone for the progesterone receptor (PR), 
dexamethasone for the glucocorticoid receptor (OR), R1881 for the androgen receptor (AR), 
aldosterone for the mineralocorticoid receptor (MR) and estradiol for the estrogen receptor 
(ER). The RBA value of the respective reference compound was arbitrarily designed 100% (n,c. 
= no competition). 
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estrogen receptor [10]. In addition, in our hands (Table 2) in standard binding 
assays using the rat uterine estrogen receptor, the affinity of Onapristone 
was found to be 1O,000-fold and that of mifepristone to be about 50,000-fold 
lower than that of estradiol. In binding studies with biotechnologically 
produced human estrogen receptor, both compounds exhibited about 4,000-
fold lower affinity than the reference estradiol. Finally, the binding affinity of 
Onapristone to the glucocorticoid receptor is lower than that of Mifepristone 
(Table 2; Figure 2). 

Progesterone antagonists and DNA interactions 

Progesterone antagonists are divided into two classes of antihormones based 
on their molecular mechanism detected in some assays [11]. The antihormone 
receptor complex of the so-called type I progesterone antagonists, like 
Mifepristone, does bind to DNA but prevents transactivation of target genes, 
whereas type II compounds, such as Onapristone, block the progesterone 
receptor function by prohibiting its interaction with DNA [12]. On the other 
hand, in whole cell preparations, Delabre and colleagues [13] detected that 
both compounds act similarly on receptor binding, dimerization, and binding 
to hormone-responsive elements in dose-response studies. Based on these 
studies further experiments from the laboratories of Horwitz using progester
one receptors mutated in the DNA binding domain did not support the con
cept that all antiprogestins trigger binding of progesterone receptor to DNA 
[14]. 

Antiproliferative activity 

Antiproliferative activity in vitro 

Several independent investigators have reported that Mifepristone and 
Onapristone may inhibit cell cycle phase-specific growth of a panel of proges
terone receptor-positive breast cancer cell lines [15-24]. However, it has a,lso 
been reported that Mifepristone has a weak mitogenic effect on MCF-7 cells 
[25-28,29] and on the androgen-responsive Shionogi carcinoma [30]. A far 
higher increase in proliferation on T47D cells is described for Mifepristone 
than for Onapristone and Org 31806 and Org 31710 [29,31,32]. 

Antiproliferative activity in vivo 

For the valid in vivo screening of progesterone antagonists, we established a 
proliferation assay in the normal mammary gland of ovariectomized rats [33]. 
The antiproliferative potency of progesterone antagonists in this bioassay 
depends on the inhibition of the effect of progesterone on the development of 
mammary gland buds [34-40], estimating the development of tubular-alveolar 
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buds. Based on our experience we can conclude that this assay measures 
the potency of the compounds to competitively antagonize the effects of 
progesterone, and in fact, Mifepristone and Onapristone displayed strong 
antiproliferative potency in this assay. In our hands, there is a strong correla
tion of the antiproliferative potency of progesterone antagonists in this bioas
say and in hormone-dependent experimental breast cancer models. 

Mammary carcinoma inhibitory potential 

The tumor inhibitory potential of progesterone antagonists was characterized 
in a panel of mammary carcinoma models that are described in detail else
where [41,42]. The tumor inhibitory potential of the progesterone antagonist 
Onapristone proved to be dose dependent; for example, in the MXT mam
mary carcinoma model (Figure 2), with an efficacy comparable or superior to 
the clinically established endocrine treatment strategies. As representative 
examples, homogenous growth inhibition of Onapristone compared with 
treatment with Mifepristone, tamoxifen, or megestrol acetate has been shown 
in the carcinogen-induced mammary carcinoma model (Figures 3 and 4). Also, 
in view of the mechanism of tumor inhibition, a key finding was that 
Onapristone was superior in efficacy than even supraphysiological doses of 
medroxyprogesterone acetate in the MXT tumor model [42,43]. These data 
agree with the experience of Klijn and colleagues [44,45] as well as that of 
Kloosterboer and colleagues [46] on the efficacy of antiprogestins. 

In a second-line treatment regimen in the MXT (Figure 5), DMBA, and 
NMU (Figure 6) tumor model after a 2 or 3 week pretreatment with 
tamoxifen, the effectiveness of Onapristone (5 or 10mg/kg/day s.c.) on 
tumor growth was compared with that of a further treatment with 
supraphysiological doses of medroxyprogesterone acetate (100mg/kg/day 
s.c.). In this treatment regimen Onapristone proved to induce superior growth 
inhibition compared with treatment with tamoxifen and to be as effective as 
high-dose treatment with medroxyprogesterone acetate, which, in contrast to 
Onapristone, resulted in significant side effects (Figure 6; compare also 
Michna et al. [47]); in the second-line treatment regimen in the MXT tumor 
model, Onapristone was even more effective than medroxyprogesterone 
acetate (Figure 5). 

Progesterone antagonists and estrogen-dependent functions 

Progesterone antagonists, such as Mifepristone and Onapristone, may modu
late reactions known to be mainly estrogen dependent. Our group [42,48-52] 
and others [53-55] have reported these effects, although no significant affinity 
of these progesterone antagonists for the estrogen receptor has been detected. 
Reactions in intact animals after treatment with antiprogestins considered to 
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acetate. 

199 



Hormone dependent MNU mammary carcinoma 

700 

600 
start of the second 

line therapy 
--II- Control 

-----D--- Ovariectomy 

500 ~- Tamoxifen dl-
5mg/kg/d 

-<>---- Onapristone d 1-
20mg/kg/d 

CD 
N 
'iii 400 ------10--- Tam d 1 -21 
l5 +MPA d22-E 
::l (100mg/kg/d) .... -0 
CD -I'c-- Tam d1-21 
01 

+Ona d22-c 
III 
.I: 300 (20mg/kg/d) u 

"#. 

200 

100 

o +--+----+---=::tjl'==¥o~_D-- 0--4:)---0 

o 2 3 4 5 6 7 8 

therapy (weeks) 

Figure 6. Growth inhibitory efficacy of different endocrine treatment regimens in the MNU
induced mammary carcinoma model. Long-term treatment over 8 weeks with Onapristone 
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3 weeks of pretreatment with tamoxifen, the effectiveness of Onapristone on tumor growth was 
compared with that of further treatment with tamoxifen and high-dose treatment with 
medroxyprogesterone acetate. Both second-line regimens are equally effective statistically. 
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mimic 'estrogenicity' have been interpreted as unopposed estrogenic effects 
resulting from inhibition of the known estrogen antagonizing effect of proges
terone [41,48,56-63], although responses opposing estrogen action were also 
reported [41,54,64-69). 

In view of the reported estrogenic side effects of tamoxifen [70-76] and the 
use of progesterone antagonists in postmenopausal women, it was logical to 
analyze the 'pureness' of Onapristone in ovariectomized mammary carci
noma-bearing mice. In contrast to tamoxifen (Figure 7) [70-75,77-79], any 
tumor growth stimulatory effect of Onapristone on hormone-dependent carci
nomas could be excluded in ovariectomized mice. Thus, Onapristone behaved 
in this model like the pure estrogen receptor antagonist ICI 164.384 (Figure 7) 
[compare also 76-80]. In this respect, it is also significant to consider that 
Onapristone may inhibit surgically induced endometriosis in rats [81,82] and 
that Mifepristone showed beneficial effects in woman suffering from 
endometriosis and uterine fibrosis [83,84]. 

To explain the tissue-specific noncompetitive estrogenic effects of progest
erone antagonists, it should be considered that they may affect estrogen me
tabolism in a tissue-type specific manner or may interfere with the sensitivity 
of target tissue to estrogens. A molecular explanation is provided by studies of 
McDonnell [85], using a reconstituted estrogen-responsive transcription sys
tem, demonstrating that the A- form of the progesterone receptor plays a key 
role in modulating estrogen receptor function in cells in which both receptors 
are expressed. However, there is no convincing evidence that such estrogen
like effects are the consequence of direct activation of estrogen receptor
dependent transcriptional events, as we demonstrated in transactivation 
assays in which we transfected He La cells that are devoid of sex hormone 
receptors with an estrogen receptor expression vector (HEGO, 86), together 
with an estrogen-inducible reporter gene (Vit-TK-CAT, 87). In contrast to 
estradiol, Onapristone did not induce the Vit-TK-CAT reporter gene, even 
when it was applied at the extremely high dose of lOftM (Figure 8). However, 
Mifepristone displayed estrogenic activity in the micromolar range (Figure 8), 
which agrees with the detection of an estrogenic action of Mifepristone at very 
high doses with a comparable assay by Mee,i-Huey et al. [28]. 

Mechanism of tumor inhibitory potential 

We demonstrated that in ovariectomized mammary carcinoma-bearing ani
mals, progesterone antagonists, like Onapristone and ZK1l2.993, completely 
antagonized the pronounced stimulation of estradiol [41). In conclusion, these 
and further in vitro [17] and in vivo [41] data indicate that the mammary 
carcinoma-inhibiting mechanism of progesterone antagonists cannot be ex
plained primarily by displacement of progesterone from its receptor, because 
after ovariectomy the level of circulating progesterone is below the detection 
limit [88, and unpublished data]. Because it is also well documented that the 
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Figure 8. Analysis of estrogenic activity in transactivation assays. He La cells were transiently 
transfected with the human estrogen receptor (HEGO) and a Vit-TK-CAT reporter gene. 
Onapristone displayed no estrogenic action, whereas Mifepristone was estrogenic in the micromo
lar range. Estradiol represents the positve control. 

progesterone receptor level is driven by estrogens [89], a progesterone recep
tor-dependent mechanism may be considered. In fact, it was demonstrated in 
vitro [17] and in vivo [41] that this potential depends on the availability of a 
sufficient number of progesterone receptors. 

Detailed quantitative morphological studies revealed that treatment with 

Figure 7. Analysis of the effects of tamoxifen (a), the pure estrogen recept.'I),T antagonist ICI 
164.384 (b), and Onapristone (c) on the growth of the estrogen-dependent (a; EB = estradiol 
benzaote 0.33 ~g/animal3 times s.c./week) MXT mammary carcinoma in ovariectomized mice. No 
growth stimulation was induced by the pure ICI antiestrogen and Onapristone, whereas tamoxifen 
displayed estrogen-like stimulation of tumor growth. 
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Figure 10. Morphometrical analysis of mitotic and apoptotic cell nuclei in semi thin sections 
of DMBA-induced mammary carcinomas after treatment with different progestins 
(medroxyprogesterone acetate, gestoden) and Onapristone. Only Onapristone strongly enhanced 
the appearence of apoptotic cell nuclei. 
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the antiprogestins induces differentiation of mitotically active polygonal tu
mor cells toward dysplastic glandular structures (Figure 9) with massive se
questering of secretory products [48,90,91]. We also ensured this m,echanism 
was taking place by using a new differentiation factor, estimating and relating 
the amount of undifferentiated tumor epithelial cells arranged into dysplastic, 
ductlike structures [91]. The same conclusion could be drawn using the classi
cal grading systems, such as the WHO or Richardson grading system. 

Simultaneously, morphometric data indicate the appearence of cells under
going gene-directed death, or apoptotic cell death [92], but the mitotic path
way is not stimulated (Figure 10). 

Because TGF-B1 is colocalized in cells undergoing apoptosis, is a negative 
growth factor in human breast cancer cells [93], and has been found to induce 
apoptosis in cultured carcinoma cells [94], we studied the expression of TGF
Bl,2,3 within experimental mammary carcinomas at the mRNA and protein 
level. Only at the protein level could we detect higher expression of TGF-B1 by 
semiquantitative immunohistochemical analysis (Figure 11). Whereas after 
treatment with tamoxifen a higher degree of TGF-B1 immunostaining was 
localized in stromal cells in clinical specimens [95] and in experimental breast 
cancer models (Figure 11), after treatment with Onapristone greater staining 
was detected in tumor epithelial cells (Figure 11). 

Finally, a differentiation-specific G1 arrest in the cell cycle has already been 
proposed [96,97], and thus we decided to analyze changes in the distribution of 
tumor cells within the cell cycle. Treatment of hormone-dependent experi
mental breast cancers in vivo led to an accumulation of cells in GOG1 of the cell 
cycle, together with a significant and biologically relevant reduction in the 
number of the cells in the G2M and S phases, whereas all other endocrine 
treatment strategies displayed no effects [43]. Since it is well accepted that the 
S-phase fraction is a highly significant predictor of disease-free survival among 
axillary node-negative patients with diploid mammary tumors [98,99], the 
ability of progesterone antagonists such as Onapristone to reduce the number 
of cells in the S- phase may offer a significant clinical advantage, which is now 
being evaluated in an ongoing phase III study in tamoxifen-relapsed, post
menopausal breast cancer patients. 
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11. Antiestrogen-estrogen receptor interactions 

Malcolm G. Parker 

Introdnction 

Estrogens function as mitogens primarily in the G1 phase of the cell cycle by 
recruiting cells into the cycle and by shortening the length of their G1 phase. 
Conversely, estrogen antagonists that inhibit cell proliferation reduce the 
proportion of cells in S phase [1]. The precise role of estrogen in cell growth 
and proliferation is poorly understood. Initially it was proposed that estrogens 
stimulate proliferation indirectly by increasing the production of growth fac
tors such as transforming growth factor (TGF)-a [2] or reducing the secretion 
of growth inhibitory factors such as TGF-~ [3,4]. Alternatively, since estrogens 
stimulate the expression of receptors for a number of growth factors, including 
those for insulin-like growth factor (IGF-I) and epidermal growth factor 
(EGF) [5,6], they might function by increasing the sensitivity of ceUs to growth 
factors produced either by tumor cells themselves or perhaps by surrounding 
stromal cells, thereby regulating cell proliferation by a paracrine mechanism 
[7]. 

More recently it has been suggested that genes, implicated in the G1 phase 
of the cell cycle, might be primary targets for estrogen. For example, the 
products of a number of immediate early response genes, including members 
of the Fos and Myc families, which are associated with cell cycle progression, 
are increased in MCF-7 breast cancer cells following estrogen treatment [8,9]. 
The expression of these immediate early response genes is transient and, as 
transcription factors, they in turn probably regulate the expression of down
stream target genes involved in cell proliferation. One such group are the 
cyclins and the cyclin-dependent kinases. The D-type cyclins may function at 
G1 control points and, interestingly, the expression of cyclin D1 mRNA and 
protein is regulated by steroid hormones in breast cancer cells [10]. Given the 
number of target genes for estrogens that are implicated in cell proliferation, 
in has been very difficult to identify the most crucial ones. It is possible that the 
concept of a single rate-limiting step is inappropriate to explain the effects of 
various mitogens and that steroid hormones regulate several steps in the cell 
cycle or different stages in the development of a tumor. In any event, despite 
the uncertainty about the mechanism by which estrogen functions as a mito-

R. Dickson and M. Lippman (eds.) MAMMARY TUMOR CELL C}cCLE. DIFFERENTIATION AND 
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gen, several types of estrogen antagonists have been discovered empirically. In 
this chapter, the molecular mechanisms of estrogen receptor action are de
scribed, followed by a review of the action of partial agonists/antagonists, such 
as tamoxifen, and pure anti estrogens, and a brief outline of potential mecha
nisms that have been suggested to account for tamoxifen insensitivity. 

Molecular mechauisms of estrogen receptor action 

Many, but not all, of the actions of estrogens in target cells are mediated by 
estrogen receptors functioning directly as transcription factors. Upon ho,r
mone binding, the receptor forms homodimers and binds to regulatory DNA 
sites in the vicinity of target genes [11]. In many cases, the sites are simple 
response elements consisting of inverted repeats that bind the receptor with 
relatively high affinity (Figure lA). In other cases, at sites referred to as 
composite response elements, the receptor binds only in association with an
other transcription factor. One example is the presence of a site resembling 
that for activator protein 1 (AP-l), which binds either homodimers of the 
transcription factor Jun or Fos/Jun heterodimers [12] (Figure IB). Simple 
response elements for estrogen receptors consist of inverted repeats of the 
sequence A/GGTCA, whose binding affinity for receptor varies depending on 
their precise sequence and number. The majority of estrogen response ele
ments that have been characterized to date contain imperfect inverted repeats 
that function less well than the consensus sequence but, in some promoters, 
there are several such sites that increase the estrogen response [13]. 

In the absence of hormone, the estrogen receptor is detected predomi
nantly in the cell nucleus as inactive oligomeric complexes containing a num
ber of heat shock proteins, including hsp 90 (Figure 2). The role of hsp90 
appears to be to maintain the receptor in an inactive s,tate in the absence of 
ligand and it may also be important for folding of the receptor protein and/or 
transport across membranes [14]. In spite of its nuclear location under steady
state conditions, the receptor is not static but constantly shuttling between the 
nucleus and the cytoplasm. The receptor appears to diffuse passively into the 
cytoplasm but is rapidly transported back into the cell nucleus in an energy
dependent process [15]. Following hormone binding, the oligomeric complex 
dissociates and the receptor either binds to DNA response elements in the 
form of homodimers or interacts with other transcription factors. Since the 
hormone binding pocket is at or near the dimer interface, it appears that 
dimerization is stabilized in the presence of the hormone on the basis of 
hydrophobic shielding [16]. 

Transcriptional activation by steroid receptors is mediated by at least two 
distinct activation regions, at least on simple response elements. One of these, 
referred to as AF-l, is located in the N-terminal domain and another, AF-2, is 
in the hormone binding domain [17-19]. Their absolute and relative activities 
vary depending on the target promoter and the cell type. However, while the 
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Figure 1. Mechanisms of transcriptional activation by estrogen receptors. Classically estrogen 
receptors (R) occupied by estrogen (E) bind to simple response elements as homodimers, where 
they usually stimulate transcription. However, receptors can also function in combination with 
other transcription factors, such as AP-l, either on composite response elements, when both the 
receptor and AP-l contact DNA, or on AP-l sites, when the receptor forms protein-protein 
interactions with AP-l. AP-l consists of either Fos/Jun heterodimers or Jun homodimers, and the 
precise composition of the complex seems to determine whether the receptor promotes or antago
nizes the activity of AP-l. 

two activation domains have the potential to act independently, they appear to 
interact with one another in some ill-defined way in the intact receptor. It is 
generally accepted that the rate at which RNA polymerase initiates gene 
transcription depends on the formation of a pre-initiation complex that in
cludes a number of basic transcription factors and that one of the major roles 

215 



Nucleocytoplasmic 
Shuttling 

CYTOPLASM 

NUCLEUS 

Figure 2. Scheme of estrogen receptor action upon binding to target genes. In the absence of 
hormone, estrogen receptors (R) passively diffuse into the cytoplasm but are actively transported 
back int<l the nucleus so that under steady-stage conditions they are predominantly nuclear 
proteins. Upon estrogen binding (E), the receptor is activated and, following the dissociation of 
heat shock proteins, forms homodimers and binds to target genes. Transcription by RNA poly
merase II is then activated by an poorly defined mechanism that probably involves stabilization of 
the basic transcription machinery. This might be achieved by direct interactions between the 
receptor and basic transcription factors, such as TATA-box binding protein (TBP), TFIIB, or a 
TBP associated factor (TAF), or it might involve indirect interactions with coactivators. 
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of transcriptional activators is to stabilize this complex [20,21]. A number of 
activators, including steroid hormone receptors, have been shown to bind 
directly to basal transcription factors (see Figure 2), including TFIIB [22], the 
TATA-box binding protein, TBP [23], and TAF30 [24]. However, the signifi
cance of these interactions is unclear since they are unaffected by either 
hormone binding or mutations in the receptor that abolish its transcriptional 
activity. Thus we assume that there are additional targets for the estrogen 
receptor. Possible candidates include two receptor interacting proteins, 
RIP140 and RIPI60, which have the properties expected of coactivator pro
teins and might mediate the transcriptional activity of the receptor [25]. 

As mentioned earlier in addition to binding to simple response elements, 
steroid hormone receptors also appear to bind to composite response elements 
only in association with another transcription factor. For example, the estro
gen regulation of ovalbumin gene expression seems to involve the binding of 
AP-l to an estrogen response element (Figure IB) and may be a feature of 
many other hormone-sensitive genes. However, the receptor has also been 
reported to modulate AP-l activity, either by stimulating the expression of 
Fos [8] or by modulating the activity of AP-l without contacting DNA (Figure 
Ie). Moreover, it has been found that estrogens enhance and antiestrogens 
inhibit growth factor induced AP-l activity in estrogen receptor-positive 
breast cancer cells [26]. One explanation for these effects, which were not 
accounted for by alterations in the levels of Fos or Jun, is that they involve 
protein-protein interactions between the estrogen receptor and AP-l family 
members. Since AP-l is implicated in many signaling pathways that regulate 
cell differentiation, proliferation, and transformation, its modulation by the 
estrogen receptor would be extremely important and will be discussed in more 
detail later. 

Role of estrogen antagonists 

While the relevant targets involved in mediating the mitogenic effects of 
estrogen have yet to be identified, anti estrogens have been developed empiri
cally, some of which are in widespread clinical use. The best known of these is 
the nonsteroidal anti estrogen tamoxifen, which is the most commonly used 
first-line endocrine therapy in advanced breast cancer and has become estab
lished in adjuv.ant therapy after removal of the primary tumor [27]. Although 
tamoxifen is a potent antagonist, it retains partial agonist activity, which varies 
according to cell type and response. In some cases, the agonist activity of 
tamoxifen gives rise to beneficial side effects, including the maintenance of 
bone density and a reduction of mortality due to cardiovascular problems. 
While tamoxifen itself is a ligand for the estrogen receptor, it is metabolized in 
the liver and to some extent in target cells so that the majority of its actions are 
probably mediated by one of its metabolites, 4-hydroxytamoxifen, which has a 
higher affinity for the receptor than tamoxifen itself. 

It view of the agonist activity of tamoxifen, which is probably associated 
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with an increase in the incidence of endometrial cancer, attempts were made 
to synthesize antiestrogens devoid of any estrogenic activity. The steroidal 
antiestrogen ICI 164384 completely inhibited the stimulatory effects of estra
diol on uterine weight and lacked agonist activity. Its effectiveness depends on 
an alkylamine side chain at the 7a-position of the B ring in the steroid, whose 
optimum length is 16-18 carbon atoms [28]. The hydrophobic nature of ICI 
164384 limits its clinical use, but the introduction of fluorine atoms in the side 
chain to generate ICI 182780 appears largely to overcome the problem of 
solubility and also results in a slight increase in affinity for the receptor [29]. In 
view of the lack of agonist activity of ICI 164384 and ICI 182780, they are 
referred to as pure antiestrogens. It is doubtful whether ICI 182780 retains the 
beneficial side effects associated with tamoxifen treatment but may be useful 
for the treatment of patients who are insensitive to tamoxifen or acquire 
resistance to the treatment. 

Tamoxifen-estrogen receptor interactions 

Tamoxifen and its more potent metabolite, 4-hydroxytamoxifen, act as com
petitive inhibitors of estrogen action by binding to the estrogen binding site in 
the receptor. In studies of the mouse receptor, site-directed mutagenesis have 
indicated that a number critical amino acids are located between residues 518 
and 525 in the C-terminal region of the hormone binding domain. Interest
ingly, although mutation of a glycine at position 525 (521 in the human recep
tor) and a methionine and/or serine at positions 5211522 essentially abolished 
estrogen binding activity, they had very little effect on the binding of 4-
hydroxytamoxifen [30]. The mutant receptors retained the partial agonist 
activity exhibited by the wild-type receptor in the presence of 4-
hydroxytamoxiten. Analysis of the human receptor has shown that mutation 
of lysines at positions 529 and 531 to glutamines reduced its affinity for estra
diol5- to lO-fold but had no effect on hydroxytamoxifen binding [31). Thus a 
number of residues in the C-terminal region of the hormone binding domain 
are able to confer differential sensitivity to estrogen and 4-hydorxytamoxifen, 
indicating that while the binding sites overlap one another, they are not 
completely coincident. 

Upon binding to the receptor, estrogen and 4-hydroxytamoxifen each in
duce different conformations and/or post-translational modifications, as 
shown by their protease digestion patterns and their electrophoretic mobilities 
when they are complexed with DNA [18,32-35]. These differences do not 
appear to affect either dimerization or high affinity DNA binding of the 
receptor but modify its transcriptional activity. Following the observation that 
there are two discrete transcriptional activation regions in the estrogen recep
tor, AF-l and AF-2 [19,36], it was found that the activity of AF-2 is dependent 
on the binding of estrogen and is negligible in the presence of the tamoxifen. 
Since AF-l has the potential to function constitutively, it has been proposed 
that it is likely to be active not only in the presence of agonists, but also 
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antagonists that promote DNA binding [34,36]. Therefore in situations where 
AF-1 and AF-2 function independently of one another, 4-hydroxytamoxifen 
might act predominantly as an antagonist on gene promoters on which AF-2 
contributed the most activity, but as an agonist when AF-l was most active. If 
both AF-1 and AF-2 contributed activity, 4-hydroxytamoxifen is likely to act 
as a mixed agonist/antagonist. 

However, it is doubtful whether antiestrogens function simply by antago
nizing the effects of estradiol. Since they not only inhibit estrogen-induced cell 
growth but are also capable of blocking the mitogenic effects of growth factors 
such as EGF and IGF-1 [37], antiestrogens must elicit a growth inhibitory 
response in their own right. This might be achieved by an increase in the 
secretion of TGF-f), which is normally suppressed by estrogen [3,4]. Alterna
tively, it might involve the antagonism of another signaling pathway involved 
in cell proliferation. Candidates include those that modulate AP-1 activity 
[26], which, as mentioned earlier, can be regulated indirectly by protein
protein interactions between the estrogen receptor and AP-1 family members. 

Mechanism of action of 'pure' estrogen antagonists 

One of the most striking effects of the pure antiestrogens, ICI 164384 and ICI 
182780, is to block nucleocytoplasmic shuttling of the estrogen receptor. Nor
mally it appears that the receptor freely diffuses out of the cell nucleus but is 
actively taken up into the cell nucleus. This nuclear uptake does not occur in 
the presence of the pure antiestrogens and can be visualized by immunofluo
rescence. It is accompanied by a decrease in the cellular content of receptor 
protein brought about by a reduction in its half-life [38]. Since degradation was 
prevented by the presence of the lysosomal inhibitor chloroquine, it is likely to 
occur in lysosomes. 

We have also suggested that the pure antiestrogens inhibit dimerization of 
the receptor and thereby reduce its DNA binding activity. We assume that ICI 
164384 binds to a similar, if not identical, site to that of estradiol, which we 
have shown overlaps with a region involved in receptor dimerization [16]. As 
a consequence, we proposed that the antiestrogens, by means of their 7a side 
rehains (Figure 2), sterically interfere with dimerization and as a consequence 
are able to reduce the affinity with which the receptor bound to DNA [39,40]. 
Moreover, we demonstrated that the ability of analogues of ICI 164384 with 
different side-chain lengths to inhibit DNA binding correlated with their 
ability to inhibit uterine growth in vivo [28,39]. We initially thought that this 
disruption in dimerization may be causally linked to the block in nuclear 
uptake, but subsequently it became evident that this is unlikely. We have 
found that dimerization-defective receptor mutants can still be detected in the 
cell nucleus and have a half-life resembling that of the wild-type receptor. 
Thus the alteration in subcellular localization of the receptor and its increased 
turnover is not simply a reflection of defective dimerization but is dependent 
on anti estrogen binding. 
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Although pure antiestrogens clearly inhibit the in vitro DNA binding activ
ity of the receptor, their in vivo effects are controversial. Since leI 164384 did 
not prevent DNA binding of the receptor in transiently transfected cells or 
when expressed in yeast, it has been argued that the antiestrogen must act at 
a step subsequent to DNA binding [19,41,42]. However, the significance of 
some of these experiments is unclear, given the recent finding that the uptake 
of pure antiestrogens by yeast is poor [43]. Another possibility is that the pure 
antiestrogens disrupt the interaction of the receptor with downstream target 
proteins that mediate transcriptional activity. To date the receptor has been 
shown to interact with the basal transcription factors TFIIB, TBP, and 
TAFII30 and a number of novel proteins, including RIP140 and RIP160. 
Although the precise role of the RIP proteins has yet to be elucidated, their 
interaction with the receptor was blocked in the presence of antiestrogens. 
Since their binding to mutant estrogen receptors to the RIP proteins is corre
lated with their transcriptional activity, it is possible that they act as 
coactivators and play a role in mediating hormone regulated transcription. 
Thus pure anti estrogens (and tamoxifen) might also inhibit estrogen
dependent transcription by interfering with the function of such proteins. 

Tamoxifen insensitivity 

Although overviews of randomized worldwide clinical trials indicate that the 
5- and 10-year mortality rates of breast cancer patients can be reduced by 20-
25% by using adjuvant tamoxifen therapy [44], as many half the patients 
whose tumors express estrogen receptors are insensitive to tamoxifen treat
ment, and many of those who initially respond eventually develop drug resis
tance. Since some of these tamoxifen-resistant patients still respond to 
alternative forms of endocrine therapy, such as the use of aromatase inhibitors 
to block estradiol production, it appears that estrogen receptors are still in
volved in the growth of this subset of tumors. Many mechanisms have been 
proposed to account for tamoxifen insensitivity based primarily on either 
alterations in tamoxifen metabolism or receptor function. Given the potential 
to generate tamoxifen insensitivity in vitro, it is likely that a number of alter
native mechanisms may be involved. Those that involve the estrogen receptor 
are reviewed later. 

A number of variant mRNAs generated by aberrant splicing have been 
described that have the potential to code for truncated and/or mutant recep
tors [45). However, it has been difficult to determine whether or not such 
variant mRNAs are translated into stable protein products in vivo. Although 
the proteins have yet to be characterized with specific immunological reagents, 
one of the variants is of particular interest, namely, an exon 5 deletion that 
gives rise to a truncated receptor that lacks the hormone binding domain. This 
receptor retains some constitutive activity that is probably mediated by AF-1 
in transfected cells, and so it might be capable of stimulating the transcription 
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of estrogen target genes, even in the presence of tamoxifen [45]. However, 
upon exogenous expression of the exon 5 variant receptor in a number of 
MCF-7 human breast cancer cell line sublines, we have been unable to detect 
increased cell growth in the presence of tamoxifen. There is also no apparent 
increase in the expression of the variant mRNA in tamoxifen-resistant tumors 
compared with untreated tumors [46]. Thus, we conclude that the expression 
of this variant is unlikely to account for tamoxifen insensitivity in the absence 
of additional cellular alterations in the majority of breast cancer cases. 

Another possibility is that mutations in the estrogen receptor gene might 
allow the receptor to function as a mitogen, even in the presence of 
antiestrogen. There is very little published information on the incidence of 
estrogen receptor mutations in breast cancer, perhaps indicating that they are 
uncommon. In one study of metastatic tumors from patients receiving adju
vant tamoxifen and from patients with stage III or IV metastatic disease, the 
receptor was normal in 18 of 20 cases, as determined by single-strand confor
mation analysis [47]. In the remaining two cases, the mutations in the gene 
would potentially give rise to receptors that were truncated in the hormone 
binding domain, but their functional activity has yet to be examined. From our 
own work we have established that amino acids between residues 518 and 535 
are particularly important in ligand binding, as described earlier. Moreover, 
mutations exist that abolish estrogen binding activity [48], but mutant recep
tors incapable of binding tamoxifen have not been reported. However, muta
tions have been described that do not affect ligand binding but dramatically 
alter the pharmacology of estrogen antagonists [49]. These mutations are 
located between residues 538 and 552 in a region essential for estrogen
dependent transcriptional activity and are not part of the ligand binding site 
itself. Thus, both tamoxifen and the pure antiestrogens behave as agonists 
when these mutant receptors are expressed in mammalian cells, including 
breast cancer cells. In contrast to the wild-type receptor, the mutant receptors 
maintain nuclear localization and DNA binding activity in cells treated with 
ICI 164384. We are in the process of analyzing whether the mutant receptors 
alter growth properties on breast cancer cells. 

It is quite possible that both the metabolism of tamoxifen and the expres
sion of the receptor is unchanged and that the response of the receptor to 
tamoxifen altered by another signaling pathway that may or may not be 
normally cross-coupled. For example, activators of protein kinase A are ca
pable of enhancing the agonist activity of partial agonist/antagonists, such as 
tamoxifen, at least in model system [50,51]. What is unclear is whether there is 
a change in protein kinase A activation in tumor cells that would account for 
the change in sensitivity to tamoxifen. Interestingly, dopamine, which in
creases intracellular cAMP levels, has been reported to stimulate the tran
scriptional activity of the estrogen receptor in the absence of estrogen binding 
[52]. Although breast cancer cells are not usually considered targets for 
dopamine, its effects in the presence of antiestrogens warrants further investi
gation. All the effects of tamoxifen described earlier relate to transcriptional 
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activation by the estrogen receptor when it is bound to estrogen response 
elements. Since it is conceivable that the mitogenic effects of estrogens are 
mediated by AP-l, an alternative mechanism for generating tamoxifen insen
sitivity may involve signaling pathways that modulate AP-l activity. Thus 
there are already several mechanisms that, at least in model systems, might 
account for insensitivity and resistance to tamoxifen, but there is little infor
mation about which, if any, occurs in breast tumors. 
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Introduction 

There is a large morphological spectrum of benign and malignant diseases that 
are specific to the human breast. The presence of stromal tumors (phyllodes) 
that are not found anywhere else in the body suggests that there may be 
functionally distinct fibroblasts associated with the intralobular stroma. The 
heterogeneity of benign and malignant breast diseases also indicates that the 
different types of lesions may reflect origins from cells that have different 
degrees of commitment to the main epithelial lineages. Some benign and 
malignant epithelial lesions have characteristic stromal changes associated 
with them that point to important stromal epithelial interactions in the patho
genesis of these conditions. At the present time, however, there is very little 
information on the normal development of the human breast, the normal 
lineage patterns, and the cellular origins of benign and malignant diseases. 
The functional interactions between the stroma and the epithelium in the 
normal human breast are observational, and how perturbations of such inter
actions may contribute to the pathogenesis of breast diseases is even more 
obscure. 

In this chapter our current knowledge is described as it relates to the normal 
cell types in the human breast and what is known about their possible contri
butions to diseases of the breast. Throughout the course of the text, the critical 
gaps in our knowledge are stressed, together with the some suggested ap
proaches to their further investigation. Cross references are made to the 
mouse where appropriate. 

Breast development 

The human mammary gland begins to develop in utero but is still immature at 
birth and undergoes further growth and differentiation throughout the first 2 
years of life [1]. During the latter part of this postnatal period, the breast 
undergoes involutional changes similar to that seen in the postmenopausal 
woman [1]. The next significant stage of development is during puberty, when 
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the ducts elongate and branch, leading to rapid development of the mammary 
tree [2,3]. The factors that control this morphogenesis are unclear. 

In contrast, considerable progress has been made in understanding the 
development of the rodent gland, in which the mesenchyme determines the 
fate of the mammary epithelium in the embryo [4] and is important for 
the sequential events in organogenesis [5,6]. Classical studies by Kratochwil 
[7], and later by Sakakura et al. [8], clearly demonstrated the continuing 
essential role of the stroma in determining glandular morphogenesis in ro
dents. In the human relatively little is known, but morphological studies would 
indicate that similar interactions between the epithelium and the stroma are 
important [9,10]. 

Breast development in utero 

At 16-18 weeks of intrauterine life, the breast bud becomes recognizable as a 
down growth of the overlying periderm. At this stage a distinct condensation 
of mesenchymal cells is present around the bud. These stromal cells express 
high concentrations of the BCL-2 protein [10], suggesting that this protein, 
through inhibition of apoptosis, contributes to the expansion of this special
ized mesenchyme that may be the precursor of the intralobular stroma of the 
infant and adult breast. At the same time, there are associated changes in the 
cytoskeleton of the epithelial bud as the basal (myoepithelial) layer becomes 
recognizable at the ultrastructural and immunohistochemical level. 

Cytoskeletal antigens have proven to be very useful markers of breast 
epithelial differentiation. Muscle proteins were first demonstrated in 
myoepithelial cells in 1968 using an antibody prepared for an actomyosin 
preparation of colonic smooth muscle. Later an antibody specific to the alpha 
isoform of smooth muscle actin was developed [11] that shows a high degree of 
specificity for myoepithelial cells. This actin isoform also occurs in the 
myofibroblasts of benign and malignant breast disease, but these cells are 
distinguishable from the myoepithelial cells because they do not contain 
cytokeratins. Electrophoretic studies of the cytoskeleton of human mammary 
epithelial cells show that they contain cytokeratins, 5, 7, 8, 14, 15, 17, 18, and 
19. Detailed studies with antibodies that are mono specific for the individual 
cytokeratins reveal that luminal cells contain the cytokeratins of simple epi
thelium (cytokeratins 8 and 18), whilst the myoepithelial cells oontain 
cytokeratins typical of the undifferentiated layers of stratified epithelium 
(cytokeratins 5 and 14) [12,13]. 

The myoepithelial layer is first recognizable at the ultrastructural level at 20 
weeks of gestation, although at this time the basal layer of the breast primor
dium does not stain for smooth muscle actin [14]. The cytokeratin profile 
indicates that when the bud forms, as a downgrowth from the periderm, the 
myoepithelial cytokeratins (5 and 14) are absent, but by birth the adult pattern 
is established (Figure 1). It must be presumed that the cells in the basal layer 
of the breast primordium, which are negative for cytokeratins 5 and 14, and 
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Figure I . Human breast lobule in which the peptidase NEP is demonstrated on the myoepithelial 
cells (arrow). The enzyme is not present on either the myoepithelial cells nor the stromal cells. 
Magnification x260. 

strongly positive for BCL-2, are the precursors of th,e entire mammary tree, 
including any potential stem cells. It is also of interest that these cells are 
strongly positive for both transforming growth factor (TGF-a) and epidermal 
growth factor receptor (EGFR), suggesting an autocrine stimulation of prolif
eration in these cells [15]. 

It is essential that we know more about the structure and development of 
the human breast at this critical stage of development. Evidence is accumulat
ing that factors affecting development in utero may play an important role in 
the predisposition of the breast to develop cancer in the adult [16,17]. In 
particular, it is important that we understand .the role of hormones in the 
control of breast development, the cellular fate of the cells in the epithelial 
bud, and the role of the mesenchyme. 

Development in the infant and at puberty 

There is very little evidence for major differences in breast development in the 
sexes in humans up until 2 years after birth (the only period studied in any 
detail) [1]. While there are no data on the structural development of the breast 
during the third trimester of intrauterine life, studies of newborn infants of 
both sexes indicate that there are wide variations in the 'maturity' of the breast 
at birth [1], when the breast epithelium varies from well-defined lobular struc
tures to simple tubes. However, milk proteins and secretory activity are 
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present regardless of the degree of glandular differentiation. Studies of large 
numbers of cases from birth to two years have also provided some interesting 
data on the development of the stromal components of the breast and their 
relationship to the morphogenesis of the ductal and lobular framework. De
velopment of the breast epithelium is seen in association with areas of embryo
nal adipose tissue [18]. Another interesting observation is that extramedullary 
hemopoiesis is concentrated on the developing intralobular stroma, support
ing the view that it has specific functional attributes [19]. 

Developing stroma. There are two stromal components in the human adult 
breast: the intralobular stroma surrounding the terminal ductular units 
(TDLUs) and the interlobular stroma that lies between the epithelium of the 
ducts and the lobules. Within these two stromal areas, the fibroblasts can be 
clearly defined by the exclusive expression of a cell surface peptidase, 
dipeptidyl peptidase IV (DPPIV), on the interlobular fibroblasts [20]. It is also 
worth noting that another cell surface peptidase, neutral endopeptidase 
(NEP), is a specific marker of myoepithelial cells (Figure 1) [21,22]; aminopep
tidase W is a marker of luminal cells; aminopeptidase A is a marker of blood 
vessels, with a differential high expression on intralobular fibroblasts com
pared with interlobular fibroblasts [Atherton and Gusterson, unpublished 
observation]; and aminopeptidase N (APN) is expressed on all fibroblasts [23]. 
The importance of these enzymes as functional markers will be discussed in 
more detail later. 

After 1 month of age, DPPIV-positive stromal cells can be detected be
tween the ducts, which are separated from the epithelium by a clearly defined 
population of DPPIV-negative cells. It is a reasonable working hypothesis that 
these cells may be the precursors of the future intralobular stroma. As the 
lobules develop, the presence of a DPPIV-negative stromal population 
is apparent [9]. Aminopeptidase N is present on all fibroblasts from 
the earliest samples studies with the typical adult pattern of expression, 
while NEP is expressed on all basal cells (myoepithelial cells) at all stages of 
development. 

Role of cell surface peptidases. The presence of several cell surface peptidases 
within the developing breast raises interesting questions regarding the possible 
role of these enzymes in the local control of growth and differentiation [24]. 
These enzymes have specificities for certain amino acid residues, but little is 
known of their function either in vivo or in vitro. It is of interest that TGF-~l 
is a potential substrate for DPPIV, particularly as this peptide is synthesized by 
breast fibroblasts [25]. In relation to NEP, oxytocin is a good substrate for this 
enzyme, which may be relevant to the observation that oxytocin is trophic for 
myoepithelial cells [26]. Recent studies in the developing lung may have 
relevance to the role of NEP in the breast [27,28]. Bombesin and related 
peptides have a critical role in lung morphogenesis [28]. The effect of this 
peptide can be reversed by NEP, which hydrolyzes the peptide. There are, 
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however, specific inhibitors available for these enzymes that will facilitate 
studies of the in vitro and in vivo function of these enzymes [29]. 

Epithelial differentiation. In parallel with the stromal changes, the epithelium 
organizes into the adult pattern of ducts and lobules, although after 2 months 
the breast begins to involute so that by 2 years of age, in both sexes, only 
rudimentary ducts remain. As the breast involutes, apocrine changes and 
cystic involution occur [1], similar to those observed in the postmenopausal 
breast. 

In the first few months after birth in humans and in the first 10 weeks in 
mice, active growth and elongation can be observed. During this period, there 
are changes that give clues to the possible epithelial lineages. In rodents the 
major growth points are seen in structures called terminal end buds. Similar 
structures are not seen in humans, but we have identified solid areas at the 
ends of ducts and ductules that are probably, from a functional point of view, 
the human equivalents. These solid areas of epithelium have a high rate of 
proliferation, and the cytoskeletal profile suggests that they contain cells that 
are the precursors of both luminal and myoepithelial cells. In association with 
the migrating edge of these end buds, there is a loss of the characteristic adult 
pattern of integrin staining, together with reduced expression of tenascin 
[Anbazhagan and Gusterson, unpublished observation]. 

Very few studies have examined the human breast during the peripubertal 
period, but as in the period immediately after birth, end bud-like structures 
are present that contain cells with an undifferentiated phenotype [15]. The 
developing mammary tree has similar markers as the adult breast. There is an 
acute need to pool samples from many laboratories to study in detail the 
changes that take place in this stage of development that are likely to be 
critical in relation to the primary effect of carcinogens. 

The infant breast goes through a series of changes that are initially modu
lated by maternal hormones. It is difficult to understand why the breast still 
undergoes active proliferation and growth after birth and the factors that are 
responsible for this. Also, the signals that are required for involution are 
obscure. It can be conduded that there is still much to learn about the early 
stages of human breast development. 

Adult human breast 

In the adult breast, the mammary tree is clearly defined into two major 
epithelial components: the ducts and the functional lobulo-alveolar units, 
which produce milk during lactation. The lobules have a clearly defined 
intralobular stroma with a specialized fibroblast population that is the precur
sor for the stromal component of both fibroadenomas and of phyllodes tumors 
[20]. In the newborn infant, although a morphological distinction can be drawn 
between the ducts and lobular structures, all luminal epithelial cells, including 
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those of terminal end buds, have the capacity to produce milk proteins 
[Anbazhagan and Gusterson, unpublished observation]. Thus all cells can 
functionally respond to maternal hormones, in contrast to the adult tissue, in 
which the ducts have a limited response to both proliferative and secretory 
stimuli. It is also worth noting that in the adult breast, the individual lobules 
appear to behave as independent functional units, such that during pregnancy 
some lobules can be secretory whilst others are quiescent. This indicates that 
it may be necessary for the lobules to be primed for full secretory activity via 
the interactions of both local and systemic factors. This lobular heterogenejty 
is also seen in the proliferative activity of the normal gland in vivo [30] and the 
response of the gland to exogenous growth factors in vitro [31]. 

The luminal cells of the adult breast have been defined by a number of 
markers, but epithelial membrane antigen (EMA) [32] has proved to be one of 
the most useful. This antigen is a large glycoconjugate or mucin [38], which 
forms part of the apical membrane of all luminal cells and has thus found 
utility both as a marker to identify metastatic breast cancers [33,34] and as a 
tool to separate luminal cells for in vitro studies [35]. The other major markers 
of the resting virgin luminal cell population are keratins 8, 18, and 19 [36]. 

Because the majority of breast carcinomas appear to be of a luminal cell 
phenotype, the myoepithelial (basal) cell has been relatively neglected. This 
cell type was first identified over 150 years ago when work with Masson 
trichrome stains and phosphotungstic acid hematoxylin emphasized the simi
larity to muscle. Recently phalloidin, which specifically binds to F-actin, has 
been used as a marker, but the cytoskeletal antigens referred to e.arlier have 
proved preferable markers for in vivo and in vitro studies. As reviewed earlier 
[37,38], enzyme histochemistry clearly defined the myoepithelial cells as a 
functionally distinct population with high concentrations of sodium-potassium 
ATPase, adenyl cyclase, carbonic anhydrase, and alkaline phosphatase. As 
considered previously, neutral endopeptidase (endopeptidase 24.11) is a spe
cific marker for all basal cells in the adult breast [39], and this may have 
significance for the growth control of the luminal and myoepithelial cell popu
lations. The presence of this broad range of enzyme activities suggests that the 
myoepithelial cell may have a very specific role in the breast outside of the 
context of lactation. 

A large number of external factors influence the development and secretory 
function of the breast. Static, in vivo observations of staining patterns, how
ever, tell us little about the lineage pathways in the breast. Organ culture 
studies of dissected lobules indicate that in the normal breast the luminal cells 
and an electron microscopically defined popUlation of basal clear cells [40] are 
the major proliferating cell types [41]. In vivo the myoepithelial cells have a 
relatively slow rate of turnover, which is of interest because they have the 
highest levels of EGFR [42]. All evidence, including the orientation of mitotic 
figures in vivo, would indicate that if there is a breast stem cell, then it is 
present in the luminal cell population. Electron microscopic studies predict 
that there is a population of the basal clear cells in the region of the human 
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terminal ductallobulo-alveolar unit that may be the precursor of the mature 
myoepithelial cell population [40]. Unfortunately there have been no ultra
structural studies of the cytokeratin profile of the basal clear cells. Analyses 
of benign and malignant tumors arising in the human breast indicate the 
potential complexity of the lineages. In vitro studies of clonal populations of 
isolated luminal and myoepithelial cells also throw some further light on this 
question. 

In order to understand the potential role of cell surface peptidases in the 
breast, we have studied their distribution in the premenopausal and postmeno
pausal state. Aminopeptidase N was strongly expressed on the delimiting 
fibroblasts around lobules that are negative for DPPIV [Atherton and 
Gusterson, unpublished observation]. There was an apparent up regulation of 
NEP on myoepithelial cells in the postmenopausal breast. It is of interest that 
coincident with the upregulation of NEP, there is a striking reduction in 
immunoreactive laminin [Atherton and Gusterson, unpublished observation]. 
There is some evidence that these cell surface metalloproteases may be in
volved in interactions with the extracellular matrix [43]. 

As stated earlier, in the developing breast there are distinct populations of 
interlobular and intralobular fibroblasts that can be defined on the basis of 
DPPIV immunoreactivity [20]. In addition, fibroblasts in the interlobular 
stroma are strongly positive for fibronectin, whilst the intralobular fibroblasts 
are very low expressors of this extracellular matrix protein [Atherton and 
Gusterson, unpublished observation]. This is most clearly seen when direct 
comparisons are made with the staining pattern with antibodies to APN, 
where all fibroblasts are uniformly labeled [23]. The distribution of cell surface 
peptidases in the breast is summarized in Table 1. 

Table 1. Cell surface peptidases present in the normal human breast 

Enzyme 

APN 
DPPIV 
NEP 
APW 
PDPA 
MDP 
PABA 

Myo 

+ 
+/-

+ 

Epi 

+/-

+ 

+ 

* indicates on occasional positive cell. 

Location in the breast 

Int F 

+ 
+ 

+ 

Int E 

+/-

+ 
+ 

Ina F Ina E 

+ 
* 

* 
+ + 

Myo = myoepithelial cells; Epi = epithelial cells; Int F = interlobular fibroblasts; Int E = 
endothelial cells of vessels in the interlobular stroma; Ina = intralobular; Ina F = intralobulr 
fibroblasts; Ina E = endothelial cells of vessels in the intralobular stroma; APN = aminopeptidase 
N; DPPIV = dipeptidyl peptidase IV; NEP = neutral endopeptidase; APW = aminopeptidase W; 
PDPA = peptidyl dipeptidase A; MDP = microsomal dipeptidase; PABA = para-amino benzoic 
acid hydrolase. 
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Benign and malignant tumors arising in the human breast 

Although recent publications have attempted to justify the use of rodent 
models of breast cancer based on correlations between rat and human diseases 
of the breast, there are some striking differences in the two [43]. In rats, it is 
clear from morphological studies of the tumors that they have well-differenti
ated luminal and myoepithelial components, and some workers have inter
preted in vitro studies of cell lines derived from these tumors as showing that 
there is a common stem cell for luminal cells and myoepithelial cells [44].. No 
such evidence exists for human malignant tumors, but in benign breast disease 
there is clear evidence that both myoepithelial and luminal cells form impor
tant components [45]. In fact, benign human lesions have much in common 
with the malignant rodent tumors, which rarely metastasize as primary in
duced tumors. The majority of human breast cancers have a luminal cell 
phenotype, although some rare tumors contain myosin (Figure 2) and smooth 
muscle actin-positive cells. A few tumors are positive for neutral endopepti
dase [22], but in a recent study of 28 infiltrating breast carcinomas, only 2 were 
weakly positive in the epithelial component. It would thus appear that in 
human benign breast lesions either both luminal cells and basal cells prolifer
ate to generate a mixed tumor or the lesions arise from an as yet undefined 
pluripotential cell. In the case of malignant epithelial lesions, it would appear 
that the carcinogenic damage occurs in a cell that is committed to the luminal 
cell phenotype. 

Figure 2. Immunohistochemical staining of an invasive breast carcinoma for myosin. Note the 
strong positive cells scattered throughout the tumor. Magnification X400. 
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Another striking feature of breast carcinomas is the upregulation of NEP 
on a subpopulation of stromal cells in 50% of cases. DPPIV -positive cells are 
rare in the tumors, suggesting that the majority of the stroma may be de:rived 
for the intralobular fibroblasts [Atherton and Gusterson, unpublished obser
vation]. It is very clear that fibroadenomas and phyllodes tumors are derived 
from this intralobular cell population. These two tumor types are also of 
interest because they are associated with a spectrum of chromosomal changes 
[46,47], that may in the future indicate the underlying molecular abnormalities 
responsible for them. 

Cell culture of normal human breast cells 

In order to understand the cell lineages within the human breast, it has been 
necessary to develop methods to isolate these cells and to culture them. This 
was originally carried out using cell sorting on the basis of the exclusive 
expression of EMA on luminal cells and NEP on myoepithelial (basal) cells 
[35], but recently immunomagnetic methods have proved more useful for 
large-scale purification [48]. In parallel, methods have been developed for the 
isolation of interlobular and intralobular fibroblasts [49] that will enable future 
investigation into the roles of these individual populations in epithelial/mesen
chymal interactions. In vitro these subpopulations of fibroblasts maintain their 
phenotype for a limited number of passages and can synthesize a broad range 
of extracellular matrix molecules [50] and metalloproteases [51]. 

A striking observation is that cultured luminal and myoepithelial cells, 
when plated at clonal density, give rise to colonies that are all of one type [35] 
(Figure 3A and 3B). This is true for cells isolated from purified ducts and 
lobules [52] and from human milk [O'Hare, personal communication]. It is of 
interest that human milk contains cells with both basal and lumittal character
istics, which is important when considering the phenotype of cells that have 
been immortalized from this source. In clonal studies of cells derived from 
ducts and lobules, it was shown that of 1932 studied with cytokeratin markers 
for basal (cytokeratin 14) and luminal cells (cytokeratins 18 and 19), only 3 
contained cells that marked for both cell types and only two colonies had cells 
that simultaneously expressed cytokeratins 14 and 18. 

The conclusions that can be drawn from these studies are that the incidence 
of potential stem cells is very low in the population that could be cultured 
under the conditions that were used. In addition, intermediate cells that have 
been recognized by others in studies of both rodent and human derived cell 
lines are not an easily recognizable population. The other striking feature of 
these in vitro studies is that the luminal cells appear to have a very limited in 
vitro capacity to proliferate, whilst the myoepithelial cells grow very rapidly 
[35,52]. This is particularly important when considering the studies currently 
underway throughout the world using primary breast cultures. Perhaps this 
observation may explain why it is so difficult to establish new cell lines from 
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A 
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Figure 3. Phase contrast photographs of colonies of myoepithelial cells (A) and luminal cells (8). 
Note the cuboidal uniform nature of the myoepithelial cells. Magnification x12S. 
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Figure 4. Growth of human mammary epithelial cells. A: Human mammary luminal cells grown 
in RPMI 1640 supplemented with 10% FCS, I (5 flg/ml), CT (100ng/ml), and H (5 flg/ml), 0; 
RPM I 1640 supplemented with 1 % FCS, I, CT, and H, <>; and Ham's F12 supplemented with 10% 
FCS, I, CT, H, and EGF, O. B: Human mammary myoepithelial cells grown in RPMI ,1640 
supplemented with 10% FCS, I, CT, and H, 0; RPM I 1640 supplemented with 1 % FCS, 1, CT, and 
H, <>; and CDM5 media, O. 

primary breast cancers because they have the phenotype of these poorly 
growing luminal cells and perhaps the same in vitro growth requirements that 
have yet to be optimized. These results were carried out using a medium that 
contained 10% fetal calf serum (FCS) and the additives hydrocortisone (H), 
insulin (I), and cholera toxin (CT). More recently, using separated cells it has 
been possible to produce culture conditions that favour the growth of luminal 
cells or myoepithelial cells. 

In studying the growth characteristics of human mammary epithelial cells, 
we have examined the growth response of human luminal cells and 
myoepithelial cells in a variety of media. We have found that luminal cells do 
not grow in media containing H, I, and CT in the presence of 1 % or 10% FeS 
(Figure 4A). However, addition of EGF at lOng/ml to the above-mentioned 
media, in the presence of 10% FCS, improves the growth rate of luminal cells 
significantly (Figure 4A). We have recently demonstrated that hepatocyte 
growth factor/scatter factor (HG/SF) is a potent cytokine to human mammary 
luminal cells, improving the growth rate of these cells by nine fold when the 
cells are grown in media containing the above-mentioned cocktail of growth 
factors and 1 % FCS [53]. In parallel with these observations, we have demon
strated the cell types that produce HGF/SF in the breast and that express met, 
its receptor (Table 2). 

Human myoepithelial cells also demonstrate poor growth when grown iu 
media supplemented with 10% FCS (Figure 4B). Interestingly, the growth of 
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Table 2. Expression of HGF/SF and its cellular receptor, <:-met, in 
human mammary cell populations 

Fibroblast 
Luminal 
Myoepithelial 

HGF/SF 

+ 

( - ) indicates absence of expression. 

c-met 

+ 
+ 

Table 3. Biological effects of HGF/SF on human mammary cell 
populations 

Fibroblast 
Luminal 
Myoepithelial 

Mitogenic 

+ 

( - ) indicates lack of response. 

Motogenic 

+ 
+ 

Morphogenic 

+ 

these cells is dramatically improved when the serum content of the medium is 
dropped to 1 %. Myoepithelial cell growth is also improved when the cells are 
grown in CDM5, a serum-free media [54]. However, myoepithelial cells ap
pear to grow more efficiently in the former media (Figure 4B). Our previous 
data have demonstrated that HGF/SF has no mitogenic effect on 
myoepithelial cells [53]. It has also been noted that HGF/SF induces tubular 
structures in a pure myoepithelial cell popUlation when grown in collagen gels 
and increases myoepithelial cell motility (Table 3). 

An interesting observation has been made that may have relevance to the 
interaction between the luminal cells and the myoepithelial cells. When mixed 
cultures of the two populations are put in suspension culture, they rapidly re
aggregate with homotyic preferential binding that is probably the result of cell 
type preferential cadherin expression. After 6 days the cells produce organized 
structures with the development of lumina. At this stage tritiated thymidine 
pulse labeling demonstrates high labeling of luminal cells and low labeling of 
myoepithelial cells. Thus, when these two cell types are combined in a three
dimensional structure, they proliferate as they would in vivo, suggesting that 
there are important interactions between these two cell populations that are 
dependent on their juxtaposition. The importance of the spatial arrangement 
is supported by the fact that conditioned medium from the pure populations of 
cells does not have a significant effect on the proliferation of the other cell type 
in monolayer culture. 

These data, when taken together, raise the interesting possibility that the 
myoepithelial cells may form the 'ductal skeleton' down which the luminal 
cells migrate during development and that in the adult they act as a biological 
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niche, being interdependent. This would suggest that studies of luminal! 
myoepithelial cell interactions may lead to a better understanding of the 
biology of the breast, and if they are interdependent it may lead to new 
findings in the evolution of early breast cancer. 

Cell lines derived from cell-separated or primary mixed cultures of human 
breast cells, using retroviral infection with a temperature-sensitive SV40 T
antigen construct [55,56] or with a wild-type large T antigen gene [57], retain 
many of the features of the primary cells. The cell lines produced using the 
temperature-sensitive system were derived using cells that were sorted on the 
basis of their cell surface characteristics prior to immortalization. Thus only 
cells that expressed the luminal marker EMA were infected. The cell line 
referred to as 4a is positive for keratins 18 and 7, and predominantly negative 
for keratin 14, thus retaining the markers of a typical luminal cell. Another 
clone, designated 2a, expresses keratins 14, 18, and 7 [Kamalati, unpublished 
observation], similar in phenotype to the rare clones that were seen in the 
primary cultures referred to earlier. The 4a cells have similar growth charac
teristics as the normal luminal cells [Kamalati, unpublished observation]. 

Summary and future perspectives 

It is obvious that our current knowledge about the normal lineage pathways in 
the human breast and their relationship to the phenotype of benign and 
malignant breast disease is largely unknown. It is also becoming increasingly 
apparent that there are specific functional subpopulations of stromal cells in 
the breast that contribute to morphogenesis, differentiation, and growth con
trol of the epithelial cells. In addition, it would appear that the myoepitheJi.al 
and luminal cells form a functional niche. It is essential that future studies are 
directed to understanding normal breast development and the dissection 
of the complex cellular interactions that take place during this process. Also, 
it is important that more effort be placed on understanding the contribution 
made by the myoepithelial cells to the normal homeostasis of the luminal cell 
population. 
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13. Models of progression spanning preneoplasia and 
metastasis: The human MCFIOAneoT.TGn series 
and a panel of mouse mammary tumor 
subpopulations 

Fred R. Miller 

Introduction 

Progression in human breast cancer is often depicted as the loss of estogen 
receptor expression as cancers shift from hormone-responsive/dependent to 
hormone-independent phenotypes. The narrowness of this definition stems 
from the obvious importance of this stage in progression in terms of prognosis 
and hormonal therapeutic approaches. Other investigators tend to view pro
gression as initiation and promotion events, loss of contact inhibition and/or 
anchorage dependence in vitro, changes in growth factor requirements in 
vitro, acquirement of invasive capabilities, acquirement of metastatic pheno
type, or transition from hyperplastic preneoplastic to neoplastic lesions. Of 
course, progression is a continuum of all these events from the first alteration 
of a normal epithelial cell, to the preneoplastic cell, to the ultimately lethal 
metastatic cell. We have developed two models that span the full spectrum of 
progression, one a human preneoplastic model and one a panel of closely 
related sister subpopulations derived from a single mouse mammary tumor 
that metastasize by different routes or fail to metastasize at different sequen
tial steps of metastasis. 

MCFIOAneoT.TGn: Human preneoplastic model 

Pre neoplasia and progression in mammary biology have been defined almost 
solely by studies of mouse hyperplastic alveolar nodules (HANs). These le
sions are stromal dependent and must be transplanted into mammary fat pads 
[1]. Medina has described a number of HAN lines that progress to carcinoma 
at different rates and at a different final incidence [2]. Morphologically, the 
HAN lesions in normal mice are similar to normal mammary tissue in preg
nant mice but are hormone independent. Thus, carcinomas arise sporadically 
from a homogeneous field of morphologically normal, albeit pre neoplastic, 
alveolar-ductule tissue. Although these mouse mammary models have been 
the basis for much information regarding the basic biology of mammary 
cancer, a number of differences in the histology and biology of mouse and 
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human mammary lesions exist. Indeed, whether or not a preneoplastic 
lesion exists in the development of human breast cancer is still a point of 
contention. 

In the human breast, a spectrum of microscopic changes has been termed 
proliferative breast disease (PBD). Although hyperplastic lesions are observed 
in human breast, their role in disease progression is not understood. The 
progression of histopathological features of PBD has been correlated with 
increased risk for the development of invasive carcinoma. One in eight women 
will be diagnosed with breast cancer within their lifetimes. The risk is in
creased by a factor of four for those women in which atypical hyperplastic 
lesions are recovered from breast biopsy specimens [3] and 10-fold for those 
women in which carcinoma in situ is recovered [4]. At present, we are unable 
to determine which lesions with increased relative risk are the most likely to 
progress to carcinoma. Indeed, it is not clear whether these lesions are precur
sor lesions or simply markers for breasts with high risk. At the time of diagno
sis, not all breast carcinomas are associated with lesions typical of proliferative 
breast disease, suggesting that such stages are not prerequisite. Such lesions, of 
course, may have been present earlier in the development of the disease. 
Follow-up studies of women with proliferative breast disease, such as atypical 
hyperplasia and lobular carcinoma in situ, have found that carcinoma is as 
likely to occur in the contralateral breast as it is to occur in the breast from 
which the high risk lesion was recovered [3]. On the other hand, ductal carci
noma in situ seems more likely to be a direct precursor because invasive 
cancers frequently occur at the site of biopsy [5]. 

Recently we have established a new and unique model of early human 
breast cancer progression. This model, which is called MCFIOAneoT, is a line 
of preneoplastic human breast epithelial cells that are able to grow in 
immune deficient mice, where they undergo a sequence of progressive histo
logical changes, culminating in cases of frank neoplasia in about 25% of the 
animals [6]. Thus, MCF10AneoT is a transplantable, xenograft model of hu
man PBD with proven neoplastic potential. Immortalized human breast epi
thelial MCF-lOA cells [7] are unable to survive long term in immune-deficient 
nude/beige mice. Transfection of these cells with the mutated human T24 
HRAS gene, however, resulted in cells with a transformed phenotype [8]. 
These cells, MCF10AneoT cells, have lost anchorage dependence in vitro [8] 
and form palpable lesions in nude/beige mice that persist indefinitely [6]. This 
model should not be confused with the related MCF10F series of carcinogen
treated and ras-transfected lines described by Russo et al. [9-12], which do not 
produce xenograft lesions with characteristics of human breast and are 
tumorigenic rather than preneoplastic. 

Lesions 

Unlike the murine HAN models in which homogeneous lobuloalveolar lesions 
consistently give rise to rapidly growing adenocarcinomas within a few 
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Figure 1. Benign day 223 MCFIOAneoT lesion with heterogeneous display of simple dilated 
ducts, multilayering, and early bridging. 

months, breasts of women with high risk PBD are heterogeneous and early 
breast cancer grows slowly. MCFlOAneoT cells implanted into immune
deficient mice generate interlesional and intralesional heterogeneity, and give 
rise to a variety of slowly growing ductal carcinomas. 

The initial histology of MCF10AneoT xenografts is benign. Simple ducts 
and cysts with simple epithelium coexist with ducts displaying tufting or pap
illary infolding (Figure 1). These structures may persist in the mice for over a 
year, with no indication of progression. However, on five occasions thus far 
(three in one experiment and two in a repeat experiment), carcinomas have 
arisen from persistent lesions in nude/beige mice. Unlike the preneoplastic 
mouse HAN models, which progress to histologically similar adeno
carcinomas, the five human carcinomas were of different histologic types 
(Figure 2). The first MCF10AneoT tumor was removed after 50 days in the 
animal and was an undifferentiated carcinoma with a few normal ducts in
cluded in the mass of the tumor; the second MCFlOAneoT tumor, removed at 
day 100, was a squamous cell carcinoma; and the other three were invasive 
adenocarcinomas removed after 142, 367, and 393 days. 

Cells derived from the carcinoma removed from a mouse 100 days after 
injecting MCF10AneoT cells, named MCFIOAneoT. TGl , represent a more 
advanced preneoplastic state than MCFlOAneoT. Although the final inci
dence of carcinomas formed from TG 1 lesions is no higher than for 
MCF10AneoT lesions, TG1 cells initially form simple ducts, which then 
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Figure 3. Examples of atypical hyperplastic lesions in xenografts. A: papillary pattern in day 128 
MCF10AneoT.TG4JJ lesion. B: Cribriform pattern in day 190 MCFlOAneoT.TG3B lesion. 

progress to form atypical hyperplastic lesions within 5 months after implanting 
cells in Matrigel into nude/beige mice (Figure 3). 

MCFIOAneoT.TG2B cells derived from a TGI lesion form atypical 
hyperplastic lesions in 3 months from which carcinomas develop at an inci
dence of 25-30%. MCFlOAneoT.TG3B cells derived from a TG2B lesion give 
rise to focal cribriform ducts within a month, which progress to ductal carci
noma in situ at high frequency and ultimately to invasive carcinomas .. The 
hyperplastic lesions formed are themselves quite heterogeneous. Both papil
lary and cribriform atypical hyperplastic lesions develop in xenografts of 
TG3B cells (Figure 4). 

Other variant lines have been derived from advanced lesions, but upon 
xenografting simple ducts first form, followed by hyperplastic patterns and 
carcinomas at sporadic intervals. Thus, whether cells are derived from 
hyperplastic lesions or carcinomas, the progressive sequence is recapitulated 
upon transplanting into immunedeficient mice (Figure 5). This suggests 
that the preneoplastic stem cell has a growth advantage in vitro over 
malignant cells, and we turned to media that had been reported to selectively 
grow human breast cancer cells [13,14] and media we normally use for 
MCFIOA minus all growth factors but insulin. AU recovered variants were 
preneoplastic regardless of the media used for primary culture. Weare now 
attempting to clone directly from the advanced lesions so that cancer cells may 
be immediately separated from the apparently dominant preneoplastic stem 
cell. 
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Figure 4. Day 29 MCFlOAneoT.TG3B lesion depicting early microfocus of cribriforming. 

Estrogen receptor 

MCFI0AneoT cells, but not normal parental MCFlOA cells, express estrogen 
receptor (Figure 6) [15], which is functional, as determined by response to 
estradiol in transient CAT transfection assays [Shekhar, unpublished]. Unlike 
the estrogen receptor-positive MCF7 carcinoma cell line, MCFlOAneoT cells 
are not hormone dependent in situ. It is not clear at this time if the model is 
hormone responsive. Perhaps estrogen supplementation of the mice to ap
proximate human estrogen levels will alter progression to high risk 
hyperplastic lesions and/or from atypical hyperplasia to invasive carcinoma, 
but preliminary data comparing a low estrogen environment (female mice) 
with no estrogen (male mice) suggest that progression to hyperplasia may be 
independent of estrogen but progression from hyperplasia to carcinoma may 
be hormonally influenced. 

MCFI0AneoT lesions persist in xenografts in male mice as well as in female 
mice, and progress to carcinoma in approximately the same fraction (Figure 
7). The transplant derived lines (MCFlOAneoT.TGn) form long-term 
hyperplastic lesions that are not apparent in MCFI0AneoT lesions. Figure 8 
depicts grades of xenograft MCFlOAneoT.TGI lesions in nude/beige mice. 
Progression to hyperplasia was not different in males and females, but 
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Figure 6. Expression of estrogen receptor (ER) by MCFlOAneoT but not by MCFlOA. 
Two micrograms of total RNA extracted from MCFlOA-derived lines were reverse tran
scribed, and the oligonucleotides flanking the human ER cDNA sequence from base 
276 to 1241 corresponding to exons 1 through 6 were used for amplification by PCR. The 
primers were sense 5'-GCCCGCGGCCACGGACCATGACCAT-3', and antisense 5'
TGACCATCTGGTCGGCCGTC-3' . The identity of the 966bp ER cDNA fragment amplified 
from MCF10AneoT was confirmed by Southern blot hybridization analysis with a full-length 
human ER cDNA probe. Lane 1, MCF10A; lane 2, MCFlOAneo (control transfectant); lane 3, 
MCF10AneoN (transfected with normal Hras and neo); lane 4, MCFlOAneoT. 

progression to carcinoma occurred in four females, with no carcinomas de
tected in the males. Numbers are insufficient to draw any conclusions from 
these experiments, and, as previously mentioned, the low level of estrogen 
found in mice relative to humans may be insufficient to produce an effect. 
However, the presence of a functional estrogen receptor clearly offers the 
opportunity to assess the efficacy of antiestrogens in preventing the progres
sion of high risk breast lesions as well as the effect of estrogenic environmental 
xenobiotics. 

Stem cell characteristics 

The cells of MCFlOAneoT and TGn appear to be atypical breast epithelial 
stem cells, capable of indefinite proliferation with a wide range of differentia
tion potential from normal to atypical. Ductule structures that develop in 
xenografts consist of myoepithelial cells, as defined by shape, location, and 
staining with smooth muscle actin [Miller and Tait, unpublished data], as well 
as luminal epithelium. With prolonged xenograft growth, the ductule epithelia 
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Figure 8. Distribution frequency of different grades of progression for MCFlOAneoT.TGl in 
male and female mice. 
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sporadically evolve to a fully malignant histological appearance, strengthening 
the perception of progression from hyperplasia, to atypical hyperplasia, to 
invasive breast carcinoma. In the period immediately after transplant, the 
generative cells give rise to 'normal' proliferating ductal epithelium, which, 
possibly because of genetic instability, is permissive of evolution to atypical 
and malignant epithelium. We expect that the MCFlOAneoT and TGn model 
will facilitate construction of a genetic model comparable with the colorectal 
paradigm of Fearon and Vogelstein [16]. 

Genetic progression 

The p53 gene is not mutated in the MCF10AneoT.TGn system [17]. An 
unusual feature of the MCF10AneoT model is the presence of a mutated H
ras gene. Although over expression of ras is common in human breast c.ancer, 
ras mutations are not [18]. However, the importance of the mutated ras in the 
model is unclear. We have found that mutated ras is not sufficient to produce 
the persistent, premalignant phenotype in MCFlOA cells; a number of clones 
of MCF10AneoT derived by random chimney cloning techniques do not form 
persistent lesions in immune-deficient mice [Miller, unpublished]. It is inter
esting that transfection of a mutated ras gene into rat fibroblasts did not 
transform the cells but the frequency of spontaneous transformation was 
increased [19]. Perhaps comparison of TGn cells with the nonpersistent neoT 
clones will elucidate genetic defects directly responsible for the preneoplastic 
phenotype. 

We have found that the karyotype of MCF10AneoT variants is not chang
ing with progressive transplant generations but remains 47xx, t(3;9), t(9;9;5), 
6p+, t(3;17), 9+, as described for MCF10AneoT and MCF10AneoT.TG1 
[6,8]. In addition to monitoring karyotypes, genes that are differentially ex
pressed in the progressive variants of MCFlOAneoT.TG are being identified. 
We now have cDNA libraries for MCF10AneoT, neoT.TG1, and neoT.TG3B, 
from which differentially expressed genes are to be cloned. Genes are first 
identified by RT-PCR and differential display methods. Because of the com
mon genetic background of the progressive variants, only a few differences in 
gene expression are evident (Figure 9) [K. Reddy, unpublished]. Cloned genes 
will be sequenced and then inserted into MCF10 variants with retrovirus 
methodology to determine if the gene has a role in progression. A gene that 
becomes expressed with progression will be transduced into an earlier stage 
cell (e.g., MCF10A or MCF10AneoT), and the stage of progression is deter
mined by xenografting. A gene that is lost with progression will be transduced 
into the more advanced variant and xenografted to determine if the trans
duced cell is less advanced. A second approach that we have initiated is to 
introduce known genes implicated in breast cancer progression, such as erbB2 
and bel2, into MCF10AneoT cells, or to knockout suppressor genes such as 
p53, to determine if a more malignant variant is produced. 

252 



m m 
~ 

N (") 
<.!) <.!) 

l- I- l- I-
0 0 0 0 

~ 
Q) Q) Q) Q) 
c: c: c: c: 

0 ~ ~ ~ ~ 
0 0 0 0 .... u: ... ... 

IL. IL. IL. IL. 
U U U U U 
~ ~ ~ ~ ~ 

Fragment 2 

Fragment 4 

285 

18S 

Figure 9. Differential gene expression by parental MCFlOA, and preneoplastic MCFlOAneoT, 
MCFIOAneoT.TG2B, and MCFlOAneoT.TG3B. Fifteen micrograms of total RNA was isolated 
frome each cell line, subjected to electrophoresis on a 1 % formaldehyde-agarose gel, and trans
ferred to a nylon membrane. Reamplified differentially expressed cDNA fragments were used as 
probes, individually, for Northern hybridization. Fragment 2, a 4 .0kb transcript, increases with 
progression and fragment 4, a 2.4kb transcript, decreases with progression, as evidenced by the 
kinetics of formation of high risk lesions in immune-deficien,t mice. DNA sequencing followed by 
computer search .l\gainst Genbank and EMBL DNA databases indicate that these two clones are 
novel. 

Invasion 

The use of a silver stain to detect loss of basement membrane demonstrates 
the heterogeneous disruption of that important structure during progression 
to carcinoma (Figure 10). This method provides a means of classifying areas 
within heterogeneous progressive lesions for colocalization studies utilizing 
FISH and immunohistochemical methods for microdissection for RT-PCR 
analyses [20]. We have not yet unequivocally observed metastasis in the 
MCFlOAneoT.TGn model. One MCF10AneoT.TG3B xenografted mouse did 
have a draining lymph node in which the breast epithelial cells were growing, 
but the cytologic features of those cells within the lymph node did not appear 
to be malignant (Figure 11). Future xenograft generations may provide meta
static variants, but we continue to rely upon a mouse model for analysis of the 
sequential steps of metastasis. 
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Figure 10. Basement membrane stained in xenografts depicting invasive carcinoma. 

Figure 11. Lymph node in normal mammary gland of nude/beige mouse bearing the 
MCFIOAneoT.TG3B subcutaneous xenograft. 
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Mouse model for metastatic analysis 

Metastasis is a multistep event that is thought to require the acquisition of a 
number of functions by a cancer cell for completion of the process. Cells must 
be able to invade and intravasate, survive transport trauma, arrest in distant 
organs, extravasate, and grow at the distant site. It is generally thought that a 
number of genetic changes must occur for a cell to become fully metastatic. 

Genes involved in metastasis have generally been evaluated on the basis of 
their effects on the end point of the metastatic process by determining the 
number of metastases and/or the sizes of metastatic nodules at death. Investi
gators often suggest the step in metastasis at which they believe a 'metastasis 
gene' acts based on in vitro assays. Increased ,levels of proteases suggest 
increased invasiveness; motility factors might increase the ability of cells to 
intravasate/extravasate; lectins might increase cell aggregation, leading to en
hanced arrest or survival during transport; matrix component receptors might 
enhance arrest; expression of various growth factor receptors might change 
the ability of cells to grow in different organ environments; and antigenic 
changes might enable tumor cells to escape from host-resistance mechanisms 
at various stages of the metastatic cascade. 

At this time the data regarding the roles of various genes in specific steps in 
the metastatic cascade are confli~cing and confusing. This confusion is likely 
due to unappreciated genetic background differences among the different cell 
models studied. If a cell is unable to intravasate, introduction of a gene that 
increases survival during transport will have little effect on metastasis of that 
cell from a primary tumor, although it may increase lung colonization poten
tial following intravenous injection. That same gene placed into a cell unable 
to survive in the lung parenchyma would likely have no effect on either 
spontaneous or experimental metastatic potential. Likewise, a gene that en
ables a cell to grow in the lung would not be expected to alter the metastatic 
potential of cells unable to reach the lung and extravasate into the paren
chyma; an additional complication could be the requirement of a second 
genetic event, that is, growth in the lung might be promoted only in cells 
coexpressing complementary genes. Thus, transfection into two different can
cer cells, each able to accomplish all initial steps of the cascade but only one 
co expressing the essential complementary gene, could lead to different con
clusions regarding the role of that gene in metastasis. Furthermore, interac
tions among tumor cells may result in the metastasis of a sUbpopulation 
unable, by itself, to complete all steps of the cascade. Nonmetastatic cells have 
occasionally been shown to metastasize in the presence of metastatic cells 
[21,22]. It is conceivable that two nonmetastatic cell subpopulations could be 
complimentary such that both metastasize from mixtures. Thus, cells isolated 
from metastases may not be independently metastatic and genetic analysis 
could be misleading. 

A panel of closely related mammary tumor subpopulations with different 
metastatic potential and defined deficiencies would provide the means to 
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discern which steps in the metastatic cascade are actually altered by transfec
tion of (1) 'metastasis genes' into tumor cell subpopulations that are deficient 
at different steps in the cascade or (2) 'antimetastasis genes' into tumor cell 
subpopulations that are metastatic. 

The model 

Subpopulations of a single spontaneously arising BALB/cfC3H mouse mam
mary tumor differ in a number of phenotypes, including metastatic potential 
[23,24]. We selected for drug-resistant variants of both metastatic and 
nonmetastatic subpopulations and developed a sensitive method to study 
metastasis by determining the number of clonogenic tumor cells present in 
various tissues of mice injected with mammary tumor cells [25-29]. 

The sequential spread of metastatic tumor cells has been difficult to mea
sure quantitatively. By pre labeling cells with 125IUdR [30,31] or fluorescein 
isothiocyanate [32], it has been possible to determine the initial arrest and 
short-term redistribution of tumor cells in organs following intravenous injec
tion of the tumor cells. Cytochemical methods have been described for the 
detection of melanoma cells [33] and tumor cells transfected with the bacterial 
B-galactosidase gene [34] in spontaneous metastasis. These methods detect the 
presence of tumor cells but do not provide information regarding the growth 
potential of those cells detected. Our method defines the kinetics of metastasis 
by the recovery of clonogenic tumor cells from host tissues at multiple time 
points following implantation of tumor cells into the mammary gland, tail vein, 
or spleen. 

The recovery of colony forming tumor cells after plating enzymatically 
dispersed tissues in selective media provides a highly sensitive method to 
detect occult metastases in a quantitative manner. Growth rates, that is, dou
bling time of the clonogenic tumor population, in these organs can be deter
mined. The method has successfully delineated the time course of the 
sequential spread of tumors growing in the mammary gland to the regional 
lymph node or blood, then to the lung, and finally to the liver. In addition, cell 
kill can be closely monitored after intravenous injection by comparing the 
radiolabeled tumor cell present with their clonogenic capacity. Because hu
man cancers are poorly immunogenic, we have selected poorly immunogenic 
variants for these studies. Of the five subpopulations constituting the model, 
only line 4T07 is sufficiently immunogenic to cause a delay in growth of a 
challenge inoculum following surgical removal of an initial primary growth. 
Utilizing the relative antigenic strength (RAS) criteria proposed by Reif [35], 
in which highly immunogenic tumors that grow only in immune-deficient 
animals are assigned a value of 9.9, line 4T07 has a RAS score of less than 1; 
67,168 and 66cl4 score less than 0.1; and 4T1 scores less than 0.01. Thus, with 
the exception of 4T07, these lines are all weakly antigenic to totally non
antigenic. 
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Figure 12. Recovery of c1onogenic tumor cells from mice bearing primary tumors in mammary fat 
pads. At the indicated intervals, groups of mice were bled and then sacrificed, and lymph nodes 
and lungs were removed. Single cell suspensions were prepared and plated in selective media, and 
were cultured for 10-14 days before fixing, staining, and counting colonies developed from 
c1onogenic drug-resistant tumor cells. 

Spontaneous metastasis 

The model includes variants that do not spontaneously metastasize for differ
ent reasons (i.e., fail at different steps in the cascade) and metastatic variants 
that spread by different routes (lymphatic vs. hematogenous) and to different 
organs (Figure 12). The 67NR cells form large tumors but do not invade and 
intravasate; clonogenic cells cannot be recovered from blood or draining re
gional lymph nodes of 67NR-bearing syngeneic BALB/c mice. Like 67NR, 
168FARN does not form visible metastases and clonogenic cells are never 
recovered from lungs or blood. However, in contrast to 67NR, clonogenic 
168FARN cells are frequently recovered from the regional draining lymph 
node. 

A third sUbpopulation that does not metastasize spontaneously to the lung, 
line 4T07, does reach the lung, principally by a hematogenous route, but does 
not form visible nodules. If primary 4T07 tumors are removed, clonogenic 
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cells quickly disappear from the lung, indicating that cells detected are recent 
arrivals from the primary. When seeding is terminated by removal of the 
primary cancer, clonogenic cells already present are eliminated within a day. 
Thus, these three nonmetastatic subpopulations fail at different steps in 
metastasis. Two metastatic variants, 66cl4 and 4T1 cells, form visible nodules 
in the lung. Figure 12 depicts that the preferential route of metastasis by 66cl4 
is via the lymph node, while 4T1 typically metastasizes via the blood. 
Clonogenic cells can eventually (after first appearing in lung digests) be recov
ered from livers of mice bearing 4T1 and 66cl4 [29], demonstrating the meta
static cascade sequence from the lung generalizing site to the secondary liver 
site [36]. 

Experimental metastasis 

To analyze differences among subpopulations at steps of metastasis following 
transport, the arrest event is synchronized by injecting cells intravenously. All 
of these subpopulations will colonize the lung and liver if sufficient numbers of 
cells are injected into a tail vein or spleen, respectively. Once arrested, the 
fate of the malignant cell remains bleak, as indicated by the rapid loss, or 
clearance, of 125IUdR-labeled cells within a few hours after arrest. The typical 
clearance of 125IUdR-labeled neoplastic cells follows a biphasic curve, with an 
initial rapid exponential decline for a few hours, followed by a second more 
gradual exponential declining phase. Liotta and DeLisi [37] proposed a math
ematical model to interpret the biphasic clearance kinetics of tumor cells. This 
model assumes that the number of cells (125IUdR label) remaining in the lung 
after initial arrest is a function of three first-order rate constants: (1) death or 
dislodgement of intravascular cells, (2) extravasation, and (3) death of cells 
after extravasation. Because not all arrested neoplastic cells extravasate simul
taneously, there is no time that divides postarrest phenomena exclusively into 
intravascular and extravascular states, but the time of transition between the 
two logarithmic clearance curves is thought to reflect the time during which 
extravasation is largely accomplished. 

We have validated the Liotta and DeLisi model to define the time of 
extravasation with our mouse mammary tumor line 4T07 [28]. Clearance of 
125IUdR-labeled 4T07 cells suggested that a major portion of the tumor cells 
extravasate between 8 and 12 hours postarrest. Histological examination of 
serial sections of lungs removed 6, 24, and 168 hours after injection of tumor 
cells intravenously generally supported the Liotta and DeLisi model. For each 
timed sacrifice group, a number of sections of lungs were scanned so that at 
least 50 tumor cell loci could be observed. The percent of loci in which the 
cell(s) were located extravascularly increased from 9% at 6 hours to 62% at 24 
hours and 86% at 168 hours. The number of loci in which the cell(s) appeared 
to be extravasating decreased from 36% at 6 hours to 13% at 24 hours and to 
7% at 168 hours. Further supporting evidence for the Liotta and DeLisi model 
includes the finding that benign mouse cells continue to be cleared at a rapid 
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Figure 13. Clearance of 125IUdR-labeled tumor cells in the lungs after intravenous injection. Mice 
injected intravenously at time 0 with prelabeled cells were killed at the indicated times, and the 
total label in lungs was determined. Each point represents the median of three to four mice . • , 
4T07; 0, 66cl4;., 168FARN. 

rate with no deflection, presumably because the benign cells are unable to 
extravasate [38]. 

Our criteria for determining the postarrest survival of intravascular cells is 
the change in clonogenic potential of cells recovered during the first decay 
component of the radiolabel clearance curve. We have constructed these 
curves for six of our sublines (Figure 13 depicts the clearance kinetics of three 
of them) and, although the slopes of both decay curves vary between lines, all 
begin to deflect from the initial logarithmic curve at 8-12 hours and enter the 
second decay curve by 24 hours postarrest. The rapid clearance of the 
nonmetastatic 168FARN cells indicates a profound deficiency in this line at 
this step in metastasis. However, 4T07 cells are more resistant than the 
metastatic 66cl4 cells. 
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Figure 14. Recovery of clonogenic cells from lungs after intravenous injection of three mammary 
tumor subpopulations at time O. Mice were killed at the indicated days postinjection, lungs were 
removed and dissociated, and cell suspensions were plated in the appropriate selective media to 
determine the total number of clonogenic cells that could be recovered. Regression analysis was 
used to determine the clonogenic population doubling time .• , 4T07 (doubling time = 20 hours); 
0, 66cl4 (DT = 36 hours); 6, 4T1 (DT = 24 hours). 

Figure 14 depicts the growth of three sUbpopulations in the lung after 
extravasation. The nonmetastatic subpopulation 4T07 grows as rapidly as the 
highly metastatic line 4T1 and more rapidly than the metastatic 66cl4. Line 
4T07 is, in fact, as efficient as 4T1 and grows rapidly in the lung following 
intravenous injection [27]. Taken together, our analysis of spontaneous and 
experimental metastasis of 4T07 indicates that there is no deficiency at the 
tumor cell level because cells reach the lung in the spontaneous model and 
extravasate and grow rapidly in the experimental metastasis model. The fail
ure of 4T07 to metastasize from fat pads is likely due to the development of 
host immunity during the initial local growth. Thus, by the time cells reach the 
lung, sufficient immunity has developed to prevent metastatic growth. We 
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have used this model to demonstrate that specific concomitant immunity is 
able to slow the growth of extravasated 4T07 cells without altering arrest or 
initial killing of arrested cells [28]. On the other hand, tumor cells arrested in 
the lung are initially quite susceptible to NK cells [28]. 

Initial genetic analysis of this panel indicates that, with increasing malig
nancy, ras expression increases (ras is normal, not mutated) and p53 expres
sion decreases, but nm 23 expression is not lost [39-42]. This battery of 
subpopulations with defined deficiencies should allow the validation of many 
characteristics implicated in metastasis and the determination of the steps at 
which positive and negative 'metastasis genes' act. 

Summary 

The two models described offer an opportunity to determine relevant genetic 
alterations during progression from preneoplasia to metastatic disease while 
avoiding genetic noise among individuals (patients and mice) and independent 
cancers. The human preneoplastic MCF10AneoT.TGn model allows the iden
tification of altered genes as progression occurs sporadically and affords a 
method of directly testing the gene affect by introduction into non-expressing 
variants. The model also will allow testing suspected oncogenes and suppres
sor genes identified in other cancers. However, its value in the latter studies 
may be limited because genes may not alter MCFlOAneoT phenotypes due to 
other unidentifiable differences between the MCF10 model and the can,cer in 
which the gene was identified. 

The mouse model allows similar cause and effect studies to determine at 
which specific steps metastasis genes might be important. The model also 
provides an opportunity to determine which host response elements are im
portant deterrents at each step in metastasis and in different organ sites. 
Together, these models have the potential to elucidate a genetic sequence of 
progression in breast comparable with that being constructed for colon 
carcinoma [16]. 
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14. Angiogenesis in breast cancer 

Noel Weidner 

Introduction 

This chapter reviews the basic concepts of tumor angiogenesis as well as the 
role of measuring intra tumoral microvessel density as an' independent prog
nostic indicator for predicting tumor growth and metastasis, not only in breast 
carcinoma, but also in other solid tumors. For a tumor to grow, the tumor cells 
must proliferate and the benign host tissues must form around the tumor cells. 
Moreover, to metastasize a variety of critically important interactions must 
occur between tumor cells and the non-neoplastic vasculature, immune sys
tem, and connective tissues. Tumor angiogenesis refers to the growth of new 
vessels toward and within the tumor. This tumor neovascularization is caused 
by factors released by the tumor cells and/or associated inflammatory cells. 
Initially, many investigators thought that tumor hyperemia resulted from ex
pansion of pre-existing vessels [1,2], but during the last two to three decades it 
has become clear that tumor growth is dependent upon the growth of new 
vessels [3]. 

Angiogenesis is necessary for tumor growth 

Folkman in 1971 proposed that tumor growth is angiogenesis dependent (Le .. , 
once tumor take has occurred, every further increase in tumor cell population 
must be preceded by an increase in new capillaries, which converge upon the 
tumor) [4] (Figure 1). In addition, he suggested that tumor cells and blood 
vessels composed an integrated ecosystem, that endothelial cells could be 
'switched' from a resting state to rapidly growing state by a diffusible signal 
from tumor cells or associated inflammatory cells, and that 'anti-angiogenesis' 
could become an effective anticancer therapy. 

Both indirect (Table 1) and direct (Table 2) evidence exists showing that 
tumor growth is angiogenesis dependent. The indirect evidence is that tumors 
grown in vitro or in avascular rabbit cornea attain a limited size at which 
passive diffusion no longer provides adequate nutrients or allows waste prod
ucts to exit into the adjacent medium [5-7]. At equilibrium the diameter of the 
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Figure 1. Invasive breast carcinoma with microvessels highlighted after immunostaining for factor 
VIII-related antigen. Left: Two foci of invasive carcinoma are shown (i.e., outlined by open 
arrows). The section is immunohistochemically stained with antibody to factor VIII-related 
antigen. Microvessels are represented by dark clusters, which stand -out from invasive carcinoma 
cells and connective tissue. Note the greater microvessel density within the invasive carcinoma 
foci relative to the adjacent benign fibrous stroma. [Diaminobenzidine (DAB)-immun
operoxidase stain with anti-factor VIII-related antigen plus hematoxylin counterstain, original 
magnification [OM] X5]. Right: Invasive carcinoma shown at left with relatively high angiogenesis 
(i.e., metastasizing tumor). Solids arrows indicate five representative microvessels (DAB
immunoperoxidase stain with anti-factor VIII-related antigen plus hematoxylin counterstain, 
OM X50). (Reprinted with permission from W.B. Saunders Co, Philadelphia, PA; from Weidner 
N, Semin Diag PathoI1993;302-313. 

avascular spheroids is up to 4mm in vitro [8] and up to 2mm in vivo [9,10]. 
Continued growth and metastases do not occur unless the spheroids become 
vascularized [3,9-18]. Moreover, human retinoblastoma metastatic to the an
terior chamber vitreous are avascular and growth restricted, although they 
remain viable; and metastatic ovarian carcinoma to the peritoneal surface 
grow as tiny avascular seeds, unless neovascularization occurs [3). Additional 
indirect evidence is that in breast carcinoma intra tumoral endothelial cells 
proliferate 45 times faster than endothelial cells in adjacent benign stroma 
[19], and the rate of tumor progression is associated with increased 
intratumoral microvessel density, a morphologic measure of tumor 
angiogenesis [20,21). 

The direct evidence supporting that tumor growth is angiogenesis depen
dent is that various methods of inhibiting angiogenesis, which are not cyto
static to tumor cells in vitro, inhibit tumor growth in vivo [22-31]. First, a 
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Table 1. Indirect evidence that tumor growth is angiogenesis dependent 

Tumors grown in vitro or in avascular cornea attain a limited size (1-4mm diameter) (Folkman 
[3]). 

Retinoblastoma metastatic to the avascular vitreous of the anterior chamber are growth 
restricted (Folkman [3]). 

Metastatic ovarian carcinoma to the peritoneal surface grow as tiny, granular nodules until 
neovascularization occurs (Folkman [3]). 

Rate of tumor growth, spread, and/or patient survival are associated with increasing 
intratumoral microvessel density (Weidner [20]; Weidner [21]). 

In breast carcinoma intra tumoral endothelial cells proliferate 45 times faster than endothelial 
cells in adjacent benign stroma (Vartanian [19]). 

Table 2. Direct evidence that tumor growth is angiogenesis dependent 

Angiogenesis inhibitors (AGM-1470 or 1NP-470), which are not cytostatic to tumor cells in 
vitro, inhibit tumor growth in vivo (Ingber [25]; Toi [100]; Yamaoka [109]). 

Implanted colon carcinoma in mice respond to bFGF by increase in tumor size and density of 
tumor blood vessels, but neutralizing antisera against the bFGF retards tumor growth. 
Tumor cells lack receptor for bFGF (Gross [26]). 

A specific antibody to bFGF, which is not cytostatic to tumor cells in vitro, causes -70% 
inhibition of growth of a mouse tumor, which relies on bFGF as its main mediator of 
angiogenesis (Hori [28]). 

A specific antibody to VEGF, which is not cytostatic to tumor cells in vitro, causes 'significant 
or dramatic' inhibition of 3 different implanted human tumors (in nude mice), which rely on 
VEGF as their main mediator of angiogenesis (Kim [27]). 

Tumor angiogenesis and growth are inhibited when a retrovirus vector encoding a dominant 
nonfunctional mutant of the VEGF receptor (flk-1) is used to infect tumor endothelial cells 
in vivo (Millauer [29]). 

Induction of angiogenesis promotes vascular cell entry into the cell cycle and expression of 
alpha,beta3 integrin. Antagonists of this integrin cause regression of transplanted human 
tumors (Brooks [30]). 

synthetic analogue of fumagillin, a naturally secreted antibiotic of Aspergillus 
fumigatus fresenius, inhibits endothelial proliferation in vitro and tumof
induced angiogenesis in vivo [25], and this 'angioinhibin' (as AGM-1470 or 
TNP-470) will suppress tumor growth with few side effects. Indeed, this drug 
and other angiogenesis inhibitors [i.e., bryostatin, thalidomide, platelet factor 
4, alpha interferon, carboxyaminotriazole, metalloproteinase inhibitor 
(BB94), and D-gluco-D-galactan sulfate (DS4152)], are now in various phases 
of clinical trials as chemotherapeutic agents for a variety of malignant solid 
tumors, leukemias, and infantile hemangiomas [23,24]. 

Second, a human colon carcinoma cell line implanted in mice was shown to 
respond to infusions of basic fibroblast growth factor (bFGF) by a twofold 
increase in tumor size and a concomitant increase in the density and branching 
of tumor blood vessels [26]. Cells of this line lacked receptors for bFGF, a 
strong angiogenic factor, and were unresponsive to bFGF in vitro. Yet, bFGF 
receptors were shown to be present on endothelial cells, and when the tumor-
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bearing mice also received neutralizing antisera against the bFGF, tumor 
growth was significantly retarded. Clearly, this experiment showed that 
changes in vessel growth rate can directly determine tumor growth rate. Like
wise, Hori et al. [28] have shown that a specific antibody to bFGF, which is not 
cytostatic to tumor cells in vitro, causes -70% inhibition of growth of a mouse 
tumor, which relies on bFGF as its main mediator of angiogenesis. 

Third, Kim et al. [27] have shown that inhibition of vascular endothelial 
growth factor (VEGF)-induced angiogenesis suppresses tumor growth in 
vivo. These investigators injected human rhabdomyosarcoma, glioblastoma 
multiforme, or leiomyosarcoma cell lines into nude mice, and they found that 
treatment of these mice with a monoclonal antibody specific for VEGF inhib
ited the growth of the tumors but had no effect on the growth rate of the tumor 
cells in vitro. The density of tumor vessels was decreased in the antibody
treated mice, and the researchers concluded that inhibition of the action of an 
angiogenic factor (VEGF) spontaneously produced by tumor cells may sup
press tumor growth in vivo. Likewise, Millauer et al. [29] have shown that 
tumor growth is/markedly suppressed by introduction of defective VEGF 
receptors into tumor endothelial cells. The latter investigators showed that 
tumor angiogenesis and tumor growth are inhibited when a retrovirus vector 
encoding a dominant-negative, nonfunctional mutant of the VEGF receptor 
(ftk-l) is used to infect tumor endothelial cells in vivo. 

Recently, Brooks et al. [30] have reported that a single intravascular injec
tion of antagonists of alphavbeta3 integrin (i.e., either a cyclic peptide antago
nist or monoclonal antibody) disrupts ongoing angiogenesis on the chick 
chorioallantoic membrane. This leads to the rapid regression of histologically 
distinct human tumors transplanted onto the chorioallantoic membrane. Also, 
induction of angiogenesis by a tumor or cytokine promotes vascular cell entry 
into the cell cycle and expression of alphavbeta3 integrin. After angiogenesis is 
initiated, antagonists of this integrin induce apoptosis (programmed cell 
death) of the proliferative angiogenic vascular cells, leaving pre-existing quies
cent blood vessels unaffected. These findings are consis,t,ent with a role for 
integrin in a signaling event critical to the survival, and ultimately differentia
tion, of vascular cells undergoing angiogenesis in vivo. 

Obviously, tumor neovascularization allows growth because the new ves
sels allow exchange of nutrients, oxygen, and waste products by a crowded cell 
population for which simple diffusion of these substances across its outer 
surfaces is no longer adequate. It is also becoming apparent that., in addition to 
this 'perfusion effect,' endothelial cells may release important 'paracrine' 
growth factors for tumor cells (e.g., bFGF, insulin growth factor-2, platelet 
derived growth factor, and colony stimulating factors) [31-34]. Also, the 
invasive chemotactic behavior of endothelial cells at the tips of growing capil
laries is facilitated by their secretion of collagenases, urokinases, and plasmi
nogen activator [35,36]. These degradative enzymes likely facilitate the spread 
of tumor cells into and through the adjacent fibrin-gel matrix and connective 
tissue stroma. Indeed, elevated levels of urokinase-type plasminogen activator 
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(uPA) and plasminogen activator inhibitor-1 (PA-1) in breast carcinomas 
have been shown to be independent predictors of poor prognosis. It is impor
tant that Fox et al. [35] have shown a significant association of uP A and PA
l with intratumoral microvessel density. As a consequence, these investigators 
concluded that the poor prognosis in breast carcinomas associated with el
evated uP A and P A-I might be due to an interaction between endothelial and 
tumor cells using the uP A enzyme system. 

Thus, the additive impact of the 'perfusion and paracrine' tumor effects, 
plus the endothelial-cell derived invasion-associated enzymes, all likely con
tribute to a phase of rapid tumor growth and signal a 'switch' to .a potentially 
lethal angiogenesis phenotype. As will be shown, these same effects likely 
contribute to a much higher metastatic potential by facilitating entry of tumor 
cells into the lymphatic-vascular system. 

Tnmor angiogenesis: Probable mechanisms 

The sequence of events of angiogenesis include (1) growth of endothelial cells 
from small venules lacking a muscle wall, (2) secretion of collagenases and 
degradation of basement membranes and connective-tissue stroma, (3) move
ment of endothelial cells toward the source of the angiogenic stimulus, (4) 
proliferation of endothelial cells, (5) elongation of the endothelial sprout., (6) 
joining of one sprout with another to form a capillary loop, (7) formation of a 
cytoplasmic vacuole with subsequent complete lumen formation and blood 
flow, and (8) deposition of a new (initially fragmented and leaky) basement 
membrane. Our study in human breast carcinomas showed that the 
intratumoral endothelial-cell proliferation index (mean 2.7%) was 45-fold 
greater than that observed in surrounding benign breast [19]; however, there 
was no correlation of intra tumoral endothelial-cell proliferation with 
intra tumoral microvessel density and tumor-cell proliferation, an observation 
suggesting that they may be regulated by different mechanisms. Furthermore, 
the value of 2.7% is unexpectedly low, especially given the much higher 
intratumor microvessel density compared with adjacent benign stroma. This 
suggests that a significant component of the angiogenic process is due to 
endothelial-cell migration, capillary budding, establishment of capillary loops, 
and/or neovascular remodeling [37-40]. 

Certainly, some tumor angiogenesis can occur without active endothelial 
proliferation. For instance, Auerbach et al. [41] observed that the onset and 
initial pattern of angiogenesis were similar in both irradiated and non-irradi
ated tumors grafted intracorneally into adult rabbits. The radiation doses were 
sufficient to prevent the normally observed growth and cell division of grafted 
tumors, but active capillary circulation at the periphery of the tumors was, 
nonetheless, observed within 24-28 hours. In a study of inflammation-induced 
neovascularization of rat cornea, Sholley et al. [42] observed that vascular 
sprouting at 2 days was similar in non-irradiated and irradiated cornea, even 
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though the irradiated cornea showed no endothelial-cell proliferation. How
ever, in contrast to non-irradiated controls, this neovascular growth decreased 
between 2 and 4 days, and ceased thereafter, implying that endothelial-cell 
proliferation soon becomes essential tooontinued growth [42]. Because tumor 
angiogenesis requires both DNA synthesis and vascular remodeling, the most 
effective antiangiogenesis therapies should target both components of the 
neovascularization process. 

The process of tumor neovascularization shares many features with normal 
wound healing [43] and is likely to be mediated by similar and specific 
angiogenic molecules (e.g., VEGF), which are released by the tumor cells and/ 
or host immune cells into the tumor stroma or possibly are mobilized from a 
bound inactive state within the tumor stroma (e.g., acidic and basic FGF) 
[8,23,44,45]. Of relevance, my colleagues and I [46] recently reported that 
some breast ducts containing duct carcinoma in situ (DCIS) may also have a 
cuff or ring of microvessels around the duct (Figure 2). The close proximity of 
this cuff of neovascularization to the DCIS cells suggested that it formed in 
response to angiogenic factor( s) released by the DCIS cells. This microvessel 
rim was limited to ducts containing DCIS and did not correlate with periductal 
inflammation, suggesting that the angiogenic stimulus may be a diffusible 

Figure 2. Ductal carcinoma in situ (intermediate-grade) with a cuff of periductal angiogenesis. 
Shown is a breast duct filled with ductal carcinoma in situ, which has been immunostained to 
highlight microvessels with anti-factor VIII-related antigen. A dark staining cuff of microvessels 
(closed arrows) is found in the stroma immediately adjacent to the basement membrane. 
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substance coming directly from the DCIS cells and not from associated inflam
matory cells. 

Guidi et al. [47] studied 55 cases of DCIS of the breast and found two 
patterns of peri-DCIS neovascularization, a diffuse microvessel pattern and an 
immediately adjacent, microvessel cuffing pattern. The diffuse pattern corre
lated with comedo-type DCIS, periductal desmoplastic stromal reaction, high 
DCIS proliferation index, and HER2/neu expression by DCIS cells. The 
microvessel cuffing pattern was found in 38% of cases and was not significantly 
associated with histologic type of DCIS, HER2/neu expression, or prolifera
tion rate. Clearly, tumor angiogenic activity can occur independently of stro
mal invasion. Likewise, Smith-McCune et al. [48] found that microvessels were 
markedly and significantly increased in the cervix immediately beneath cervi
cal intraepithelial neoplasia (CIN), when compared with adjacent normal 
epithelium. Yet, the neovascularization (CIN angiogenesis) was not related to 
the number of macrophages within the CIN lesions, indicating that the produc
tion of the angiogenic factor( s) is likely a property of the dysplastic epithelial 
cells themselves [48]. 

Nonetheless, in addition to tumor cells, inflammatory cells may be impor
tant in tumor angiogenesis. Stimulated macrophages can secrete angiogenic 
factors, such as transforming growth factor-alpha (TGF-a), angiotropin, tu
mor necrosis factor-alpha (TNF-a), and bFGF [8,44,45,49-54]. Clearly, many 
tumors have associated macrophages, which may amplify tumor angiogenesis, 
especially when activated by high intra tumoral lactate levels caused by tumor 
hypoxia [54]. Also, some human tumors are heavily infiltrated by mast cells, 
often in significant numbers before tumor angiogenesis occurs [56,57] or dur
ing maximal growth in developing hemangiomas [58]. Mast cells are rich in 
heparin, a substance known to mobilize the angiogenic substance bFGF from 
the extracellular matrix, to protect it from degradation, and to potentiate its 
angiogenic effects [59]. Moreover, when tumors were implanted in mast cell
deficient mice (W/Wv), angiogenesis and tumor growth were inhibited to less 
than 60% of that observed in mice having normal mast cell numbers [60]. It is 
important that tumor angiogenesis and tumor growth increased when these 
mast cell-deficient mice were injected with exogenous mast cells along with 
the original bolus of tumor cells. Finally, stimulated tumor-infiltrating lympho
cytes may also playa role in tumor angiogenesis by secreting cytokines that 
activate other inflammatory cell types, and/or chemoattractants for other im
mune cells. Thus far, lymphocytes themselves have not been found to directly 
secrete an angiogenic factor. 

Although the factor(s) and/or cell(s) causing tumor angiogenesis remain 
incompletely understood, the current leading candidates for this role include 
basic FGF [61,62] and vascular endothelial growth factor (VEGF) [27]. Other 
possible angiogenic factors include: acidic FGF, TGF-a, TGF-~, platelet
derived endothelial cell growth factor (PD-ECGF), vascular permeability 
factor (VPF) , folliculostellate-derived growth factor (FSDGF), granulocyte 
colony stimulating factor, placental growth factor, interleukin-8, hepatocyte 
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growth factor, angiotropin, angiogenin, and TNF-a [23,8,44,45]. The amino 
acid sequences of VEGF, VPF, and FSDGF are nearly identical and likely 
represent that same substance. In fact, VEGF is often designated VPF/VEGF. 
With the exception of angiogenin, most of the angiogenic molecules were first 
purified on the basis of some unrelated activity and then were only later shown 
to be angiogenic [8,44,50]. 

VEGF (a well-studied permeability and selective endothelial-cell growth 
factor) is likely to be an important tumor angiogenic factor. Brown et al. 
[63,64] have shown in a variety of solid tumor types that tumor cells express 
high levels of VEGF protein and mRNA, the expression of which was 
accentuated in tumor cells close to areas of necrosis. In contrast, tumor 
endothelial cells express VEGF protein but not VEGF mRNA. Yet the 
same endothelial cells expressed high levels of mRNA for the VEGF receptors 
flk-l and kdr, indicating that the endothelial-cell staining likely reflects binding 
of VEGF protein secreted by adjacent tumor cells. It is important that 
endothelial cells away from the tumor did not express these proteins or 
mRNAs. 

Moreover, VEGF has been shown to induce in endothelial cells expression 
of plasminogen activator, plasminogen activator inhibitor, interstitial collage
nase, and procoagulant activity [63]. VEGF promotes extravasation of plasma 
fibrinogen, leading to fibrin deposition within the tumor matrix, a process that 
promotes the ingrowth of macrophages, fibroblasts, and endothelial cells [65]. 
As mentioned earlier, the work of Kim et al. [27] and Millauer et al. [29] also 
support the importance of VEGF, a key tumor angiogenic factor, and work by 
Goto et al. [66] suggests that VEGF and bFGF act in a synergistic manner to 
cause tumor angiogenesis. 

Also, various low molecular weight, nonpeptide angiogenic factors have 
been reported. These include I-butyryl-glycerol, prostaglandins (PGEI and 
PGE2), nicotinamide, adenosine, nitric oxide, hyaluronic add degradation 
products, and an arachidonic acid metabolite named 12(R)-hydroxyeico
satrienoic acid (12[R]-HETrE) [8,44,67,68]. Of interest, when endothelial cells 
had been stimulated by 12(R)-HETrE, the proto-oncogenes c-myc, c-jun, and 
c-fos were activated [68]. Like the polypeptides, the actual role of the 
nonpeptide angiogenic factors under natural conditions remains incompletely 
studied, but nitric oxide and 12(R)-HETrE may prove to be very important 
molecules in the angiogenic process [8,44]. 

Thus far, the angiogenic factors described earlier have been stimulatory, 
but inactivation of a suppressor gene resulting in loss of an angiogeneic sup
pressor substance may allow tumor angiogenesis to proceed. Indeed, the 
switch to active angiogenesis and the rate of the angiogenic process are likely 
the net effect of both stimulatory and inhibitory factors. For example, it has 
been shown that inactivation of a suppressor gene during carcinogenesis re
sults in increased angiogenesis that parallels increased tumorigenicity [69,70]. 
During this process there is a 10-fold decrease in the secretion of a 140-kD 
glycoprotein, called thrombospondin, an inhibitor of angiogenesis [71]. Next, 
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Zajchowski et al. [72] have shown that somatic hybrid cells, produced by 
fusion of MCF-7 human breast-carcinoma cells with normal immortalized 
human mammary epithelial cells, are suppressed in their ability to form tu
mors in nude mice. The hybrids had, among other traits of their normal parent 
cells, the ability to increase the expression of the angiogenesis inhibitor 
thrombospondin, supporting the concept that angiogenic capability contrib
utes to tumorigenicity in human breast carcinoma. 

Also, Dameron et al. [73] showed that the 'switch' to the angiogenic pheno
type by fibroblasts cultured from Li-Fraumeni patients coincided with loss of 
the wild-type allele of the p53 tumor suppressor gene and to be the result of 
reduced expression of thrombospondin-l. Finally, O'Reilly et al. [74] have 
reported that a novel angiogenesis inhibitor, angiostatin, is released by the 
primary tumor mass of a Lewis lung carcinoma. When the primary tumor is 
present, metastatic tumor growth is suppressed by this angiostatin; but, after 
primary tumor removal, the metastases neovascularize and grow. The 
angiostatin activity copurifies with a 38 kD plasminogen fragment. This 
mechanism may explain one form of dormancy, but some metastatic deposits 
appear to remain dormant in spite of the fact that the primary tumor had been 
previously removed. Possibly, the latter deposits do not grow until they switch 
to a more angiogenic phenotype [75]. Other reported endogenous negative 
regulators of endothelial proliferation include: platelet factor 4, tissue inhibi
tors of metalloproteinases, a 16kD fragment of prolactin, bFGF soluble recep
tor, and TGF-~ [23]. 

Angiogenesis is necessary for metastasis of solid tnmors 

To metastasize, a tumor cell must successfully negotiate a series of obstacles, 
as well as present and respond to several growth factors or cytokines. In most 
primary tumors, less than one cell in 1000 or 10,000 has all of these abilities 
[76-78]. Tumor cells must gain access to the vasculature from the primary 
tumor, survive the circulation, escape immune surveillance, localize in the 
microvasculature of the target organ, escape from (or grow from within) the 
vasculature into the target organ, and induce tumor angiogenesis [76-87]. 
Tumor growth and spread are further amplified geometrically, when the newly 
established metastasis sheds additional tumor cells to form even more 
metastases by following the same cascade of events [77]. If the metastasis is 
already highly angiogenic, then its daughter metastases (clones) are likely to 
be highly angiogenic as well. 

Angiogenesis is necessary at the beginning of this journey because without 
it tumor cells are only rarely shed into the circulation [79,84,85]. New prolifer
ating capillaries have fragmented basement membranes and are leaky, making 
them more accessible to tumor cells than mature vessels [80]. Furthermore, the 
invasive chemotactic behavior of endothelial cells at the tips of growing capil
laries is facilitated by their secretion of collagenases, urokinases, and plasmi-
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nogen activator [81]. These degradativeenzymes may also facilitate the escape 
of tumor cells into the tumor neovasculature. Indeed, the 'invading' capillaries 
may actively participate in the metastatic process by engulfing, and thus facili
tating, the entry of tumor cells into vascular spaces, allowing systemic spread. 
Indeed, Sugino et a1. [88] observed, in a naturally occurring mouse mammary 
carcinoma model (C3H/He mice), that intravasating tumor cells and tumor 
emboli within blood vessel lumina retained their nested architecture within a 
continuous basement membrane and were also invested by an endothelial-cell 
layer. These investigators believed the findings indicated a 'passive' mecha
nism of tumor cell intravasation, distinct from invasive properties of tumor 
cells, in which endothelial cells in sinusoidal vessels can envelop tumor cell 
nests, which then become detached into the blood. Arrest of such encapsu
lated emboli in pulmonary arterioles downstream could form new metastatic 
tumor foci. 

Also, supporting this concept is the observation that India ink injected into 
the rabbit cornea will stay at the injection site indefinitely as a tattoo, unless 
neovascularization is induced in the cornea [56,82]. As new capillaries ap
proach the ink spot, the ink fragments and reappears in the ipsilateral lymph 
nodes. Invasion into lymphatics can occur by invasion of tumors cells into 
adjacent lymphatics forming concomitantly with blood capillaries or, possibly, 
by passage of tumor cells from the blood stream into the lymphatics via 
lymphaticovenous junctions [8,83]. Also, tumor angiogenesis may facilitate 
this process by increasing tumor volume, thus, enhancing tumor cell-lym
phatic contact at the growing edge of the tumor, and/or by increasing the 
numbers of lymphaticovenous junctions, allowing more intravascular 
micro metastases to enter the lymphatic spaces. 

It has been shown that greater numbers of tumor vessels increase the 
opportunity for tumor cells to enter the circulation. Liotta et a1. [84,85] 
showed, in a transplantable mouse fibrosarcoma model, that tumor cells shed 
into the blood stream increased from 1.4 X 103 cells per 24 hours on day 5 after 
tumor implantation to 1.5 X 105 cells per 24 hours on day 15, and this increase 
correlated very closely with increasing intratumoral microvessel density, espe
cially with those intra tumoral microvessels that were over 30 microns in diam
eter. Also, it became clear from these studies that the establishment of 
successful lung metastases depends upon increasing numbers of cells shed 
into the circulation [8,84,85]. These experimental data strongly suggest 
that intra tumoral microvessel density might correlate with aggressive tumor 
behavior. 

Angiogenesis is also necessary at the end of the metastatic cascade of 
events. Because of the clonal origin of metastases [86], a primary tumor 
containing a high proportion of angiogenic tumor cells will seed the blood 
stream with tumor cells that are already angiogenic when they arrive in their 
target organ. Indeed, tumors have been shown to be heterogeneous in the 
ability of their individual tumor cells to be angiogenic [87]. As with the pri-
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IMPACT OF ANGIOGENESIS IN BREAST CARCINOMA 
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Figure 3. Angiogenic process and its contribution to tumor growth and metastasis. This artist's 
depiction shows the vascular response to angiogenic clones (blackened tu nor cells) of breast 
carcinoma when the angiogenic clones are located in duct carcinoma in situ, when invasive into 
periductal stroma, and after metastatic clones are established at distant body sites. The angiogenic 
clones stimulate abundant microvessel growth, metastasize more frequently, and grow rapidly 
relative to the non-angiogenic cells (nonblackened tumor cells). Also shown are 'dormant' non
angiogenic metastatic clones, which can 'switch' to an angiogenic phenotype and produce growing 
metastatic deposits. This switch may occur after the primary is removed and an .angiogeJlic 
inhibitor previously secreted by the primary is removed from the circulation. 

mary tumor, angiogenesis will be necessary to establish a growing metastatic 
deposit, which will then give rise to additional metastatic deposits, thus ampli
fying the process of growth and dissemination (Figure 3). 

It is important to emphasize that tumor angiogenesis is not sufficient for 
metastasis to occur, because tumor cells must also proliferate, penetrate host 
tissues, survive within vessels, escape the host's immune system, and begin 
growth at a new body site. The behavior of typical bronchial carcinoids illus
trates this point, since they are highly vascular tumors, yet rarely do they 
metastasize to distant sites. 
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Tumor proguosis is related to tumor angiogenesis 

Brem et al. [89] were among the first to suggest that the intensity of 
intra tumoral tumor angiogenesis may correlate with tumor grade and aggres
siveness. For this purpose, they defined a microscopic angiogenesis grading 
system (MAGS) based on an index incorporating vascular density, 
endothelial-cell hyperplasia, and endothelial cytology. Yet, the first clear -cut 
evidence that tumor angiogenesis could predict the probability of metastasis 
from a solid human tumor was reported for cutaneous melanoma. Srivastava 
et al. [90] studied the vascularity of 20 intermediate thickness skin melanomas 
(0.76-4.0mm levels of invasion). Vessels were highlighted with Ulex europaeus 
1 agglutinin conjugated with peroxidase, and the stained histologic sections 
were analyzed with a semi-automatic image analysis system. The 10 cases that 
developed metastases showed a vascular area at the tumor base that was more 
than twice that seen in the 10 cases without metastases (p = 0.025). Age, sex, 
Breslow's tumor thickness, and Clark's level of invasion were similar in the 
two groups. 

Intratumoral micro vessel density as a prognostic factor in breast carcinoma 

Does the extent of angiogenesis (i.e., measured by intra tumoral microvessel 
density) in human breast carcinoma correlate with metastasis, and can the 
quantitation of intratumoral microvessel density on a biopsy specimen be 
carried out rapidly and reproducibly so as to be useful in predicting the 
prognosis or the potential for metastasis at the time of diagnosis? If true, such 
information might prove valuable in selecting subsets of breast carcinoma 
patients for aggressive adjuvant therapies. For this to be true, it is important 
that a spectrum of intra tumoral microvessel densities exists within the spec
trum of invasive breast carcinomas. Indeed, when the microvessel counts in a 
number of invasive breast carcinomas are sorted in ascending order of vessel 
count on a log scale, the spectrum of low to high microvessel densities becomes 
apparent (Figure 4). The densities are an evenly distributed continuum, ex
tending from about 10 to 200 microvessels per 0.74mm2 (200X) field. 

To further address these questions, my colleagues and I examined primary 
tumor specimens from 49 unselected patients with invasive breast carcinoma 
(26 node-positive and 23 node-negative); four of the node-negative patients 
subsequently developed distant metastases and died from cancer [91]. All 
microvessels were highlighted by immunostaining endothelial cells for factor 
VIII-related antigen/von Willebrand's factor (F8RA/vWF), using a standard 
immunoperoxidase technique in which tissue sections are treated with trypsin 
or trypsin plus microwave-based antigen unmasking (in citrate buffer) prior to 
application of the anti-F8RA/vWF (Figure 2). This markedly increases the 
sensitivity of anti-F8RA/vWF in highlighting endothelial cells, while often 
decreasing background [92,93]. Hematoxylin and eosin (H&E) stained sec-
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tions of breast tumor were used to choose one paraffin-embedded tissue block 
representative of the invasive carcinoma, and only one 5!lm thick section was 
stained for FSRA/vWF. 

Intratumoral microvessel density was assessed by light microscopic analysis 
for areas of the tumor that contained the most capillaries and small venules 
(microvessels; so-called neovascular hot spots). Finding the neovascular hot 
spot is critical to accurate assessment of a particular tumor's angiogenic poten
tial. This is expected, because there is considerable evidence that, like tumor 
proliferation rate, tumor angiogenesis is heterogeneous within tumors (Table 
3) [34,61,90,91,94]. The technique for identifying these hot spots is very similar 
to that for finding the hot spots for assessing mitotic figure content within 
breast tumors; thus, it is likely subject to the same kinds of interobserver and 
intraobserver variability. Sclerotic, hypocellular areas within tumors and im-
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Table 3. Evidence that angiogenesis is heterogeneous within tumors (neovascular hot spots and 
cold spots) 

Islet-cell tumors in transgenic mice develop angiogenic activity at 6-7 weeks in 10% of 
preneoplastic clones, which then grow (Folkman [75]). 

Multifocal fibrosarcomas in transgenic mice develop angiogenic activity in only a subset of 
tumors, which then grow (Kandel [61]). 

Individual tumor cells isolated from a single tumor (sarcoma) and then grown in vitro mayor 
may not be mitogenic for endothelial cells (Folkman [34]). 

Angiogenic activity usually occurs focally in early cutaneous melanoma (Srivastava [90]). 
Solid tumors (e.g., breast, prostate cancer, etc.) show variable angiogenic activity (Weidner 

[20]; Weidner [111]). 

Table 4. Technique for counting microvessels 

Step Procedure for counting intra tumoral microvessels 

1 Examine all histologic slides from the tumor and select a slide showing a generous 
cross section of representative tumor. 

2 Have the block from which the selected slide was made used to make a 5 !-1m thkk 
section for immunostaining. 

3 Immunostain the section with an endothelial marker to highlight the microvessel 
density (e.g., anti-F8RA, anti-CD31, anti-CD34, etc.). 

4 Scan the immunostained section at low magnification (-40-100 x) and select areas 
of clear-cut, invasive carcinoma with the greatest numbers of distinctly 
highlighted microvessels (i.e., neovascular hot spot). 

5 Count all vessels within a 0.74mm' area {If this neovascular hot spot. 

mediately adjacent to benign breast tissue were not considered in intratumoral 
microvessel density determinations. Yet, microvessels in these latter areas 
served as internal controls for the quality of the F8RA/vWF staining. Only 
tumors that produced a high quality and distinct microvessel immuno
peroxidase staining pattern (with low background staining) were included in 
this or subsequent studies. This is very important because the quality of 
immunoperoxidase staining can vary considerably between laboratories, and 
before measuring intratumoral microvessel density, high quality immuno
peroxidase staining must be consistently achieved. 

Just as their mitotic figure contents vary, so too are breast tumors fre
quently heterogeneous in their intratumoral microvessel density. Areas of 
highest neovascularization were found by scanning the tumor sections at low 
power (40X and lOOx total magnification), and selecting those areas of 
invasive carcinoma with the greatest numbers of distinct F8RA/vWF-staining 
(brown) microvessels per O.74mm2 area (Table 4). These high neovascular 
areas could occur anywhere within the tumor, but most frequently appeared at 
the margins of the carcinoma. After the area of highest neovascularization was 
identified, individual microvessel counts were made on a 200x field (20X 
objective and lOx ocular, Olympus BH-2 microscope, O.74mm2 per field, with 
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the field size measured with an ocular micrometer). Any brown-staining en
dothelial cell or endothelial-cell cluster, clearly separate from adjacent 
microvessels, tumor cells, and other connective-tissue elements, was consid
ered a single, countable microvessel. Even those distinct clusters of brown
staining endothelial cells, which might be from the same microvessel 'snaking' 
its way in and out of the section, were considered distinct and countable as 
separate microvessels. Vessel lumens, although usually present, were not nec
essary for a structure to be defined as a microvessel, and red cells were not 
used to define a vessel lumen. Results were expressed as the highest number of 
microvessels in any single 200x field. Averaging of multiple fields was not 
performed. 

Invasive breast carcinomas from patients with metastases had a mean 
microvessel count of 101 per 200x field (SD = 49.3, range 16-220). For those 
carcinomas from patients without metastases, the corresponding value was 45 
per 200x field (SD = 21.1, range 15-100). Univariate analysis revealed these 
differences to be statistically significant (p = 0.003). Also, we plotted the 
percent of patients with metastatic disease in whom a vessel count was carried 
out within progressive 33 vessel increments (Figure 5). The plot showed that 
the incidence of metastatic disease increased with the number of microvessels, 
reaching 100% for patients having invasive carcinomas with > 100 
microvessels per 200x field. The careful application of these counting tech
niques yielded data that, by multivariate analysis, indicated that intratumoral 
micro vessel density was a better predictor for metastasis than tumor grade and 
tumor size. 

To further define the relationship of intratumoral micro vessel density to 
overall and relapse-free survival and to other reported prognostic indicators in 
breast carcinoma, a blinded study of 165 consecutive carcinoma patients was 
performed using identical techniques to measure intratumoral microvessel 
density [95]. The other prognostic indicators evaluated were, metastasis to 
axillary lymph nodes, patient age, menopausal status, tumor size, histologic 
grade (i.e., Scarff-Bloom-Richardson criteria), peritumoral lymphatic
vascular invasion (PLVI), flow DNA ploidy analysis, flow S-phase fraction, 
growth fraction by Ki-67 binding, c-erbB2 oncoprotein expression, pro
cathepsin-D content, estrogen-receptor content, progesterone-receptor con
tent, and EGFR expression. We found a highly significant association of 
intratumoral microvessel density with overall survival and relapse-free 
survival in all patients, including node-negative and node-positive subsets 
(Figures 6 and 7). All patients with breast carcinomas having> 100 microvessels 
per 200x field experienced tumor recurrence within 33 months of diagnosis, 
compared with <5% of patients who had <33 microvessels per 200X field. 
Moreover, intratumoral microvessel density was the only significant predictor 
of overall and relapse-free survival among node-negative women. Weidner et 
al. [95] concluded that intratumoral microvessel density in the area of most 
intense neovascularization in invasive breast carcinoma is an independent, 
highly significant, and accurate prognostic indicator in predicting metastasis, as 
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well as overall and relapse-free survival in patients with stage I to II breast 
carcinoma. Such an indicator would be useful in the selection of high-risk, node
negative patients with breast carcinoma for systemic adjuvant therapy. 

Bosari et al. [96] were the first to confirm that quantitation of microvessels 
within invasive breast carcinomas was associated with prognosis. These inves
tigators studied 151 node-negative and 32 node-positive breast carcinoma 
patients, who had a minimum follow-up of 9 years. Microvessels were high
lighted after immunostaining with anti-F8RA/vWF in 5-f,tm thick sections 
from all tumor-containing blocks, and microvessels were counted in three 
200x fields, which were considered to have the highest vascularization. The 
highest and average counts of the three 200x fields were recorded for corre
lation with outcome. The differences from the highest count to the average 
count varied from 12.8% to 14%. The value of using anti-ABH (blood group 
antigens) to highlight microvessels was also studied, but this approach was 
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rejected because ABH antigens were frequently expressed by tumor cells, 
hampering microvessel counting. Likewise, carcinoma cells frequently show 
Ulex europaeus-llectin binding [97). Node-positive carcinomas demonstrated 
significantly higher intratumoral microvessel density than did node-negative 
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carcinomas (p < 0.001), and patients with node-negative tumors who experi
enced distant relapse had higher intra tumoral microvessel density than did 
those node-negative patients who remained disease free (p = 0.01). With 
the exception of peri tumoral lymphatic-vascular invasion, intratumoral 
microvessel density was independent of traditional histologic parameters, 
ploidy status, and flow S-phase fraction. Moreover, multivariate analysis 
showed that intra tumoral microvessel density and peritumoral lymphatic
vascular invasion were the two best independent predictors of outcome. 

Horak et al. [98], using immunostaining to highlight microvessels with anti
CD31 (anti-platelet-endothelial cell adhesion molecules or PECAM), 
counted microvessels in tumors from 103 patients with breast carcinoma (64 
node-negative and 39 node-positive). Anti-CD31 (JC70 antibody) was chosen 
after an evaluation of seven antibodies, including those to F8RA/vWF, CD34, 
and CD36. They found that the JC70 antibody to CD31 consistently stained 
more vessels than the others, although some plasma cell were also highlighted 
by JC70. They counted intra tumoral microvessel density in areas of highest 
neovascularity and used the highest count of three distinct fields, each measur
ing 0.384mm2 and extrapolated to microvessels per mm2• Next, they compared 
their findings for intratumoral microvessel density to lymph node status, tumor 
grade, tumor size, tumor type, estrogen-receptor status, c-erhB2 protein ex
pression, epidermal growth factor receptor expression (EGFR), and detection 
of mutant p53. Only 2 of 50 tumors with <99 microvessels/mm2 were node 
positive, whereas 31 of 39 tumors with> 140 per mm2 were node positive (p < 
0.0001). Tumor size (p < 0.004) and grade (p < 0.028) also correlated with 
node metastasis, and intratumoral microvessel density significantly increased 
with tumor size and grade. But multivariate analysis showed that intra tumoral 
microvessel density alone (p = 0.0001) explains the association of size and 
grade with node metastasis. Of the other markers studied, EGFR status (p < 
0.01), node status (p < 0.02), and ER status (p < 0.05) correlated with survival 
(30 months follow-up), but determination of intra tumoral microvessel density 
was the most significant in predicting poor survival (p < 0.006). These results 
suggested that angiogenesis is closely linked to metastasis and that counting 
newly formed microvessels within the invasive carcinomas may be an effective 
means of early detection of metastatic potential and for selecting patients for 
whom anti-angiogenesis drugs might be beneficial. 

Likewise, Gasparini et al. [99] used anti-CD31 to determine intratumoral 
microvessel density in node-negative breast cancer patients and found that 
anti-CD31 was more sensitive than anti-F8RA/vWF in highlighting 
intra tumoral microvessels. Again, results correlated highly with overall and 
relapse-free survival by both univariate and multivariate analysis., but the 
stratification appeared no better than when anti-F8RA/vWF was used to 
highlight microvessels for intratumoral microvessel density determination 
[95]. Moreover, Gasparini et al. [99] showed that nuclear immunostaining of 
p53 protein and tumor size provided additional independent information to 
that already provided by intra tumoral microvessel density (Figures 8 and 9). 
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Figure 8. Kaplan-Meier survival plots for node-negative patients stratified according to 
microvessel density and nuclear p53 immunostaining. A: Relapse-free survival. Note the marked 
difference in survial between patients with low microvessel densities (:'580) and negative p53 
immunostaining and those with high microvessel densities (>80) and positive p53 immunostaining 
(p = 0.0002). B: Overall survival. Again, note the marked difference in survival between patients 
with low microvessel densities (:'570) plus negative p53 immunostaining and those with high 
microvessel densities (>70) plus positive p53 immunostaining (p = 0.05). (Reprinted with permis
sion from W.B. Saunders Co., Philadelphia, PA; Gasparini G, J Clin OncoI1994;12:454-466.) 

Toi et al. [100] have found an association between intratumoral microvessel 
density and outcome in breast carcinoma. They studied 125 breast cancer 
patients and found that intratumoral microvessel density (using either anti
F8RA/vWF or anti-CD31) was a significant predictor of relapse-free survival 
in both node-negative and node-positive patients, even more so than nodal 
status. Intratumoral microvessels in the areas considered to be most active for 
neovascularization, and immunostained cells, were counted in three fields 
(200X) and the average was calculated. These investigators found that the 
statistical value of intra tumoral micro vessel density by anti-F8RAlvWF 
immunostaining was more portent than evaluation by anti-CD3l. Yet, there 
appeared to be a close correlation between CD31 immunostaining and 
F8RA/vWF immunostaining, each providing about the same intra tumoral 
microvessel densities, suggesting that both were reliable methods for quantify
ing angiogenesis in tumor tissues. 

Visscher et al. [101] combined image morphometry and vessel highlighting 
with anti-type IV collagen (basal lamina) and correlated survival and 
intra tumoral microvessel density in 58 patients with stage-heterogenous breast 
carcinomas. They found that the short-term, disease-free survival was signifi
cantly related to intratumoral microvessel density for all patients (p = 0.001), 
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Figure 9, Kaplan-Meier survival plots for node-negative patients stratified according to 
microvessel density and tumor size, A: Relapse-free survival. Note the marked difference in 
survival between patients with low microvessel densities (:0::80) and pTl tumors, and those with 
high microvessel densities (>80) and pT2 tumors (p = 0,0001), B: Overall survival. Again, note 
the marked difference in survival between patients with low microvessel densities (:0::70) plus pTl 
tumors, and those with high microvessel densities (>70) plus pT2 tumors (p = 0,01), (Reprinted 
with permission from W,B, Saunders Co" Philadelphia, PA; Gasparini G, ] Clin Oneal 
1994;12:454-466,) 

as well as in node-negative (p = 0.005) and node-positive (p = 0.02) sub
groups. Furthermore, tumors recurred in 87% of patients with intratumoral 
microvessel density >30 vessels!mm2 versus only 15% with counts <10 vessels! 
mm2• The authors concluded that image morphometric quantitation of vascu
lar basal lamina was an objective means of assessing angiogenic capacity in 
breast tumors that correlated strongly with disease aggressiveness in short
term follow-up (mean follow-up 52 months). Caution, however, should be 
observed when using anti-type IV collagen to highlight vessels, because this 
protein is also found in most basal lamina, especially around tumor cell nests 
[102]. 

Also, Sneige et al. [103], Sahin et al. [104], Obermair et al. [105], and 
Bundred et al. [106] have all reported associations of intra tumoral microvessel 
density with survival in breast carcinoma patients (Table 5). Among the most 
recent to publish in this area, Obermair et al. [105] studied 64 patients with 
breast carcinoma and followed for 5 year recurrence-free survival (RFS). 
Using an ocular raster, they found that patients with a vessel density of more 
than 10 vessels per raster had an RFS of 42.7% versus those with fewer than 
10 vessels per raster, who had an RFS of 97.8% (p = 0.0011). This effect was 
independent of nodal status. 
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Table 5. Journal reports of positive association of tumor angiogenesis and tumor aggressiveness: 
Breast carcinoma 

1 Weidner et at. N Engl] Med 1991;324:1-8 
2 Bosari et at. Hum Pathol 1992;23:755-71 
3 Horak et at. Lancet 1992;340: 1120-1124 
4 Weidner et at. ] Nat! Cancer Inst 1992;84:1875-1887 
5 Visscher et at. Anal Quant Cytol Histol 1993;15:88-92 
6 Toi et at. Int] Cancer 1993;55:341-374 
7 Obermair et at. Onkologie 1994;17:44-49 
8 Fox et at. Breast Cancer Res Treat 1994;29:109-116 
9 Gasparini et at. ] Clin Oncol 1994;12:454-466 

10 Gasparini et at. Int] Oneal 1994;4:155-162 

Those authors whose names are underlined indicate studies based on different patient databases 
that have been analyzed by different groups of investigators located at geographically separate 
medical centers. 

Role of microvessel density in other solid tnmors 

Further support for the value of determining intratumoral microvessel density 
in breast carcinoma is the finding of the same correlations of intra tumoral 
microvessel density with metastases and/or clinical outcome in other solid
tumor systems (Table 6). Macchiarini et al. [107], using identical techniques as 
Weidner et al. [91,95] and Bosari et al. [96], studied early stage, non-smaIl-cell 
lung carcinomas (87 patients all pTlNOMO) and found that the likelihood of 
metastasis increased as the intratumoral microvessel density increased (p < 
0.0001). Also, the authors evaluated the prognostic associations of tumor size 
and tumor proliferative activity by immunostaining for proliferating cell 
nuclear antigen (PCNA, monoclonal PC10) and by mitosis counting. On mul
tivariate analysis, the intra tumoral microvessel density count was the only 
independent predictor of metastasis. Macchiarini et al. [108] have now ex
tended their observations to non-smaIl-cell lung cancer patients with tumor 
invading the thoracic inlet. Results of univariate and multivariate analysis of 
survival and the disease-free interval identified the degree of angiogenesis as 
the only independent and significant predictor of the disease-free interval. 
Aslo evaluated were tumor proliferative activity, p53 expression, tumor grade, 
tumor size, and vascular-space invasion. Yamazaki et al. [109] studied 
intratumoral microvessel density in lung adenocarcinomas from 42 patients 
and concluded that microvessel density correlated with relapse after surgical 
resection and hematogenous metastasis in all stages of lung adenocarcinoma, 
but they found no correlation with lymph node metastases. 

Focusing on prostate carcinoma, Wakui et al. [110] highlighted endothelial 
cells with anti-vimentin and quantitated intratumoral angiogenesis with a 
computerized image analysis system. They determined the blood capillary 
density ratio (BCDR) in the entire tumor area of the section. The BCDR was 
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Table 6. Journal reports of positive, association of tumor angiogenesis and tumor aggressiveness 

Lung carcinoma 
1. Macchiarini et al. Lancet 1992;340: 145-146 
2. Macchiarini et al. Ann Thorac Surg 1994;57:1534-1539 
3. Yamazaki et al. Cancer 1994;74:2245-2251 
4. Yuan et al. Am] Resp Crit Care Med 1995;152:2157-2162 

Prostate carcinoma 
1. Wakui et al. ] Pathol 1992;168:257-262 
2. Weidner et al. Am] Pathol 1993:143:401-409 
3. Fregene et al. Anticancer Res 1993;13:2377-2381 
4. Brawer et al. Cancer 1994;73:678-687 
5. Vesalainen et al. Anticancer Res 1994;14:709-714 

Squamous (head-and-neck) carcinoma 
1. Mikami et al. Nip Jib Gak Kai 1991;96:645-650 
2. Gasparini et al. Int] Cancer 1993;55:1-6 
3. Albo et al. AW;l Plast Surg 1994;32:588-594 
4. Williams et al. Am] Surg 1994;168:373-380 

Rectal carcinoma 
1. Saclarides et al. Dis Colon Rectum 1994;37:921-926 

Central nervous system tumors 
1. Li et al. Lancet 1994;334:82-86 

Testicular germ-cell tumors 
1. Olivarez et al. Cancer Res 1994;54:2800-2802 

Bladder carcinoma 
1. Jaeger et al. ] Urol 1995;154:59-71 

Ovarian carcinoma 
1. Hollingsworth et al. Am] Pathol 1995;147:33-41 

Multiple myeloma 
1. Vacca et al. Br] Haematol 1994;7:87:503-508 

Cervical carcinoma 
1. Bremer et al. Am ] Obstet Gynecol 1996, in press 

Malignant melanoma 
1. Srivastava et al. Eur] Can Clin Oncol 1986;22:1205-1209 
2. Srivastava et al. Am] Pathol 1988;133:419-423 
3. Fallowfield et al. ] Pathol 1991;164:241-244 
4. Barnhill et al. Lab Invest 1992;67:331-337 
5. Barnhill et al. Am] Pathol 1993;143:99-104 
6. Graham et al. Am] Pathol 1994;145:510-514 
7. Cockerell et al. Am ] Dermatopathol 1994;16:9-13 

Those authors whose names are underlined indicate studies based on different patient databases 
that have been analyzed by different groups of investigators located at geographically separate 
medical centers. 

the ratio of the blood capillary area (x) to the tumor area (y) minus the luminal 
area of the tumor glands (z) [BCDR = x/(y - z)]. They found that in Gleason's 
low and intermediate grade tumors, the BCDR was significantly higher in 
prostate carcinomas that developed bone marrow metastasis than those that 
did not (p < 0.001). 

Likewise, to determine how intra tumoral microvessel density correlated 
with metastasis in prostate carcinoma, my colleagues and I used our own 
previously developed technique [91,95] and counted microvessels within the 
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initial invasive carcinomas of 74 patients (29 with metastasis, 45 without) [111]. 
The mean number of microvessels in tumors from patients with metastases 
was 76.8 microvessels per 200x field (median, 66; SD, 44.6). The counts within 
carcinomas from patients without metastases were significantly lower, 39.2 
(median, 36; SD, 18.6) (p < 0.0001). Intratumoral microvesse1 density in
creased with increasing Gleason's score (p < 0.0001), but this increase was 
present predominantly in the poorly differentiated tumors. Although 
Gleason's score also correlated with metastasis (p = 0.01), multivariate analy
sis showed that Gleason's score added no additional information to that pro
vided by intra tumoral microvessel density alone. Thus, assay of intra tumoral 
microvessel density within invasive tumors may prove valuable in selecting 
patients for aggressive adjuvant therapies in early prostate carcinoma. 
Fregene et al. [112] then quantitated microvessels in 23 nonmalignant and 34 
malignant prostatectomy speicmens. The findings were correlated with 
Whitmore-Jewitt stage and, based on the number of microvessels, the authors 
were able to distinguish stage D from all other pathologic stages (p = 0.004). 
They concluded that tumor angiogenesis in prostate cancer may have both 
clinical and pathological significance. Most recently, Brawer et al. [113] con
firmed these observations in 32 patients with prostate cancer using a com
puter-aided image analysis system to measure intra tumoral microvessel 
density after immunostaining with anti-F8RA/vWF. Their field size measured 
1.71 mm2, and the validity of the image analysis method was verified by com
paring manual counts obtained by two of the authors with the computer counts 
(p < 0.001, r = 0.98, n = 20 fields compared). 

In addition to these published reports, many other studies have shown an 
association between increasing intra tumoral microvessel density and various 
other measures of tumor aggressiveness. In fact, the increasing number of 
publications is becoming difficult to follow. Gasparini et al. [114], Mikami et al. 
[115], Albo et al. [116], and Williams et al. [117] have found associations of 
intra tumoral microvessel density with clinical outcome in squamous carcino
mas of the head and neck. These observations are consistent with the reported 
observations by Petruzzeli et al. [118] that head-and-neck squamous carcino
mas can induce an angiogenic response in vivo. Vasalainen et al. [119] have 
also confirmed, by univariate· analysis, the association of increasing 
intra tumoral microvessel density with higher Gleason's grade and poorer 
outcome in prostate carcinoma, and Saclarides et al. [120] have shown an 
association with decreased survival and relatively high intra tumoral 
microvessel density for rectal carcinomas. Olivarez et al. [121] have shown a 
correlation of aggressive tumor behavior and intra tumoral microvessel density 
in testicular carcinomas, and Hollingworth et al. [122] have noted an associa
tion of intratumoral microvessel density with disease-free survival for ovarian 
carcinomas. Moreover, Jaeger et al. [123] have shown an association of 
intra tumoral microvessel density in invasive urothelial carcinomas with the 
presence or absence of metastases. 
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Both Barnhill et al. [124,125] and Nasser et al. [126] have reported a gradual 
rise in vascularity with tumor progression in the melanocytic system and onset 
of angiogenesis during the radial growth phase of cutaneous malignant 
melanoma. Fallowfield et al. [127] reported a significant relationship between 
the percentage vascular volume and maximum tumor thickness in 64 
melanomas, suggesting that low tumor vascularity could correlate with a rela
tively favorable outcome in cutaneous melanoma, and Cockerell et al. [128] 
noted that intra tumoral micro vessel density was much greater in various 
malignant melanomas compared with all forms of Spitz nevi. These authors 
concluded that intra tumoral microvessel density may be useful, together 
with clinical and histologic findings, in distinguishing melanoma from Spitz 
nevus in selected cases. Graham et al. [129] found that in thin melanomas 
«0.75 mm invasion depth) high intratumoral microvessel density was associ
ated with a greater chance of metastases and death from tumor. Examining 
soft tissue tumors, Ewaskow et al. [130] reported significantly increased vessel 
density in malignant fibrous histiocytoma and malignant nerve sheath tumors 
compared with their benign counterparts (p = 0.036). Li et al. [131] have 
documented that greater intratumoral microvessel density predicts poorer 
outcome in CNS tumors, and Vacca et al. [132] have found an association of 
increasing microvessel area with more rapidly progressing cases of multiple 
myeloma and also with those having the highest proliferating (DNA S-phase) 
fractions. 

Other results with micro vessel density measurements 

Not all reports have found this association between intratumoral microvessel 
density and prognosis in solid tumors (Table 7). Van Hoef et al. [133] recently 
published a study of intratumoral micro vessel density (using anti-F8RA/vWF 
to highlight microvessels) in the carcinomas of 93 node-negative breast carci
noma patients. These investigators found no correlation between relapse-free 

Table 7. Journal reports of no association of tumor angiogenesis and tumor aggressiveRess 

Breast carcinoma 
1. Van Hoef et al. 
2. Hall et al. 

Malignant melanoma 
1. Carnochan et al. 

Tongue carcinoma 
1. Leedy et al. 

EurJ Cancer 
Surg Oneal 

Br J Cancer 

Otolaryrgol Head Neck Surg 

1993;29A:1141-1145 
1992;1:223-229 

1991;64:102-107 

1994;111:417-422 

Those authors whose names are underlined indicate studies based on different patient databases 
that have been analyzed by different groups of investigators located at geographically separate 
medical centers. 

289 



or overall survival and intratumoral microvessel density. However, the num
ber of microvessels reported in their study appeared much higher than those 
obtained by Weidner et al. [91,93], even though the latter employed larger 
counting areas and the same immunostaining techniques. The mean and me
dian (range) micro vessel counts from the Weidner et al. [95] study were 60 and 
56 (range 8-167), respectively, using a 0.74mm2 counting area. In contrast, 
Van Hoef et al. [133] observed microvessels counts of 80 and 72 (range 32-
156), respectively, using a 0.476mm2 counting area, or 64% of the field used by 
Weidner [95]. Furthermore, they reported an intra tumoral microvessel density 
count of30 and a median of28 (range 11-66) using a 0.1225mm2 counting area, 
or 16.6% of that used by Weidner [95]. In fact, the microvessel densities 
obtained by Van Hoef et al. [133] are in a range greater than would be 
expected when using anti-CD31 to highlight microvessels, and Horak et al. 
[98] found anti-CD31 to be the most sensitive endothelial marker for high
lighting intratumoral microvessels. These discrepancies suggest possible meth
odological problems. 

Hall et al. [134] were unable to find an association with intratumoral 
microvessel density and metastasis in breast carcinoma. These authors re
ported microvessel counts using a 0.1256mm2 microscopic field, which is 
much smaller than the optimal 0.74mm2 field used in our studies. Significance 
of the intratumoral microvessel density drops when the field size is smaller 
than 0.19mm2 [91]. They also excluded as vessels single cells that stained 
for anti-F8RANWF, believing that a lumen was necessary for it to be 
classified as a vessel, and that single cells were frequently not of vascular 
origin. This is a significant deviation from the Weidner et al. [91,93] 
procedure for determining intra tumoral microvessel density; we have found 
that anti-F8RA/vWF immunostaining is very specific for endothelial cells 
(see later). Furthermore, Hall et al. [134] studied 87 breast carcinoma 
patients, 50 of whom had only 1.5 years median follow-up and, of the 50 
node-negative patients, only three (6%) developed axillary or distant 
recurrence. A 6% incidence of disease relapse is far less than the expected 
20-30% rate expected in node-negative breast carcinoma patients. 
It is important that published protocols [91,93] be followed carefully. 
Furthermore, considerable experience (i.e., at the senior staff pathologist 
level) is needed not only to oversee the immunostaining of endothelial 
cells, such that all microvessels can be clearly identified, but also for selecting 
the neovascular hot spot. Moreover, accurate staging and adequate follow
up are needed to determine those patients who will develop tumor 
relapses. 

Carnochan et al. [135] and Leedy et al. [136] failed to show a relation of 
tumor-related microvessel density with outcome in patients with malignant 
melanoma and lymph nodal metastases in patients with squamous carcinoma 
of the tongue, respectively. Also, Leedy et al. [136] failed to show a relation
ship of p53 protein accumulation and lymph node status. Why these reports 
are contradictory to other reports is not clear. 
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Additional considerations in measuring intratumoral microvessel density 

Because counting microvessels is based on a standard immunohistochemica,l 
assay wherein endothelial cells (and thus microvessels) are highlighted with an 
antibody to FSRA/vWF, the test can be performed using technology and 
reagents available in many pathology laboratories. Indeed, counting 
microvessels has been proven to be reproducible [91,9S,112], especially follow
ing a period of training [137]. Brawer et al. [1132] compared manual 
intratumoral microvessel determinations with those determined by automated 
counting (i.e., Optimas Image Analysis) and found a very tight correlation (r2 
= 0.9S, P < 0.001). 

FSRA/vWF and Weibel-Palade bodies have been found in lymphatic en
dothelial cells, and possibly some of the intratumoral microvessels are lym
phatics. But the overwhelming majority of the microvessels counted have 
proven to be capillaries and postcapillary venules based on their morphology 
and FSRA/vWF staining intensity. In many studies it has been shown that 
FSRA/vWF stains the endothelial cells of blood vessels more reliably than 
those of lymphatics [13S-146]. In these studies, the investigators used the same 
basic techniques that were used in our studies [91,95]. These published obser
vations and our own experience indicate that FSRA/vWF is not a reliable 
means of staining lymphatic microvessels. For example, Ordonez et al. [144] 
state that when FSRA/vWF is 'applied as a marker for lymphatics, staining of 
endothelial cells is weak or absent, even if the staining is done on enzymati
cally treated tissue sections.' Moreover, Lee et al. [139] stated that 'most 
reports indicate that small lymphatic vessels are negative [for FSRA/vWF] and 
that FSRA/vWF may be utilized to distinguish between blood vessel capillar
ies and lymphatic capillaries.' They also noted that they 'have found that 
lymphatic endothelium is occasionally positive after trypsin treatment, but the 
results have been inconsistent and unreliable' [139]. It is important that we 
have measured intra tumoral microvessel density within invasive breast carci
noma, and there is good evidence to suggest that there are no (at least not 
functional) lymphatics within tumors [147-150]. Tanigawa et al. [14S] con
cluded that there were no lymphatic vessels in cancerous regions by their 
lymphangiographic procedure, even in the early stages of cancer. Other stud
ies, in which dyes were injected into the lymphatic vessels or interstitial space 
[149,150], yielded similar results. 

Morphologically, with the current technology it can be difficult to dete.r
mine if a single endothelial cell belongs to a lymphatic or blood microvessel 
[147,151]. Barsky et al. [152] reported that the distinction can be made by the 
presence of basal lamina around blood microvessels, but not around lymphat
ics. Unfortunately, some newly formed microvessels within tumors have 
poorly formed, discontinous, or even absent basal lamina. Accordingly, it 
would be inaccurate to claim that lymphatic microvessels were reliably in
cluded in our counts [91,95]. On the contrary, by using FSRA/vWF 
immunostaining, we may be missing some of the blood microvessels, rather 
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than including significant numbers of lymphatic microvessels, which are the 
least likely microvessels to immunostain reliably with F8RA/vWF. 

Clealry, no endothelial marker developed to date has been 'perfect.' Yet we 
have found that F8RA/vWF has been the most specific endothelial marker, 
providing very good contrast between microvessels and other tissue compo
nents. Unfortunately, anti-F8RA/vWF may not highlight all intra tumoral 
microvessels, and it may be diminished or even absent from some tumor 
capillaries [153]. Although apparently more sensitive, CD31, in our experi
ence, crossreacts to a mild degree with fibroblasts and even with some tumor 
cells (as does CD34) [154-157], and it strongly crossreacts with plasma cells. 
Indeed, the crossreactivity of CD31 with plasma cells can significantly obscure 
the microvessels in those tumors with a prominent inflammatory background 
containing plasma cells, thus complicating accurate microvessel counts. CD34 
is an acceptable alternative, but CD34 will highlight perivascular stromal 
cells and has been noted to stain a wide variety of stromal neoplasms. Like 
antibodies to F8RA/vWF, antibodies to CD31, CD34, and PAL-E also do not 
immunostain all intratumoral microvessels [158]. 

Wang et al. [158,159] have developed a monoclonal antibody (Mab E9), 
which was raised against proliferating or 'activated' endothelial cells of human 
umbilical-vein origin and grown in tissue culture. Mab E9 strongly reacted 
with endothelial cells of all tumors, fetal organs, and in regenerating and/or 
inflamed tissues, but it only rarely and weakly immunostained endothelial cells 
or normal tissues. Unfortunately, Mab E9 immunoreacted only in frozen 
tissue sections, although microwave antigen-retrieval techniques applied to 
formalin-fixed, paraffin-embedded tissues were not mentioned. Nonetheless, 
antibodies such as Mab E9 may provide the most sensitive staining of 
intra tumoral microvessels by preferentially immunostaining 'activated or pro
liferating' endothelial cells. Thus the overall staining intensity may correlate 
best with active tumor angiogenesis and, hence, tumor aggressiveness. Auto
mated ('machine') immunostaining and application of computer-aided image 
analysis may help to standardize microvessel counts and help eliminate 
interobserver and even intra observer variables, such as inexperience and hot 
spot selection biases [160]. The latter approach may make determination of 
intra tumoral microvessel density a simple, reliable, and reproducible prognos
tic factor in a variety of solid tumors, not just in breast carcinoma. 

Actually, measuring intratumoral microvessel density may prove to be a 
relatively crude method for estimating a tumor's angiogenic capacity. Other 
methods may prove more reliable and reproducible, such as measuring serum 
or urine levels of angiogenic molecules or directly measuring angiogenic mol
ecules or inhibitors from tumor extracts (i.e., in a manner similar to hormone 
receptor assays). Indeed, using an immunoassay, Watanabe et al. [161] and 
Nguyen et al. [162] reported elevated levels of bFGF in the serum and urine of 
patients with a wide variety of solid tumors, including breast carcinoma. 
Higher levels were found in patients with metastatic disease versus those with 
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localized disease. Moreover, Li et al. [131] have measured bFGF in the cere
brospinal fluids of children with a variety of brain tumors and have correlated 
increasing fluid bFGF levels with greater intra tumoral microvessel density and 
increased likelihood of recurrence. 

Final comments 

Tumor angiogenesis is necessary for tumor growth and metastasis. Thus far, 
the overwhelming majority of published reports show a significant correlation 
between the density of intratumoral microvessels of invasive breast carcinoma 
and the incidence of metastases and/or patient survival. Similar associations 
are now reported for patients with melanoma, prostate carcinoma, testicular 
carcinoma, ovarian carcinoma, rectal carcinoma, bladder carcinoma, central 
nervous system tumors, mUltiple myeloma, non-smaIl-ceil lung carcinomas, 
and squamous carcinoma of the head and neck (see Table 5). 

The association between intratumoral microvessel density and various mea
sures of tumor aggressiveness could be explained in a number of ways. First, a 
highly angiogenic primary tumor with a high intra tumoral microvessel density 
is more likely to seed distant sites with highly angiogenic clones [155]. Second, 
solid tumors are composed of two discrete yet interdependent components 
(i.e., the malignant cells and the stroma they induce), and measuring 
intra tumoral microvessel density could be a valid measure of the success that 
a particular tumor has in forming this very important stromal compartment. 
Also, the endothelial cells of this stromal component may be stimulating the 
growth of the tumor cells in a 'reverse' paracrine fashion. Third, the density of 
the microvessel bed within a tumor is likely to be a direct measure of the size 
of the vascular 'window' through which tumor cells pass to spread to distant 
body sites. The larger that window, the greater the number of circulating 
tumor cells from which a metastasis could develop. Finally, if it is true that 
endothelial cells playa very active role in the metastatic process (i.e., engulfing 
tumor cells) and that tumor cells are actually mOire passive than previously 
thought, then intra tumoral microvessel density could be a direct measure of 
those endothelial-derived forces promoting metastases. I believe all of these 
factors are acting together to encourage tumor growth and metastasis. Indeed, 
it is no surprise that intra tumoral microvessel density correlates with various 
measures of tumor aggressiveness. 

Nonetheless, it remains to be seen whether the findings and techniques 
reviewed here will be universally reproducible and continue to hold up as a 
predictor of metastasis when utilized in a prospective manner by pathologists 
in many different centers. Moreover, as tumor therapies become more effec
tive in preventing tumor recurrence, the ability of a prognostic test to stratify 
patients into various prognostic categories becomes more diminished. With a 
100% cure rate, all prognostic tests for predicting tumor recurrence become 
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meaningless. In any event, the findings reviewed here have increased our 
understanding about the critical role of angiogenesis in human tumor growth 
and metastasis. 
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15. Cell motility in breast cancer 

Jason D. Kantor and Bruce R. Zetter 

Introduction 

Tumor growth and metastasis involve a complex interaction between tumor 
and nontumor cells, characterized by alterations in the regulation of cell 
behavior. The earliest stage of tumor formation is proliferation. Through 
genetic mutations, a cell or group of cells becomes refractory to normal growth 
regulation. The resultant mass of cells exerts pressure on surrounding tissue 
but does not cross tissue boundaries. Noninvasive tumors have been termed 
benign and can often be easily removed. The progression from a benign to a 
malignant tumor entails a series of steps involving both tumor cells and the 
surrounding tissue. 

The first step toward malignant transformation is local invasion. Metastatic 
tumor cells possess the capacity to detach from neighboring cells, to degrade 
basement membrane and connective tissue, and to migrate and invade into 
neighboring tissue. As a result, tumor cells invade the stroma, lymph, and 
vasculature. Tumors that have invaded local tissues are more difficult to re
move and can often compromise normal organ functions by disrupting tissue 
architecture. 

Second, as a tumor grows it becomes nutrient limited. To meet the growing 
nutritional needs of the tumor, it must recruit new blood vessels. To do this, 
tumors secrete soluble factors that cause both directed migration and prolif
eration of capillary endothelial cells. Angiogenesis, the growth of new blood 
vessels, is necessary for tumor growth beyond the critical size of approximately 
2mm in diameter, the limit of nutrient diffusion [1]. The process by which 
endothelial cells vascularize tumors is analogous to the process by which 
tumor cells invade neighboring tissue. Endothelial cells respond to angiogenic 
factors by degrading subendothelial basement membrane and adjoining con
nective tissue, migrating toward the tumor, and proliferating. The conse
quence is the formation of new blood vessels supplying the tumor. 

Third, tumor cells enter the vasculature and disperse throughout the body. 
Entry of tumor cells into the vasculature is largely dependent on angiogenesis. 
The abundance of newly formed capillaries in and around the tumor, and the 
increased permeability of these new vessels, provides ample opportunity for 
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motile cells to escape the primary site. Intravasation, the process of entering 
the vasculature, is highly efficient, such that a 1 cm diameter murine mammary 
carcinoma can shed two million cells into the blood stream in 24 hours [2]. 
Once in the vasculature, cells must both evade the immune system and survive 
long enough to exit the vasculature. Extravasation, the process by which tumor 
cells exit the vasculature across the endothelial cell layer, is a normal function 
of leukocytes, involving adhesion to endothelial cells, degradation of extracel
lular matrix, and cell motility [3]. For tumor cells, extravasation is less efficient 
than intravasation because the intact vessels in normal tissue present a greater 
barrier to the passage of tumor cells than do the permeable, angiogenic blood 
vessels at the primary tumor site. Finally, cells that have successfully escaped 
the primary site and exited the vasculature migrate into the tissue of the 
secondary site and must again establish a source of nutrients through the 
recruitment of new blood vessels. 

Central to the process of tumor metastasis is the phenomenon of cell 
motility. Local invasion, angiogenesis, intravasation, and extravasation all 
require active motility of tumor and endothelial cells. The source of stimula
tion and the nature of the motile response define three types of cell motility: 
chemotaxis, chemokinesis, and haptotaxis (Figure 1). Chemotaxis refers to the 
directional migration of a cell in response to a gradient of a soluble factor, such 
as peptide growth factors and fragments of extracellular matrix molecules. 
Tumor cell chemotaxis has been proposed to playa role in local invasion and 
site-specific metastasis [4-6]. In an analogous system, angiogenic factors such 
as VEGF are chemotactic for endothelial cells, causing local invasion of new 
blood vessels [7]. To recruit new vessels, tumor cells secrete angiogenic fac
tors, creating a point source and establishing a chemotactic gradient that can 
be sensed by nearby endothelial cells expressing the proper receptor; these 
cells then migrate in the direction of the tumor. The relationship between 
motility and the concentration of chemoattractant exemplifies the underlying 
mechanism of chemotaxis. Migration of cells in the direction of a chemotactic 
gradient increases as the dose of chemoattractant increases, but at very high 
chemoattractant doses motility is inhibited. The resultant bell-shaped dose
response curve is a hallmark of chemotaxis. Cells may 'sense' the gradient of 
chemoattractant by the differential stimulation of membrane receptors across 
the cell surface. Chemotaxis occurs when a cell migrates in the direction of 
greater stimulation. As a cell moves up a concentration gradient or the 
chemoattractant concentration is artificially increased, cell surface receptors 
saturate and the resulting homogeneous stimulation does not elicit a motile 
response. Chemotaxis will not occur in cells exposed to a homogeneous con
centration of chemoattractant. 

Chemokinesis refers to the stimulation of randomly directed motility due to 
either an increased rate of cellular translocation or an increased distance 
traveled between direction changes. Chemokinesis is also stimulated by the 
activation of membrane-bound receptors by their ligands, but unlike 
chemoattractants, chemokinetic factors will maximally stimulate cell motility 
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Figure 1. Three types of cell motility are defined by their source of stimulation. Chemotaxis is 
induced by a soluble concentration gradient. Chemokinesis is stimulated by soluble factors in the 
absence of a concentration gradient. Haptotaxis occurs when cells encounter an insoluble gradient 
of attractant. 

in the absence of a soluble gradient. Chemokinetic factors, such as HGF/SF 
[8,9] and AMF [10], stimulate cell motility in tumor cells expressing the appro
priate receptors and contribute to the process of local tissue invasion by 
promoting the radial spread of tumor cells away from the tumor. Cells exhib
iting enhanced random motility will wander further from their initial position 
than cells that are less motile, and cells at the tumor margins are inhibited from 
moving back into the tumor by the high density of cells. 

Haptotaxis refers to the directed migration of cells in response to a gradient 
of immobilized extracellular matrix. This term is frequently applied to the 
motility of cells placed on a substratum containing a gradient of a known 
adhesion molecule but can also be applied to movement in response to other 
immobilized attractants. Since many cells can respond to both soluble and 
insoluble extracellular matrix molecules, determining the contribution of 
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chemotaxis and haptotaxis can be difficult. Brandley and Schnaar have shown 
that it is possible to generate a solid phase gradient of attractant molecules in 
vitro [11]. Cells plated at uniform density will redistribute preferentially in the 
direction of increased attractant concentration after several hours [12,13]. This 
migration can be quantified and represents haptotaxis. Cells in vivo are more 
likely to be presented with a combination of soluble and insoluble attractants. 
For example, adhesive extracellular matrix molecules may be immobilized in 
a network or solubilized in fragments, and soluble growth factors may be free 
in solution or tightly bound to insoluble extracellular matrix molecules. 
Hence, the direction a cell moves may depend on the balance between chemo
taxis and haptotaxis. 

In this review, the relationship between cell motility and breast cancer is 
discussed with an emphasis on the molecules known to positively and nega
tively affect the regulation of cell motility in breast cancer. In addition, the 
methods for measuring cell motility and the distinction between random and 
directed migration are discussed. 

Methods of measuring motility 

Many methods are available to study cell motility, and each assay has its 
advantages and limitations. An understanding of these methods is essential in 
interpreting the literature. In this section, we describe a variety of methods 
commonly employed in the study of cell motility [14]. Direct observation by 
time lapse microscopy has been used to study chemokinesis and random 
unstimulated motility. When viewed at 360 times normal speed, aspects of cell 
motility can be observed and SUbjectively scored. The ability to separately 
quantify translocation, pseudopod extension, membrane ruffling, and cell 
shape is a unique advantage of this technique and has proven useful in 
predicting, for example, the metastatic potential of Dunning rat prostate car
cinoma cell lines [15,16]. Although this method has been shown to produce 
consistent results independent of the observer [17], the subjective basis of 
scoring motility is a distinct disadvantage. Computer Fourier analysis of cell 
shape can substitute for SUbjective human grading and provide quantitative 
measurements of cell motility [18]. The wealth of morphological data pro
duced by this technique can be useful, but the expense of the system is a 
disadvantage. 

In vitro 'wound healing' assays are also used to study chemokinesis and 
random unstimulated motility. In this assay, a confluent monolayer of cells is 
'wounded' by scraping away a thin line of cells, and the rate at which cells enter 
the denuded zone is used as a measurement of cell motility. Depending on the 
size of the wound, this assay can take days and has the added complication that 
proliferation can contribute to wound healing. In addition, cells in a mono
layer may be in Go and/or inhibited in their motility by close contact with 
neighboring cells. As a result, differences in wound healing between cell types 
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may reflect differences unrelated to motility. However, the simplicity of this 
assay is an advantage. 

The phagokinetic track assay measure chemokinesis and random 
unstimulated motility based on the ability of migrating cells to phagocytose 
small gold or plastic particles as they move across a dish [19]. Cells are plated 
sparsely on a coated surface, and after many hours cell motility is quantified by 
measuring the average area that a single cell cle.ars. The shape of the area 
cleared by a cell can provide additional information. For example, a cell 
moving rapidly but changing directions frequently may clear a circular region 
of gold particles. In contrast, a cell making infrequent direction changes will 
clear jagged tracks of particles. 

To separately measure the effect of chemotaxis and random motility,a 
modified Boyden chamber is often used. In this assay, two chambers (upper 
and lower well) are separated by a porous filter. Cells are placed in the top well 
and the chemotattractant or chemokinetic factor is placed in either the top 
well, the bottom well, or both. The membrane serves as a limited barrier to the 
cells and establishes a soluble concentration gradient by slowing diffusion 
between the two chambers. After an incubation of 4-5 hours, the filter is 
removed and the 'cell side' of the filter is scraped. Cells that migrate to the 
other side of the filter are fixed, stained, and counted. In this assay, a 
chemoattractant will stimulate cells to cross the membrane only if it is at a 
higher concentration in the lower chamber, whereas a chemokinetic factor will 
stimulate cells to cross the filter when the factor is in either the top or the 
bottom well. The measurement of the effect of different concentrations of 
attractant in both the bottom and top well is often called a checkerboard 
analysis [20]. The Boyden chamber assay has the advantage of providing a 
quantitative distinction between chemotaxis and chemokinesis. 

The Transwell assay utilizes the same two-chamber principle as Boyden 
chambers, but in this assay the top well and filter are a unit placed in a tissue 
culture dish. Like the Boyden chamber, the Transwell assay allows quantifi
able measurements of chemotaxis and chemokinesis. In addition, cells can be 
grown in the bottom chamber, and the production of motility factors can be 
measured by the motility of cells placed in the top chamber. The size and 
structure of the chamber permit motility analysis of a greater number of cells, 
facilitating biochemical analysis of cells in the top chamber. However, the 
increased volume can be a disadvantage when studying motility factors that 
are expensive or difficult to purify. 

The under-agarose assay utilizes the diffusion retardation properties of 
agarose to establish a two-dimensional concentration gradient of a chemotac
tic factor across the surface of a tissue culture dish. A tissue culture plate is 
covered with a thin layer of agarose in which three small wells are cut. Cells are 
plated in the central well, medium containing a motility factor is placed in a 
neighboring well, and the third well contains control medium. Without motil
ity stimulators present, cells will spread radially due to unstimulated random 
migration. If, however, the neighboring well contains a chemoattractant, cells 
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will migrate preferentially toward the chemoattractant. The difference be
tween the migration distance in the direction of the chemoattractant well and 
the distance in the direction of the control well provides a measurement of 
chemotaxis. Like the wound healing assay, the under-agarose assay can 
take several days and can be complicated by the effects of concomitant 
proliferation. 

Haptotaxis is not often measured precisely. Brandley and Schnaar de
scribed an assay to measure haptotaxis of melanoma cells on an adhesive 
gradient of immobilized RGD pep tides [12]. The integrin binding peptide 
Arg-Gly-Asp (RGD) is immobilized in a polyacrylamide gel. Cells are plated 
uniformly on the gel, and after several hours the distribution of cells on the gel 
is analyzed by computer. The results indicate that melanoma cells redistribute 
in the direction of increasing insoluble RGD peptide. In other cases, the 
Boyden chamber assay has been used under conditions in which adhesion 
molecules are coated onto only one side of the filter, creating a step gradient 
[21]. One caveat with this approach is that some portion of the adsorbed 
attractant may become solubilized during the course of the assay and may act 
as a conventional chemotactic stimulus. 

Tumor cell motility 

The relationship between motility and metastasis has been well described for 
the Dunning R3327 rat prostatic adenocarcinoma model. Mohler and Coffey 
analyzed cells using time-lapse video microscopy [15-17]. By viewing these 
cells in culture at 360 times normal speed, an observer could grade (from 0 to 
5) the amount of membrane ruffling, pseudopod extensions, and cell translo
cation. When this analysis was applied to Dunning cell lines of different 
metastatic potential that were otherwise indistinguishable, each of the three 
motility grades could predict high or low metastatic potential. The best accu
racy (96%) was obtained when both cell translocation and pseudopod exten
sion were considered. Subsequent analysis of these cells using Fourier analysis 
to quantify cell motility also accurately predicted metastatic potential [18]. 
These results strongly suggest a link between tumor cell motility and meta
static potential. 

In normal adult breast tissue, cell motility is tightly regulated and is largely 
limited to macrophages and lymphocytes. Abnormal regulation of tumor cell 
and endothelial cell motility can result from (1) a local increase in production 
and secretion of motility factors by tumor cells, (2) production of motility 
factors by nontumor cells locally at the site of the tumor, (3) increased sys
temic production of motility factors, (4) alterations in the expression of intra
cellular proteins that regulate cell motility, and (5) alterations in the 
expression and activation of enzymes that modify and degrade the basement 
membrane. In each of these cases, motility can be regulated both positively 
and negatively, and the balance between stimulation and inhibition deter-
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mines the direction and extent of cell motility. The consequences of increased 
cell motility include increased tumor vascularization and tumor invasion. 

Local motility-stimulating cytokines 

Production of cell motility-stimulating cytokines by tumor cells and tumor
associated stromal cells provides a local environment that promotes invasion 
and/or angiogenesis. Autocrine motility factors and scatter factor both act 
locally in breast tumors to support motility and may playa role in malignant 
progression. Autocrine stimulation of tumor cell motility occurs in cells that 
both produce and respond to the same factor. Both human breast and mela
noma cells produce autocrine motility factors [22,23,24], and it is believed that 
the production of these factors promotes tumor invasion by increasing the 
random motility of tumor cells. Liotta and colleagues originally purified a 
55kD tumor cell autocrine motility factor (AMF) from melanoma cell 
conditioned media [23]. Checkerboard analysis indicated that AMF stimulates 
chemokinesis in the cells that produce it. Microscopic analysis revealed that 
stimulation of breast tumor cells with AMF leads to the formation of pseudo
pod extensions enriched in receptors for the extracellular matrix molecules 
laminin and fibronectin [25]. Although AMF is defined by its ability to stimu
late motility in cells that produce it, the production of AMF by a cell or a 
subpopulation of cells in a tumor may also promote the motility of nearby 
nonproducing tumor cells. In addition to the 55kD AMF, a number of differ
ent molecules have been identified that have autocrine motility activity. Most 
recently, Liotta and colleagues purified autotaxin from human melanoma 
conditioned media [22]. Autotaxin is functionally similar to previously charac
terized autocrine motility factors, but its size and partial amino acid sequence 
identify it as a novel factor. 

Stimulation of tumor cell motility by members of the AMF family of mol
ecules may contribute to tumor metastasis. Production of AMF by highly 
metastatic rat mammary adenocarcinoma cell lines was greater than in low 
metastatic lines [24]. In addition, high levels of AMF in the urine of patients 
with bladder cancer correlate with increased tumor progression [26]. Although 
a direct link between AMF production and human breast cancer metastasis 
has not been established, the current data support a role for AMF in increased 
motility and invasiveness of breast tumor cells. 

Tumor cell motility can also be stimulated by parcrine factors produced by 
nontumor cells. For example, fibroblasts can produce a cytokine, known as 
hepatocyte growth factor or scatter factor (HGF/SF), that dissociates epithe
lial cells by stimulating cell motility and promoting detachment of cell-cell 
contacts [27]. Recent work describing the production and action of HGF/SF in 
breast cancer provides a working model for the role of HGF/SF in breast 
cancer metastasis. Production and secretion of HGF/SF by tumor-associated 
fibroblasts are stimulated by the production of an unknown low-molecular-
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weight factor by breast tumor cells [28,29]. HGF/SF stimulates chemokinesis 
in murine breast tumor cells [29], and this effect may be greater in poorly 
differentiated breast tumors that have been shown to express thec-met recep
tor [30]. Activation of cells by HGF/SF is dependent on the cell surface 
expression of the c-met tyrosine kinase receptor [31]. HGF/SF may also pro
mote metastasis by recruiting new blood vessels to the tumor. Angiogenesis is 
stimulated by HGF/SF, a response that is due in part to the stimulation of 
endothelial cell chemotaxis and random motility by HGF/SF [32-35]. Addi
tionally, high levels of HGF/SF in the lungs of BalbC mice [29] may promote 
extravasation of mouse mammary tumors into the lung, a preferred site of 
metastasis for many mouse mammary tumors. 

The importance of HGF/SF in breast tumor metastasis is further supported 
by clinical and experimental animal observations. High levels of HGF/SF in 
samples of human breast tumors correlate with shorter relapse-free and over
all survival time [36]. In addition, injection of mammary tumor cells that have 
been pretreated with HGF/SF into the tail vein of BalbC mice produces a 
small but significant increase in lung tumors compared with control, untreated 
cells [29]. 

Systemic cytokines 

In addition to locally acting motility factors, cytokines produced by a variety of 
cell types may influence tumor formation and progression systemically 
by affecting the motility of tumor cells and/or non tumor cells. Migration
stimulating factor (MSF) and interleukin-6 provide two such examples. Migra
tion-stimulating factor is produced by fetal fibroblasts and induces the motility 
of either adult or fetal fibroblasts into three-dimensional collagen gels. As a 
result, fetal fibroblasts can invade collagen gels through autocrine stimulation 
by MSF, while adult fibroblasts do not significantly invade collagen gels with
out the addition of exogenous MSF. Tumor-derived fibroblasts from approxi
mately 50% of sporadic human breast tumors and 90% of familial tumors have 
migratory phenotypes similar to fetal fibroblasts [37]. Moreover, Haggie et al. 
reported that skin-derived fibroblasts from over 90% of patients with familial 
breast cancer and 50% of their unaffected first-degree relatives displayed the 
fetal-fibroblast phenotype [38]. Migration-stimulating factor could also be 
detected in the serum of breast cancer patients both before and after tumor 
resection, and no MSF could be detected in control serum. Because MSF 
persists after tumor resection and fetal-like fibroblasts are present in the skin 
of both tumor patients and people predisposed to breast tumors, it has been 
hypothesized that a systemic effect of MSF persists in the absence of primary 
tumor mass and may precede and contribute to tumor formation [39]. 

Although it is too early to say conclusively whether fetal-like fibroblasts and 
MSF production predispose one to breast cancer, Sakakura reported in 1983 
that implantation of fetal fibroblasts into rat mammary tissue could induce 
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hyperplasia [40]. This phenomenon was not observed when adult fibroblasts 
were similarly injected. Recently, however, the distinction between the adult 
and fetal fibroblast phenotypes has become obscure [41], making it difficult to 
assign a role for MSF in tumor progression and cell motility. In fact, Schor et 
al. reported that the effect of MSF on cell motility may be indirect and may 
require the synthesis of hyaluronic acid [42]. The relationship between MSF 
and motility requires further clarification. All studies of MSF employed the 
collagen invasion assay, which does not directly measure motility. Boyden 
chamber analysis of MSF may help to determine whether the effect on 
fibroblasts is due to random motility, chemotaxis, or haptotaxis. 

Interleukin-6 (IL-6), another systemic cytokine, may have a more direct 
effect on breast tumor cells. In response to inflammation-associated cytokines, 
IL-6 is produced by a wide variety of cells, including fibroblasts, keratinocytes, 
endothelial cells, smooth muscle cells, and monocyte/macrophages [43]. IL-6 
acts systemically and can be detected in the circulation of patients with infec
tion, injury, or tumors. Among its numerous and pleitropic effects, IL-6 acts 
directly on breast tumor cells, affecting both growth and motility. IL-6 is a 
potent inhibitor of breast tumor cell proliferation. Treatment of breast tumor 
cells with IL-6 will cause dissociation of epithelial-like cell clusters, due to the 
loss of cell-cell adhesions and an increase in random motility 44]. IL-6-treated 
breast tumor cells viewed in culture using time-lapse photography exhibit 
increased filopodial extensions and increased cellular translocation. All this 
said, however, it remains unclear what effect IL-6 has on the progression and 
metastasis of breast tumors in vivo. 

Tumor cell motility genes 

The presence of motility factors in and around tumors is not sufficient to 
produce metastasis. As tumor cells progress from a benign lesion to a malig
nant tumor, gene expression changes as a result of genetic mutations and 
clonal selection. By identifying genes that are differentially expressed between 
high and low metastatic tumors of the same origin, it has been possible to 
determine some of the cellular processes that are important in providing 
selective advantage to metastatic cells. Two examples that implicate cell motil
ity in metastasis are presented here. 

Mts-1 was identified as a result of its overexpression in highly metastatic 
mouse mammary carcinoma cells compared with the low metastatic parental 
line [45]. Mts-1 is a member of the S100 family of Ca2+ binding proteins. Its 
expression is highest in the spleen, thymus, bone marrow, and lymphocytes 
[46,47]. Mts-1 is homologous to a rat protein, p9Ka, whose expression is 
also upregulated in metastatic mammary carcinoma cells [48]. Overexpression 
of p9Ka in a rat mammary epithelial cell line results in an increase in 
metastasis to the lung [48-50]. Conversely, overexpression of an mts-1 anti
sense construct in mouse metastatic mammary carcinoma cells leads to a 
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reduction in metastatic potential [46]. These results strongly support the hy
pothesis that mts-1 and p9Ka function as positive regulators of mammary 
tumor metastasis. 

Overexpression of mts-1 has been correlated with an increase in cell motil
ity [51,52]. In that study, random motility measured by phagokinesis was 
increased in cell lines that expressed high levels of mts-1 as a result of transfor
mation or transfection. Similarly, high levels of mts-1 expression are normally 
found in nontumor cells that exhibit high rates of cell motility, including 
neutrophils, T lymphocytes, and activated macrophages [46,51]. The mecha
nism by which mts-1 affects cell motility is not known, but recent studies 
indicate that mts-1 is associated with the actin cytoskeleton [48,53]. Specific 
binding interactions between mts-1 and both nonmuscle myosin [54,55] and 
nonmuscle tropomyosin [56] may provide the biochemical basis for the ob
served actin co localization. 

Another gene, nm23, was identified based on its differential expression 
between high and low metastatic murine melanoma cell lines [57]. In contrast 
to mts-1, nm23 was more highly expressed in the low metastatic lines. Of the 
two human homologues, nm23-H1 and nm23-H2, only nm23-H1 is differen
tially expressed between high and low metastatic tumors. In human breast 
carcinomas, decreased levels of nm23-H1 have been correlated with greater 
invasiveness [58] and lymph node metastasis [59-63], and two studies found 
nm23-H1 expression associated with a good prognosis [64,65]. Although some 
reports suggest that a decrease in nm23 expression is not correlated with 
breast tumor invasion [66], most evidence supports the observation that nm23-
H1 expression is inversely correlated with breast cancer metastasis. Lastly, 
stable clones of metastatic human breast carcinoma [67] and mouse melanoma 
[68] cell lines overexpressing nm23-H1 (or mouse nm23) exhibited a signifi
cant reduction in tumor metastasis, supporting the hypothesis that nm23-H1 
functions as a suppressor of the metastatic phenotype. 

The mechanism by which nm23-H1 suppresses metastasis in breast carci
noma cells remains unknown. However, expression of nm23 in both human 
breast carcinoma and murine melanoma cell lines inhibits serum and growth 
factor-stimulated chemotaxis and chemokinesis without affecting basal ran
dom motility [69]. In addition, cells transfected with nm23-H1 remain respon
sive to the motility stimulating effects of lysophosphatidic acid (unpublished 
data). The loss of motility in response to several but not all motility factors 
indicates that nm23-H1 affects motility subsequent to receptor binding and 
does not cripple the motility machinery. The mechanism by which nm23-H1 
inhibits stimulated cell motility remains unknown and is the focus of ongoing 
research. To date, the only molecule found to associate with nm23-H1 is nm23-
H2, which has also been shown to bind to the c-myc promoter and to stimulate 
transcription [70,71]. Although the interraction of nm23-H2 with the promotor 
region of c-myc may be rather nonspecific [M Veron, personal communica
tion], the association of nm23-H1 with nm23-H2 may have an effect on either 
the localization or the nuclear function of nm23-H2. Identifying the nuclear 
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function of nm23-H2 may help one understand how nm23-H1 inhibits cell 
motility and tumor metastasis. 

Although there is no clear explanation of how nm23 inhibits both 
metastasis and tumor cell motility, a great deal is known about this protein. 
Nm23-H1 and nm23-H2 (identical to human e,rythrocyte NDPK A and B) 
have molecular weights of 18,500 and 17,000, respectively, and exist as stable 
hexamers. These hexamers function as nucleoside diphosphate kinases 
(NDPK), transferring high-energy phosphates from NTP to NDP with a 
histidine-phosphorylated enzyme intermediate. In addition to its function as 
an NDPK, nm23 and its homologue in Myxococcus xanthus have both been 
reported to autophosphorylate on serine residues [72,73], and nm23-H1 
autophosphorylation was observed to be a better predictor of metastatic 
potential than NDPK activity [72]. Recent work on nm23-H1, NDPK from 
Dictyostelium discoideum, and NDPK from Myxococcus xanthus questions the 
relevance of this serine autophosphorylation, arguing that the low stoichiom
etry of phosphate incorporation excludes a role of autophosphorylation in 
regulating overall enzyme activity [74]. 

It has been proposed that the opposing effects of mts-1 and nm23-H1 are 
due to changes in microtubule polymerization [75]. Although NDPK from pigs 
has been shown to shorten the lag time of in vitro tubulin polymerization [76], 
no direct interaction between nm23-H1 and either tubulin or microtubules has 
been observed [77]. Mts-1 appears to be closely associated with the actin/ 
myosin cytoskeleton and not microtubules. An effect of nm23-H1 and mts-1 
on microtubule polymerization cannot be ruled out, but strong evidence to 
support this hypothesis is lacking. The identification of both positive and 
negative regulators of metastasis, along with their connection to tumor cell 
motility, argues that tumor cell motility strongly influences the metastatic 
potential of breast tumors. 

Angiogenesis 

The formation of new tumor associated blood vessels facilitates solid tumor 
growth and metastasis to distant sites [78,79]. As a tumor mass grows, the 
availability of nutrients becomes diffusion limited, and the tumor seldom 
grows beyond 1-2mm in diameter [1,80]. Further progression occurs when a 
subpopulation of cells within the tumor becomes angiogenic, and newly 
formed microvessels sprout from nearby capillaries and perfuse the tumor 
[81]. The availability of nutrients supports further tumor cell proliferation, and 
the permeability of newly forming microvessels increases the opportunity for 
tumor cells to metastasize. The importance of angiogenesis in the progression 
of breast cancer has been demonstrated by staining sections of primary human 
breast tumors with antibodies to endothelial cell-specific markers, such as 
factor VIII-related antigen or CD3l. The number ofendothe1ial cells counted 
in an area of high endothelial cell density within a tumor section provides a 
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useful prognostic indicator of survival in both node-positive and node
negative breast cancer patients [82-89]. 

The angiogenic phenotype is characterized by the release of angiogenic 
factors from tumor cells, tumor-associated cells, extracellular matrix mol
ecules, and endothelial cells. Most angiogenic stimulators are polypeptides, 
many of which bind to heparin in the extracellular matrix. Notable exceptions 
include prostaglandins E J and Ez, derived from lipids, and the small cofactor 
molecule nicotinamide. Endothelial cells expressing the appropriate receptors 
will proliferate and/or migrate in response to angiogenic stimulation [90]. 
Tumor neovascularization may depend on the release of multiple angiogenic 
factors. 

The process of tumor neovascularization is similar to tumor cell invasion of 
local tissue Endothelial cells responding to angiogenic stimulation degrade 
subendothelial basement membrane molecules, migrate into neighboring tis
sue, proliferate, form tubes and loops, and secrete new basement membrane. 
Inhibition in anyone step is sufficient to reduce neovascularization. Endothe
lial cell motility is an early and ongoing process in the development of new 
blood vessels. Blocking endothelial proliferation will inhibit neovas
cularization but will not affect the formation of vascular sprouts, which form 
early in the angiogenic process and are believed to be depend,ent on cell 
motility [91]. The role of endothelial cell motility in the formation of capillary 
networks has been analyzed by computer modeling [92]. Stokes and 
Lauffenburger [92] concluded that endothelial cell migration is rate limiting in 
the formation of vascular networks; thus, the growth of a single vessel follows 
the path and progresses at the rate of the motile endothelial cell at the vessel 
tip. The extent to which the new blood vessels invade the neighboring tumor 
and form a network structure depends on the relative contribution of chemo
taxis and chemokinesis to endothelial cell migration. For example, 
chemokinetic stimulation of endothelial cells by an angiogenic factor results in 
a disorganized distribution of vessels randomly oriented with respect to the 
tumor. On the other hand, stimulation of chemotaxis by a tumor-derived 
angiogenic factor causes vessels to grow in the direction of the tumor. A 
combination of chemotactic and chemokinetic motility may be required for 
proper vascularization to occur. 

To understand the process of angiogenesis in human breast tumors, the 
angiogenic factors involved must be identified and characterized with respect 
to their effect on endothelial cell motility and proliferation. Three peptides 
have been identified as the most likely contributors to neovascularization of 
human breast tumors. Vascular endothelial growth factor (VEGF) is ex
pressed by a majority of tested human breast tumor lines [93], and its expres
sion is correlated with both increased microvessel density and early relapse in 
human breast tumors [83,94]. In addition, increased expression of VEGF 
receptors has been observed in small blood vessels adjacent to invasive breast 
tumors [95]. Basic fibroblast growth factor (bFGF) is a potent angiogenic 
factor detectable in elevated quantities in the serum of 6% of breast cancer 
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patients and correlates with increased mortality [96]. Platelet-derived endo
thelial cell growth factor (PD-ECGF) is also expressed in most human breast 
tumor cell lines [93], but its involvement in human breast tumor progression is 
not well understood. All three factors stimulate endothelial cell motility [97-
99,115]. VEGF is a potent stimulator of endothelial cell ch,emotaxis at doses as 
low as 1 ng/ml, and VEGF also stimulates endothelial cell chemokinesis. bFGF 
preferentially stimulates chemokinesis of endothelial cells at a dose of 1 ng/m!. 
The migration stimulation of endothelial cells by VEGF and bFGF is additive. 
PD-ECGF also stimulates endothelial cell chemotaxis, with no chemokinetic 
component at a dose of lOng/ml, higher than for either VEGF or bFGF. 
Although it is difficult to accurately measure the in vivo extracellular concen
tration of these angiogenic factors, the relative abundance of these factors 
influences the degree of tumor vascularization in human breast tumors by 
inducing endothelial cells to migrate both directionally and randomly. 

Extracellular matrix 

The relationship between the extracellular matrix (ECM) and migrating cells 
is complex. Extracellular matrix can serve as a source of 'traction' for cell 
locomotion, a barrier to further movement, a chemical or physical gradient for 
chemotactic and haptotactic motility, and an inhibitor of stimulated cell motil
ity. The basement membrane is a specialized form of extracellular matrix that 
underlies epithelial cells and surrounds blood vessels. Its major constituents 
include collagen, laminin, and fibronectin. Interactions between tumor cells 
and basement membrane include adhesion via integral membrane proteins 
such as integrins, active degradation by specific cell associated proteinases, 
inhibition of proteinases by cell-secreted proteinase inhibitors, and active 
deposition of new matrix molecules. Invasive tumors are characterized by a 
disruption of basement membrane integrity, and breast tumor cell lines have 
been shown to possess basement membrane degradation activity, which is 
increased in highly metastatic cells relative to low metastatic cells [100-102]. 

Degradation of basement membrane proteins is dependent on the activity 
of four classes of proteinases: serine proteinases, aspartyl proteinases, 
cysteinyl proteinases, and metalloproteinases. Metalloproteinases, including 
interstitial collagenases, type IV collagenases, and stromelysins, ave respon
sible for the degradation of the major basement membrane proteoglycans. In 
particular, type IV collagenases, which are unique in their ability to degrade 
the helical portion of type IV collagen, have been linked to breast tumor 
progression. Human breast tumors express increased amounts of type IV 
collagenase relative to nontumor cells, and type IV collagenase is further 
increased in invasive and metastatic breast tumors [103-105]. Type IV collage
nases are produced as latent proenzymes, lacking enzymatic activity, which 
form a complex with endogenous tissue inhibitors of metalloproteinases 
(TIMPs). Upregulation of type IV collagenase activity in metastatic breast cell 
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lines can result from either an increase in proenzyme activation [106] or a 
decrease in expression of TIMP [107]. 

Local degradation of basement membrane proteins indirectly facilitates 
breast tumor cell motility. First, the basement membrane constitutes a cell 
impermeable barrier that must be breached to allow passage of migrating cells 
into neighboring tissue. Moreover, soluble fragments of collagen and soluble 
type I collagen are chemotactic for breast tumor cells [108]. Local collagen 
degradation may establish a concentration gradient of soluble collagen frag
ments, which can enhance tumor cell chemotaxis and promote invasion. Simi
larly, local degradation of extracellular matrix produces an adhesive gradient 
that may promote tumor cell haptotaxis. Inhibition of type IV collagenases by 
TIMPs may indirectly inhibit tumor cell motility by preventing the degrada
tion of basement membrane. In addition, tissue inhibitors of metallo
proteinases have been shown to playa direct role in regulating cell motility. 
Three TIMPs have been identified in humans: TIMP-1, TIMP-2., and TIMP-3. 
All three have been tested for their ability to inhibit endothelial cell migration. 
TIMP-1 inhibits adipocyte conditioned media stimulated endothelial cell mo
tility with half-maximal inhibition at ~50ng/ml [109]. TIMP-2 partially inhibits 
bFGF-stimulated motility of endothelial cells at a dose of 10 ftg/ml [110]. This 
effect is limited to acute exposure to TIMP-2. Longer exposures (16 hours) 
produce no inhibition of motility. TIMP-3, however, is a potent inhibitor of 
both bFGF-induced chemokinesis and VEGF-stimulated chemotaxis of en
dothelial cells. Doses of TIMP-3 as low as l.Ong/ml inhibit motility as much as 
50% with no pretreatment [B Anand-Apte, personal communication]. The 
production of TIMPs at the site of tumor formation can inhibit metastasis by 
disrupting endothelial cell motility. 

Collagen deposition may also affect breast tumor motility. Alterations in 
the collagen composition of breast tissue have been described for ductal 
infiltrating carcinoma (DIC) [111,112]. DIC is associated with an increase in 
type I trimer collagen and type V collagen [113]. Interrestingly, breast tumor 
cells grown in vitro on type I trimer collagen showed enhanced random motil
ity compared with cells plated on type I collagen [114]. Further experiments 
are required to determine the role of matrix stimulated motility in breast 
cancer. 

Conclusions 

Tumor growth and metastasis involve a complex interaction between tumor 
and non tumor cells, characterized by alterations in the regulation of cell 
behavior. Stimulated cell motility is a complex process involving the produc
tion of motility factors, the recognition of motility factors by membrane recep
tors, and the subsequent coordinated cellular responses of pseudopod 
extension and cellular translocation. Cells respond both directionally (chemo-
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taxis) and randomly (chemokinesis) to stimulation by soluble factors. The 
relative amount of chemotaxis and chemokinesis can have a dramatic effect on 
the direction and extent of the motile response. 

Growth and metastasis of breast tumors are facilitated by increased cell 
motility. Endothelial cells migrate during the process of neovascularization, 
and tumor cells migrate during local invasion, intravasation, and 
extravasation. Factors acting locally in breast tumors to increase cell motility 
include AMF, HGF/SF, bFGF, VEGF, and PD-ECGF. Increased expression 
of these factors contributes to tumor cell motility (AMF and HGF/SF) and 
endothelial cell motility (HGF/SF, bFGF, VEGF, PD-ECGF), which together 
promote the growth and spread of breast tum,ors. Factors acting systemically 
to induce cell motility in breast cancer include MSF and IL-6. Elevated levels 
of these cytokines have been associated with breast tumors. 

The increased ability of breast cancer cells to migrate in response to stimu
lation is associated with increased invasiveness. Proteins expressed intracellu
larly may act as positive or negative regulators of the motile response. In 
breast cancer, decreased expression of nm23-HI and increased expression of 
mts-l are associated with invasiveness and increased cell motility. The relative 
expression of positive and negative regulators of tumor cell motility may 
influence the progression of breast tumors. 

Interactions between cells and the extracellular matrix can regulate cell 
motility. Collagen, fibronectin, and laminin can stimulated cell m,otility both as 
soluble fragments (chemotaxis) and as an insoluble gradient (haptotaxis). 
Expression and activation of matrix matalloproteinases and the expression of 
natural proteinase inhibitors, TIMPs, provides positive and negative regula
tion of the degradation of basement membrane proteins.. In addition, 
metalloproteinases and their inhibitors can directly stimulate and inhibit mo
tility of endothelial cells. The overall effect of proteinase activity on cell 
motility in vivo is difficult to determine, but increased activity of matrix 
metalloproteinases is associated with increased invasiveness in breast cancer. 

The molecular basis of the regulation of tumor associated cell motility 
remains poorly understood. Ongoing efforts to identify new proteins relevant 
to both tumor metastasis and cell motility will provide new insights into tumor 
progression. The identification of proteins such as nm23-HI and mts-l stresses 
the necessity to understand intracellular mechanisms that regulate cell motil
ity. The past decade has produced an invaluable wealth of information ex
plaining how mitogenic signals can be transduced across the membrane and 
stimulate gene expression and mitogenesis. Many of the same stimuli that 
induce proliferation also induce cell motility, but often at significantly differ
ent doses. The molecular basis of signal transduction from membrane recep
tors to the intracellular motility machinery remains unclear and represents the 
future ,of motility research. By identifying the cellular components that regu
late cell motility, it may be possible to design better therapies for the treatment 
of breast tumors. 
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16. Cathepsins D and B in breast cancer 

Wei-Ping Ren and Bonnie F. Sloane 

Introduction 

The name cathepsin is derived from a Greek word meaning to digest and was 
used originally for acidic proteases, with the letters designating individual 
enzymes [1,2]. Examples of cathepsins are found in three classes of proteases, 
for example, cathepsin D is an aspartic protease, cathepsin B a cysteine pro
tease, and cathepsin G is a serine protease. Although several cathepsins have 
collagenolytic activity, there are no cathepsins among the metalloproteases. 
Most cathepsins are lysosomal proteases with acidic pH optima ranging from 
the extremely acidic pH optimum of cathepsin D (i.e., pH 2.8) to the slightly 
acidic pH optimum of cathepsin B (i.e., pH 6.5). On the other hand, cathepsin 
E has an acidic pH optimum (i.e., pH 3.0) yet is not lysosomal [3], and 
cathepsin S has a neutral pH optimum yet is lysosomal [4]. The lysosomal 
cathepsins are synthesized as pre-pro enzymes and acquire N-linked oligo sac
charides cotranslationally. Their maturation involves proteolytic processing 
and modification of the oligosaccharides, processes that occur during their 
trafficking to the lysosome and that affect their ability to bind to receptors that 
target them to the lysosomes [5-7]. As indicated earlier, the cathepsins are 
primarily endopeptidases, hydrolyzing internal peptide bonds. However, 
cathepsin H is an exopeptidase of the aminopeptidase class [8], and cathepsin 
B has both endopeptidase and exopeptidase activities, the latter as a 
carboxydipeptidase [9]. The dual activity of cathepsin B enables this enzyme 
to participate in degradatory processes directly through degradation of the 
basement membrane proteins laminin, fibronectin, and type IV collagen 
[10,11], or indirectly by activating other prot eases such as urokinase [12]. The 
primary intracellular function of lysosomal cathepsins is protein turnover. The 
evidence for extracellular roles of cathepsins is growing; as an example, cathe
psins secreted from macrophages and osteoclasts participate in matrix and 
bone degradation [13,14]. 

Cathepsins have also been implicated in several processes, presumably 
extracellular, that accompany tumor progression: proliferation, angiogenesis, 
invasion, and metastasis [2]. Surprisingly, the association of cathepsins D and 
B with malignancy of human breast tumors was first described almost 15 years 
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Table 1. General information on cathepsin D and cathepsin B 

Molecular size 
Proform 
Mature single chain 
Mature double chain 

Assay substrate 

pH optimum 
Inhibitors 

Endogenous 
Exogenous 

Cathepsin D 

43kD' (52kDb) 
38kD (48kD) 
26 + 12kD (34 + 14kD) 
Denatured hemoglobin 

pH 3.0 

None 
Pepstatin 

Cathepsin B 

35 kD (43/46kDJ 
28kD (31kD) 
22 + 6kD (25/26 + 5kD) 
Carbobenzyloxy-arginyl-arginyl-4-

methylcoumarin 
pH 6.5 

Cystatin superfamily 
E-64, leupeptin, CA074 and CA074Mec 

'Molecular sizes are calculated from amino acid sequences predicted from the nucleotide se
quences of human cathepsin D [22] and cathepsin B [49], using an average molecular weight of 
110 daltons per amino acid. 

b Molecular sizes in parentheses represent sizes of glycosylated enzymes immunoprecipitated from 
metabolically labeled cells [141,142]. 

cE-64 and leupeptin will inhibit cathepsin B, as well as other cysteine proteases, whereas CA074 
and CA074Me are selective for cathepsin B. 

ago [15-17]. As reviews of earlier literature linking these enzymes to the 
progression of human cancers are available [2,18-21], we will concentrate in 
this chapter on the most recent data, with an emphasis on the data linking 
these enzymes to the progression of human breast cancer. To provide a frame
work for readers unfamiliar with these two enzymes, in Figure 1 we have 
diagrammed the gene and protein structures of cathepsins D and B, and in 
Table 1 we have provided information on the characteristics of both enzymes. 

Increased expression of cathepsins D and B 

Cathepsin D 

The cathepsin D gene is a single copy gene comprised of nine exons and eight 
introns spanning a region of 11 kb [22,23] (Figure 1). It is located on the short 
arm of chromosome 11 close to the Ha-ras oncogene. This is a region that 
undergoes frequent rearrangements, including the loss of one c-Ha-ras allele, 
in aggressive breast cancer [24]. The translation initiation site of cathepsin D 
is encoded by exon 1 and the stop codon by exon 9 [22]. The deduced amino 
acid sequence [22] indicates that human cathepsin D consists of a pre-proen
zyme with a 20-residue signal peptide, a 44-residue propeptide, and a single 
chain form of 348 residues. The human cathepsin D gene has a compound 
promoter with features of both housekeeping (high G+C content and 
potential Sp-l transcription factor binding sites) and regulated (the presence 
of a TATA box) promoters [25]. Five transcription start sites (TSSI to V) 
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Figure 1. Comparison of the gene and protein structures of cathepsin D and cathepsin H. The 
human cathepsin D structure is based on Redecker et al. [22], and the human cathepsin B 
structure is based on Gong et al. [47] and Berquin et al. [48]. Exons are numbered; those encoding 
the protein are depicted by filled boxes, whereas those representing 5'- and 3' -untranslated 
regions are depicted by striped boxes. In the protein structures, vertical lines indicate sites of 
proteolytic processing and Y s indicate putative glycosylation sites. The number of amino acids in 
the prepeptide, propeptide, and light and heavy chains of mature cathepsin D and cathepsin Bare 
indicated underneath the protein structure. 

spanning >52 bp have been identified by RNAse protection assay [25]. In 
estrogen-dependent breast cancer cells, estradiol induces a 6- to lO-fold in
crease in cathepsin D transcripts; these transcripts are initiated at TSSI located 
about 28 bp downstream from the TAT A box. Site-directed mutagenesis indi-
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cates that the TAT A box is essential for initiation of transcription at TSSI [2S]. 
In breast cancer biopsies, high levels of TAT A -dependent transcription corre
late with overexpression of cathepsin D transcripts (see later). Thus, the 
cathepsin D gene can behave as either a housekeeping gene with multiple start 
sites or as a hormone-regulated gene with a single TATA-dependent start site 
[2S]. 

The major mRNA transcript for cathepsin D, observed in both normal and 
breast tumor cells, is 2.2kb [22,23,26]. Estrogen regulates the expression of the 
cathepsin D gene primarily at the transcriptional level [26-28], as has been 
observed for other steroid-responsive genes. At least two estrogen-responsive 
elements are located upstream of TSSI in the cathepsin D gene [29]. In MCF-
7 human breast cancer cells, an estrogen receptor-positive (ER +) cell line, 
there is a low constitutive accumulation of cathepsin D mRNA, which is 
increased about lO-fold by estradiol treatment [26]. The estradiol-induced 
cathepsin D expression is not inhibited by cycloheximide, suggesting that 
regulation by estrogen does not involve other effector proteins [26]. Estrogen 
receptor ligands are the only steroids that induce transcription; the ability of 
the estrogen receptor ligands to induce transcription parallels their affinity for 
the estrogen receptor and their mitogenic activity. The promoter has not yet 
been compared in normal and cancer tissues. Therefore, whether the in
creased sensitivity to estradiol in breast cancer is due to altered trans-acting 
factors or altered cis-acting sequences has not been determined. 

The expression of cathepsin D is also ~ncreased in estrogen receptor-nega
tive (ER -) breast cancers [27]. The mechanism is still unknown, but the 
constitutive production of autocrine or intracrine factor(s) might be respon
sible for the induction of cathepsin D. Although Rochefort and coworkers 
[26-28] have shown that growth factors, such as insulin-like growth factor 1, 
epidermal growth factor, and basic fibroblast growth factor, acting via a ty
rosine kinase pathway, are able to induce cathepsin D mRNA in the ER+ 
MCF-7 cells, the role(s) of growth factors in constitutive overexpression of 
cathepsin D in ER - breast cancers has not been delineated. The induction of 
cathepsin D expression by growth factors, in contrast to the induction by 
estrogen, is inhibited by cycloheximide [27], indicating an indirect mechanism 
of action. 

Increases in the expression of cathepsin D have been observed in breast 
cancer tissues and cell lines at both the mRNA [26,27,30] and protein [31] 
levels. Immunohistochemistry [31,32], in situ hybridization and cytosolic im
munoassays [33], and northern and western blot analyses [28,34] all indicate 
that cathepsin D expression is 2- to SO-fold greater in most cases of breast 
cancer than in normal mammary glands or in fibroblasts. In situ hybridization 
and immunohistochemistry have established that the increases in expression 
occur in the breast cancer cells rather than in stromal cells [3S-37]; expression 
in stromal cells has also been reported for urokinase [38] and some 
metalloproteases [39]. Although macrophages also express cathepsin D at 
high levels [40], the expression of cathepsin D in macrophages within the 
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breast cancer tissue does not seem to account for the 2- to 50-fold higher 
expression of cathepsin D [41]. Increases in expression of cathepsin D are not 
unique to breast cancer; such increases have also been observed in hepatomas 
[42], brain tumors [43], and thyroid carcinomas [44]. 

Cathepsin B 

The human cathepsin B gene is a single copy gene that maps to chromosome 
8p22 [45]. This is a region that is a hot spot in prostate cancer [46]. The human 
cathepsin B gene is composed of at least 12 exons [47,48], spanning a region of 
approximately 27kb [48] (Figure 1). The gene structure of cathepsin B does 
not correspond to the functional units of the enzyme [2]. The translation 
initiation site is in exon 3, so that exon 1, 2, and 25 bp of exon 3 are noncoding 
and constitute the 5'-untranslated region (UTR). Exon 12 and about 80% of 
exon 11 are also noncoding and make up the 3'-UTR. Alternative splicing of 
both the 5'- and 3'-UTRs has been observed [47-50]. We recently identified 
two new exons in the human cathepsin B gene that map between exons 2 and 
3 [48]. These two exons can be alternatively spliced and contribute to the 
diversity of the 5' -UTR of cathepsin B transcripts. The deduced amino acid 
sequence indicates that cathepsin B transcripts encode a pre-proenzyme with 
a 17 -residue signal peptide, a 62-residue propeptide, and a 254 residue single 
chain mature form [51] (Figure 1). The single chain form of cathepsin B is 
processed to the double-chain form by two internal cleavages, which eliminate 
a dipeptide. Both single and double chain forms of the enzyme have pro
teolytic activity [52]. 

The putative promoter region :::;500 bp upstream of exon 1 of the human 
cathepsin B gene does not have TATA or CAAT motifs, but has a high G+C 
content and several potential binding sites for the Sp-1 transcription factor 
[47]. Therefore, the promoter of the human cathepsin B gene has been classi
fied as a housekeeping-type promoter, as has that for the mouse cathepsin B 
gene [53]. More recent studies suggest that both the mouse [54] and human 
[48] cathepsin B genes may have more than one promoter. In the mouse, two 
newly identified putative promoter regions contain aT A T A box, with one also 
containing a CAA T box. The sequence of the two putative promoter regions 
in the human cathepsin B gene is not yet known. The sequence and exon/ 
intron junctions in the coding region of the human and mouse genes are 
conserved; however, there is variability in both 5'- and 3'-UTRs, so that there 
is no direct correspondence of promoter regions in the two genes. 

Tissue-, cell-, or differentiation-specific expression of cathepsin B might be 
due to the existence of several promoters with transcription factors acting 
differentially on each promoter and the level of those transcription factors 
dependent on cell type, tissue, stage of differentiation, and/or microenviron
ment. Recent studies in our laboratory on the putative promoter upstream of 
exon 1 in the human cathepsin B gene revealed a 20-fold enhancement in 
expression of a luciferase reporter gene by a segment of the gene >500bp 
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upstream [55], suggesting that there is a positive regulatory element in that 
region. To our knowledge, this is the first evidence for transcriptional regula
tion of the human cathepsin B gene. We have also obtained evidence for post
transcriptional regulation of cathepsin B expression. In vitro transcription of a 
splice variant in which exon 1 is spliced to exon 3 revealed etthanced stability 
of this cathepsin B mRNA transcript as compared with the full-length 
transcript [56]. 

Increased expression of cathepsin B mRNA and protein correlates with 
tumor malignancy [2,20,21] (Table 2). In human colorectal carcinoma, cathe
psin B mRNA levels are increased compared with matched normal colorectal 
tissues [57,58]. Immunohistochemical studies demonstrte that increased cathe
psin B staining in colorectal carcinomas is predictive of shortened patient 
survival [59]. Another tumor in which cathepsin B expression is increased is 
human glioma [60]. Levels of cathepsin B transcripts are from three- to sixfold 
higher in low-grade astrocytoma and high-grade glioblastoma, respectively, 
than in normal brain. Increases in cathepsin B activity are even higher: In 
matched pairs of human brain tissues, cathepsin B activities are 10- and IS-fold 
higher in the glioblastoma tissues than in normal brain tissues [60]. The greater 
increase in cathepsin B activity in the gliomas does not appear to be due to a 
reduction in the endogenous cysteine protease inhibitors in gliomas [Rozhin, 

Table 2. Comparative expression of cathepsin B in human cancers 

Breast Colon 

mRNA' ndb 4-fold 
Protein' -/+ +++ 
Activityd 8-fold 3-fold 
Secretion" 

Constitutive + + 
Inducible + + 

Intracellular distribution' Focal adhesions Basal/diffuse 
Membrane associationg External surface nd 
Prognostic valueh Yes Yes 

'mRNA levels determined by northern blot analyses [58,60]. 
b nd = not determined. 
'Protein levels determined by immunohistochemical staining [58,60,73]. 

Glioma 

4-fold 
+++ 
12-fold 

nd 
nd 
Foot processes 
nd 
nd 

d Activities compared in tumor cells from invasive edges and in matched normal cells [68,69]. 
e Secretion measured from cell lines: Constitutively secreted enzyme is procathepsin Band 
inducibly secreted enzyme is mature cathepsin B [90]. 

'Intracellular distribution illustrated in Figure 3 or in Campo et aL [59]. 
g Membrane association illustrated in Sameni et aL [92]. 
h Prognostic value illustrated in a poster presented at the Keystone Symposium on Cancer Cell 
Invasion and Motility in Tamarron, Colorado (Lah IT, Kos J, Krasevec M, Golouh R, Vrhovec 
I, Turk V: Cathepsin Band L as possible prognostic factors in breast carcinoma) and in Campo 
et aL [59]. 

Any unattributed work is unpublished work from our own laboratory. 
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Mikkelsen, and Sloane, unpublished data], yet may reflect biological variabil
ity as mRNA levels were measured in unmatched samples and activities in 
matched samples. Levels of expression of cathepsin B (mRNA, protein, and 
activity) parallel the ability of glioblastoma cell lines to invade through 
Matrigel in vitro [61] and the invasive ability of gliomas in vivo as assessed by 
magnetic resonance imaging [60]. Thus, the studies on cathepsin B expression 
in human colon carcinomas and gliomas suggest that this enzyme plays a role 
in malignant progression of these two tumors. 

As has been shown for other proteases [38,39,62-64], increases in expres
sion of cathepsin B are not found uniformly throughout a tumor mass. Often 
these increases are found in the cells at the invading margins of a tumor, 
leading us to hypothesize that the expression of cathepsin B is upregulated in 
these cells in response to interactions between the tumor and surrounding 
stroma. Such increases in expression of cathepsin B mRNA and protein have 
been demonstrated at the invading front of bladder and prostate carcinomas 
by in situ hybridization and immunohistochemistry [65-67]. Furthermore, an 
inverse correlation between cathepsin B and type IV collagen staining is 
present at the invading edges of bladder tumors, suggesting that the increases 
in cathepsin B might be responsible for the local degradation of basement 
membrane [D.W. Visscher, M. Sameni, and B.F. Sloane, unpublished results]. 

These measurements of cathepsin B mRNA and protein do not tell us 
whether the amount of active cathepsin B is increased at the invasive edges, a 
prerequisite for cathepsin B to play a functional role in tumor growth and 
invasion. Therefore, we have measured cathepsin B activity in tumor cells 
isolated from the invasive edges using a microdissection technique. Tumor 
cells and matched normal epithelial cells have been microdissected from 10[.tm 
frozen sections of human colon tumors [68] and breast tumors [69]. Both 
cathepsin Band gelatinase A (MMP-2 or 72kD type IV collagenase) activities 
are increased in the cells at the invasive edges. Since microdissection studies 
are labor intensive and not readily applicable to routine pathological analyses, 
we are attempting to develop monoclonal antibodies that can distinguish 
active forms of cathepsin B from the inactive pro forms. Such antibodies would 
be useful for immunohistochemical studies of a large number of samples from 
a wide variety of human tumors and, thus, for assessment of the importance of 
observed increases in expression of cathepsin B at the invading margins of 
human tumors. 

Although it has been known since 1980 that breast tumor explants secrete 
increased amounts of cathepsin B [15], the levels of expression of cathepsin B 
in human breast cancer have not been as well characterized as those of cathe
psin D. To our knowledge, studies on the expression of cathepsin B mRNA in 
breast cancer have not been performed. Increases in the expression of cathe
psin B protein have been demonstrated by immunoassay (ELISA) of cytosolic 
extracts from breast cancer tissues [70]. Also, using an ELISA, Lah and 
coworkers [personal communication] have found that cathepsin B protein is 
26-fold higher in cytosolic extracts of breast cancer tissue than in non-involved 
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adjacent tissues. Over a 5 year follow-up period, the patients with high levels 
of cathepsin B protein have a higher risk of recurrence and shortened overall 
survival. The increases in cathepsin B protein in breast cancer do result in 
increases in active cathepsin B because cathepsin B activity in breast cancer 
tissue is 10- to 20-fold higher than in matched pairs of adjacent normal tissues 
[70,71]. 

Furthermore, increases in cathepsin B activity are observed in breast cancer 
cell lines as well as in tissues [70-72]. In contrast, Castiglioni et al. [73] did not 
demonstrate an increase in staining for cathepsin B in human breast cancer, 
nor did they demonstrate an increase in staining for cathepsin D or for cathe
psin L, another lysosomal cysteine protease. These apparent contradictory 
results may reflect regional heterogeneities in distribution of the cathepsins in 
tumors, a phenomenon also reported for other proteases [38,39,62-64]. In this 
regard, Castiglioni et al. [73] did not evaluate staining in invasive edges of the 
breast tumors, nor did they indicate whether there was increased staining in 
stromal cells. Thus, we were unable to assess either regional heterogeneities or 
the possible contribution of stromal cell cathepsin B to the measurements in 
tissue extracts of cathepsin B protein and activity [71]. Regional differences in 
cathepsin B in breast cancer do exist. because cathepsin B activity is eightfold 
higher in invasive tumor cells than in matched normal cells isolated by 
microdissection [69]. 

At present the mechanisms responsible for increases in the expression of 
cathepsin B in human tumors have not been fully elucidated. However, as 
discussed earlier, the increases in cathepsin B expression might be regulated 
transcriptionally and/or post-transcriptionally. In murine B16 melanoma, 
Qian et al. [74] observed that the transcription rate of the cathepsin B gene is 
increased and suggested that this is due to the presence of elevated levels of 
tumor-specific transcription factors. Although this same group found no evi
dence for a regulated promoter in the mouse cathepsin B gene [53], two other 
leader sequences are now known to be present [54]. Whether use of an alter
native promoter is responsible for the increased rate of transcription in murine 
B16 melanoma has not been determined. Recent data from our laboratory 
suggests that the human cathepsin B gene also may have several promoters as 
well as an enhancer that can increase the expression of a luciferase reporter 
gene when transfected into a human glioblastoma cell line [55]. In some cells, 
expression of cathepsin B is dependent on their state of differentiation. For 
example, phorbol ester and granulocyte-macrophage colony-stimulating fac
tor [75] and interleukin-1 [76] can induce an increase in expression of cathep
sin B in parallel with the differentiation of promonocytes to macrophages or 
synovial fibroblasts, respectively. 

Whether similar mechanisms are responsible for increases in expression of 
cathepsin B in tumors is unknown. Multiple transcript species have been 
detected in human tumors, arising from alternative splicing of the 5' - and 3'
UTRs [47-50,57,77,78], and therefore increases in expression of cathepsin B in 
human tumors might reflect changes in post-transcriptional processing. Tran-
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scripts arising from splicing of exon 1 to exon 4 [47] or use of a putative 
alternative transcription initiation site before exon 4 [48] would encode a 
truncated form of pro cathepsin B lacking the signal peptide and part of the 
propeptide by using an in-frame AUG (methionine) codon in exon4 to initiate 
translation. Gong et al. [47] proposed that transcripts missing exon 2 and 3 are 
tumor specific and that truncated pro cathepsin B contributes to the increase in 
cathepsin B expression in tumors. This group has expressed recombinant 
truncated procathepsin B by in vitro transcription/translation and by transfec
tion in COS cells [79]. In addition to affecting the form of cathepsin B synthe
sized, alternative splicing of the 5' -UTR may result in mature mRNAs that 
vary in stability and/or translatability. Preliminary data on transcripts missing 
exon 2 indicate that they are more stable [56]. The presence of additional 
in-frame AUG co dons followed by stop codons in exons 2, 2a, and 2b [48] 
suggests that transcripts missing these exons might be translated more effi
ciently. Clearly, more studies on the mechanisms of regulation of cathepsin B 
expression are needed to determine whether transcriptional and/or post
transcriptional mechanisms are responsible for the increases in cathepsin B 
expression in human tumors. 

Altered trafficking of cathepsins D and B 

Secretion 

There is an extensive literature on the secretion of procathepsin D by breast 
cancers [18,19]. As early as 1980, Westley and Rochefort [17] reported that 
estrogen induces secretion of a 52 kD protein by breast cancer cell lines; 
however, this protein was not identified as pro cathepsin D until 1986 [80]. 
Breast cancer cell lines secrete as much as 50% of their total cathepsin D in the 
form of pro cathepsin D: Secretion of pro cathepsin D by ER - cells is constitu
tive, whereas that by ER + breast cancer cell lines is induced by estrogen 
[18,19,35,81]. Mathieu et al. [82] postulated that the secretion of procathepsin 
D by breast cancer cells results from increased synthesis of cathepsin D over
whelming the mannose-6-phosphate receptors (MPRs) that would normally 
traffic pro cathepsin D from the Golgi to the late endosomes. Breast secretions 
from patients with breast cancer contain high levels of procathepsin D [83], 
indicating that procathepsin D is also secreted from breast cancer tissue in 
vivo. Nevertheless, the levels do not correlate with either the levels of 
pro cathepsin D in cytosolic extracts nor the estrogen receptor status of the 
breast cancer tissue. 

Interestingly, pro cathepsin D is only 2-6% of the total cathepsin D in breast 
cancer extracts rather than the 50% observed in media of breast cancer cell 
lines [84]. Rochefort and colleagues have suggested that the lesser percentage 
of procathepsin D observed in cytosolic extracts reflects an in vivo activation 
of procathepsin D within the tumor. An alternative explanation is that the 
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larger percentage of pro cathepsin D found in breast cancer cells in culture is 
due to modifications in trafficking of this enzyme induced by culture condi
tions. If pro cathepsin D is secreted in vivo, we do not know whether it is 
secreted from breast cancer cells or stromal cells. We also do not know 
whether secreted procathepsin D would be activated extracellularly or intra
cellularly following its endocytosis by cancer cells or stromal cells. Because 
activation of procathepsin D requires an acidic pH [85], activation most likely 
occurs intracellularly in an acidic compartment such as lysosomes or 
endosomes, perhaps including the large acidic vesicles identified by Rochefort 
and colleagues in breast cancer cells [86]. 

Cathepsin B is also secreted by tumors, but often not to the same extent as 
is cathepsin D [2,20,21]. An early report on secretion of cathepsin B from 
breast cancer explants did not distinguish between procathepsin B and mature 
cathepsin B [15]. Increases in the secretion of pro cathepsin B by human 
colorectal carcinoma cell lines [87] and hepatomas [88], as well as by human 
breast cancer explants and cell lines [15,16], have been reported. Secretion of 
procathepsin B, in apparent contrast to that of procathepsin D, can occur from 
cell that do not exhibit an increase in mRNA levels for cathepsin B [E. 
Friedman, M. Ahram, and B.F. Sloane, unpublished data; 89]. Secretion of 
mature cathepsin B also occurs from human colorectal tumor cells as well as 
that of procathepsin B [87]. In ras-transformed MCF-lOAlneoT cells and 
murine melanoma and human color ectal carcinoma cell lines, we have shown 
that secretion of mature cathepsin B can be induced, whereas the s.ecretion of 
procathepsin B occurs constitutively [90,91] (Table 2). We hypothesize that 
secretion of pro cathepsin B occurs via the default pathway and that of mature 
cathepsin B from an endosomal/lysosomal compartment that is readily mobi
lized in tumor cells and transformed cells [89,90,92]. A readily mobilized 
endosomal/lysosomal compartment has been observed in macrophages [93], 
suggesting that this may be common to the cells that participate in local 
degradation of extracellular matrices. 

Membrane association 

In macrophages [94] and hepatocytes [95], endosomes have been observed to 
contain cathepsin D. Furthermore, Stahl and colleagues [96] have shown that 
cathepsin D is associated with the membrane of macrophage endosomes. The 
form of cathepsin D associated with the membrane is the single chain mature 
form. In breast cancer cells, endosomes have also been shown to contain 
mature cathepsin D, as demonstrated by double immunofluorescence studies 
using markers for endocytosis and a monoclonal antibody specific for mature 
cathepsin D. The endosomal vesicles in this case are large acidic vesicles rather 
than small vesicles and are heterogeneous in nature. Montcourrier et al. [86] 
postulate that the function of mature cathepsin D in these large acidic vesicles 
is the digestion of phagocytosed and/or endocytosed extracellular matrix and 
consequently the facilitation of tumor cell invasion and metastasis. 
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In human and animal tumors, tumor cells, and transformed cells, we have 
consistently found that cathepsin B can be sedimented with a subcellular 
fraction enriched in plasma membrane and endosomes as well as a subcellular 
fraction enriched in lysosomes [2,20,21]. Only mature forms of cathepsin Bare 
found in the membrane fractions as assessed by attempting to increase the 
activity by incubation with pepsin at acidic pH [89,97,99], a procedure that will 
activate pro cathepsin B in vitro. That only mature cathepsin B is found in the 
membrane fractions has been further confirmed by immunoblotting with 
cathepsin B antibodies [89] and by purifying cathepsin B from these fractions 
[98]. 

The presence of active cathepsin B in membrane fractions of tumors coin
cides with cytochemical observations of cathepsin B activity at the surface of 
tumor cells [21,99]. For example, in cytochemical studies on malignant breast 
cancer cells, a microgranular staining pattern indicative of cathepsin B activity 
is seen both in the perinuclear region (presumably in lysosomes) and through
out the cytoplasm, including in cytoplasmic projections at the cell surface 
[100]. A similar pattern has also been observed in highly metastatic B16 
amelanotic melanoma cells and, in this case, the staining for cathepsin B 
activity has been shown to be abolished in the presence of E-64, an 
inrreversible inhibitor of cysteine proteases [21,99] (see Table 1). Studies on 
the localization of cathepsin B protein in tumor cells and tissues confirm the 
cytochemical observations on the distribution of cathepsin B activity in tumor 
cells. In a number of human tumors [59,60,67,l01,l02], including human breast 
carcinoma [92], cathepsin B protein has been localized to the basolateral 
region of the cells, to regions adjacent to the cell membrane, to cell processes, 
and to the cell membrane itself. Immunofluorescent and immunogold studies 
have established that cathepsin B becomes associated with the cell membrane 
and cytoplasmic projections of MCF-lOAl human breast epithelial cell subse
quent to their transfection with the c-Ha-ras oncogene [103-105] (also see 
chapter by Miller et al. for a further description of these cell lines). Cathepsin 
D undergoes a similar change in localization [92]. Thus, membrane association 
of cathepsins Band D occurs at an early stage of malignant progression of 
breast epithelial cells. 

Since cathepsin D and cathepsin B are both lysosomal enzymes, the altered 
distribution of the two enzymes in ras-transformed MCF-lOAlneoT cells may 
simply reflect an altered distribution of the lysosomal compartment or an 
endosomal compartment. To test this hypothesis, we have performed double
labeling studies for the two enzymes. In parental MCF-10A1 cells, that is, a 
diploid immortal cell line, cathepsin D and cathepsin B co localize in 
perinuclear vesicles [92]. In the ras-transformed MCF-lOAlneoT cells, 
perinuclear vesicles label for both cathepsin D and B, and peripheral vesicles 
label for cathepsin D alone or cathepsin B alone [92]. The fact that the two 
cathepsins are distributed in different vesicular compartments in transformed 
cells and tumor cells may be indicative of functional differences. 

The presence of cathepsins D and B in distinct vesicles also suggests that the 
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two cathepsins may be trafficked via different pathways [6,7]. Whether a 
similar mechanism might also be responsible for the membrane association of 
cathepsin B and cathepsin D is under investigation. Lysosomal enzymes are 
targeted to lysosomes primarily via the MPR pathway [5]. Both cathepsin D 
[82] and cathepsin B [106] can be trafficked via the MPR pathway, but whether 
this pathway is responsible for all of the trafficking of the two cathepsins is not 
clear. An alternative trafficking pathway, the mannose receptor (MR) path
way, has been identified in macrophages and has been shown to be involved in 
trafficking of cathepsin D [6]. 

Mcintyre and Erickson [107] have proposed that proforms of two lysosomal 
proteases, cathepsins D and L, are targeted to the lysosome via two sequential 
mechanisms: The first is dependent on N-linked carbohydrates (e.g .. , MPRs or 
MRs) and the second on a 'targeting signal' or 'proenzyme receptor' binding 
region in the protein sequence. A lysosomal proenzyme receptor (LPR) re
sponsible for trafficking of pro cathepsin L has been identified [7]. Mannose 6-
phosphate-independent pathways have been identified in macrophages [96] 
and HepG2 cells, a hepatoma cell line [108]. At this time, Erickson and 
colleagues have not shown that procathepsin B can be trafficked via the LPR 
pathway. 

Defects in MPRs (an absence or an increased rate of turnover) have been 
reported in tumor cell lines [109]. A decrease in the number of MPRs or the 
affinity of MPRs on the cell surface of virally transformed 3T3 fibroblasts 
has been suggested to be responsible for the secretion of procathepsin B by 
these cells [110]. Takeshima et al. [111] have shown that in hepatocytes 
unglycosylated pro cathepsin D synthesized in the presence of tunicamycin is 
correctly transported to the lysosomes and is processed to the mature enzyme. 
However, a deletion mutant of cathepsin D lacking the propeptide, although 
glycosylated, appears to be accumulated in the endoplasmic reticulum. These 
observations would suggest that the trafficking of cathepsin D in hepatocytes 
does not involve either MPRs or MRs, but rather involves a receptor such as 
the LPR that recognizes the pro peptide of cathepsin D. The pathways respon
sible for targeting procathepsins D and B to lysosomes in normal cells need to 
be better understood before we can unravel the possible modification in the 
trafficking of these enzymes to lysosomes in transformed and tumor cells, and 
how this leads to compartmentalization of cathepsins D and B in distinct 
vesicles and membrane association of the two cathepsins. 

Is cathepsin D a prognostic marker for· breast cancer? 

Human breast cancers are the leading cause of cancer deaths for women in the 
United States. Therefore, identifying prognostic factors that will distinguish 
women at risk for early relapse and metastasis is a critically important goal. 
Rochefort's group has, for a long time, observed a consistent correlation 
between cathepsin D and prognosis in patients with breast cancer 
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Table 3. Prognostic value of cathepsin D in breast cancer cytosols 

Shortened High risk 
No. patients survival of relapse Other information Ref. 

122 + + Positive staining correlates with better 112 
prognosis, most evident in ER+ or node-
positive subsets 

396 nd nd Shorter relapse-free survival in premenopausal 113 
and postmenopausal patients 

140 nd nd Independent of neulerbB2 and int-2; correlates 84 
with c-myc 

397 + + Node-negative patients only 34 
413 + + Shorter survival in node-positive patients 117 
139 + + All in node-negative patients 116 
331 + nd Only in ER - subgroup 119 
123 + + Only prospective study to date; correlates U8 

with axillary lymph node involvement 

nd = not determined. 

[36,81,113,114]. Others, relying primarily on immunohistochemical tech
niques, have not confirmed this [73,115]. 

Levels of cathepsin D in cytosolic extracts of breast tissue are measured 
most frequently by a sandwich ELISA, which uses two monoclonal antibodies. 
One of these recognizes the 34kD form of mature cathepsin D, and the other 
recognizes the 48 and 52kD proforms of cathepsin D (see Table 1) [113,116]. 
This assay is simple and reliable; furthermore, >90% of all forms of cathepsin 
D have been shown to be extracted by the homogenization procedure used to 
prepare cytosolic extracts of breast tissue. The findings in terms of prognostic 
value of cathepsin D ELISAs are summarized in Table 3. 

In Cox multivariate studies, cathepsin D is one of the three most significant 
prognostic markers for breast cancer [37,117]. In both retrospective 
[84,113,114,118] and prospective [119] studies, a high cytosolic level of cathe
psin D in breast cancer is associated with shortened patient survival and a 
higher risk of early relapse and metastasis. If patients are divided into specific 
subgroups, the published studies support the contention that high cytosolic 
levels of cathepsin D indicate a poor prognosis for breast cancer patients. A 
high cytosolic level of cathepsin D does not seem to be related to oth,er 
important prognostic factors for breast cancer, such as degree of lymph node 
invasiveness, tumor size, Scarff and Bloom histological grade, DNA ploidy, 
patient age [34,84,113,114,117,118,120], or amplification of the neulerbB2 or 
int-2 oncogenes [84]. Cathepsin D levels correlate with ER status only in 
premenopausal patients [114], which is consistent with the high constitutive 
production of cathepsin D by ER - cell lines. The prognostic value of cathepsin 
D, therefore, supplements that of other markers. The independence of cathe
psin D from other markers suggests that cathepsin D is associated with a stage 
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of breast cancer progression that differs from that detected by other prognos
tic parameters of breast cancer. 

An important limitation of ELISAs is that neither the cellular origin 
(cancer cells, macrophages, or fibroblasts) nor the subcellular localization of 
cathepsin D is determined. Therefore, investigators have performed immuno
histochemical analyses of cathepsin D in breast tissues. In contrast to ELISAs, 
the prognostic value of cathepsin D staining has been found to be negative in 
some cases and positive in others (Table 4). Although Henry et al. [114] 
suggest that the difference between the ELISA and immunohistochemistry 
results may reflect secreted pro cathepsin D that cannot be determined by 
immunohistochemistry, this would seem unlikely because the contribution of 
pro cathepsin D to total cathepsin D level is generally low «6%) [84]. Even 
immunohistochemical studies using the same antibody give contradictory re
sults: Positive staining for cathepsin D indicates a better prognosis in one study 
[115], yet intense cathepsin D staining is associated with shortened patient 
survival in two other studies [32,121]. 

The current controversy over the value of cathepsin D as a prognostic 
marker in breast cancer is highlighted by two recent independent studies. 
Castiglioni et al. [73], using a rabbit antiserum to purified human cathepsin D 
from Dako (Carpenteria, CA), found no evidence for cathepsin D being of 
prognostic value in breast cancer. In contrast, Roger et at [36], using the 
M1G8 mouse monoclonal antibody from Biosys (Gif-sur-Yvette, France) that 
recognizes pro cathepsin D, found that immunohistochemical staining for 
cathepsin D confirmed their ELISAs showing that cathepsin D is an indepen
dent prognostic marker for breast cancer. These contradictory results might 
arise from the fact that, in addition to tumor cells, stromal cells (mainly 
macro phages and lymphocytes) within breast cancer tissue can express cathe
psin D [36,41,121-123]. A further consideration in the immunohistochemical 
analyses is the distribution within the tumor of the section being stained for 
cathepsin D (or any other potential prognostic marker). In this regard, we 
have shown that for cathepsin B, cells at the invasive edges of bladder [65] and 
prostate [66,67] tumors stain intensely, whereas cells further back in the tumor 
mass may exhibit no staining. Analyses of cathepsin B activity in tumor cells 
microdissected from the invasive edges of colorectal [68] and breast [69] 
cancers also reveal an increased expression of cathepsin B in these regions. 
Whether the observations on cathepsin B will extend to cathepsin D is not 
known. 

Several recent studies have reported that proteases, induding cathepsin D, 
are present in stromal cells of malignant tumors, suggesting that stromal cells 
may participate in the process of invasion [122-125]. Unfortunately, many 
studies, including that of Castiglioni et al. [73], have not provided an indepen
dent evaluation of the prognostic importance of tumor cell and stromal cell 
cathepsin D expression in breast cancer [32,73,120,123]. Visscher et al. [41] 
have established that cathepsin D staining of stromal fibroblasts, but not of 
tumor cells, shows a significant correlation with metastasis in breast cancer 
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patients. Recently, two more reports [122,123], using yet another two separate 
antibodies to cathepsin D (Table 4), demonstrated that increased stromal cell 
cathepsin D staining is associated with shortened patient survival, but in
creased tumor cell staining is not. Roger et al. [36] found that macrophages 
stain heavily for cathepsin D, particularly macro phages in the tumor periph
ery. In this case, an anti-CD68 monoclonal antibody was used to identify 
macrophages. Nevertheless, the cytosolic levels of catheps,jn D correlate with 
cathepsin D expression in cancer cells rather than with the number of 
macrophages. 

In another independent study, Isola et al. [37] evaluated cathepsin D ex
pression in macro phages and cancer cells in 262 node-negative breast cancers. 
In this study, cathepsin D staining in cancer cells, rather than in macrophages, 
correlates with shortened patient survival. Most studies support the hypothesis 
that increased expression of cathepsin D in breast cancer cells, rather than the 
recruitment of macrophages that express cathepsin D, is responsible for the 
high risk of relapse and development of metastases. This is further substanti
ated by the increased metastatic capability of tumor cells that overexpress 
cathepsin D due to transfection with a cathepsin D cDNA [126). 

The conflicting results of Castiglioni et al. [73] and Rogers et al. [36] might 
also be due to the use of different antibodies. Antibodies can differ in their 
affinity. In addition, as the cathepsin D molecule exists in at least three 
different protein forms, each of which may differ in glycosylation, antibodies 
may recognize distinct molecular configurations of the same molecule. How
ever, differences in affinities for cathepsin D and in the specific forms of 
cathepsin D recognized cannot explain the disparate results obtained in stud
ies using the same polyclonal [121,123] or monoclonal antibody [36,127]. An
other possibility is that the use of different fixation procedures and/or methods 
for quantitation of cathepsin D staining in breast cancer tissue leads to contra
dictory results (Table 4). Perhaps, given the lack of uniformity in the assays 
used, contradictory results should be expected. More large-scale cooperative 
studies in which the pathologists use the same antibody and fixation proce
dures, as well as the same methods for quantitation, are needed to determine 
the true prognostic value of cathepsin D staining [121]. Studies using multiple 
techniques that might provide an internal confirmation of positive or negative 
findings would also be of value. In such a recent study, Ravdin et al. [127] 
performed immunohistochemical staining for cathepsin D, but could not con
firm their earlier findings by immunoblotting that cathepsin D is a prognostic 
marker in node-negative breast cancer. 

Review of the clinical studies on cathepsin D leads one to the conclusion 
that the prognostic significance of cathepsin D determinations, although pro
vocative, are still investigational in nature and not yet ready for widespread 
clinical application. The assays (whether ELISAs, immunohistochemical, or 
immunoblotting) need to be standardized to ensure quality control. This, 
together with a deeper understanding of the patient subsets, will be required 
to fully define the role of cathepsin D in breast cancer. 
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Role of cathepsin D and cathepsin B in breast cancer progression 

Both clinical and basic studies on expression of cathepsins D and B in breast 
cancer indicate that high cathepsin levels are either an epiphenomenon of 
malignant progression or, more excitingly, playa direct role in at least one step 
of malignant progression. Several reports have confirmed that increased ex
pression of cathepsins D and B (mRNA, protein and activity) is a marker of 
the malignant phenotype [2,18,59,60]. Direct evidence that overexpression of 
cathepsin D in breast cancer cells can promote some steps in metastasis has 
been obtained in adenovirus-transformed 3Yl normal rat embryo cells trans
fected with a cathepsin D cDNA [126]. 

The mechanisms by which cathepsins are involved in tumor invasion and 
progression are not clear. Cathepsin B may facilitate invasion directly by 
degrading extracellular matrix [10] or indirectly by activating other proteases, 
such as urokinase [12]. Increased expression of cathepsin B at the basolateral 
surface of colorectal carcinoma cells [59], that is, the surface in direct contact 
with basement membrane, suggests that this enzyme may be involved in tumor 
invasion. A strong correlation between overexpression of cathepsin B and a 
shortened patient survival of color ectal carcinoma indicates that cathepsin B 
may be a significant prognostic indicator. Briozzo et al. [128] established that 
the degradation at acidic pH of extracellular matrix by proteases secreted into 
the conditioned media of breast cancer cells is due primarily to cathepsin D, 
since it can be completely inhibited by pepstatin, an aspartic protease inhibitor 
(Table 1). Secreted cathepsin D might also promote the spread of breast 
cancer by activating other proteases, including procathepsin B or degrading 
extracellular matrix proteins [21,81,129]. Nevertheless, the pH optimum for 
cathepsin D is so acidic that a significant extracellular role for this enzyme 
seems unlikely. Cathepsin D may play a role in digestion of extracellular 
matrix proteins intracellularly: Matrix proteins have been shown to be de
graded by cathepsin D within large acidic vesicles in breast cancer cells [86], 
presumably following internalization by phagocytosis. 

Proteases located on the external cell surface of breast cancer cells might be 
responsible for extracellular matrix degradation. For cathepsin B, we have 
shown that the membrane-associated enzyme is a mature active form [89]. 
Immunofluorescence and immunogold studies indicate that cathepsin B [92] 
and cathepsin D (Figures 2 and 3) are concentrated on the external surface of 
the plasma membrane. The localization of these enzymes on the surface of 
human breast epithelial cells is increased by malignant progression (see Fig
ures 2 and 3; also see Figure 5 in Sameni et al. [92]). There-dimensional 
reconstructions of optical sections taken through the cells indicate that in ras
transformed MCF-I0AlneoT cells cathepsin D is localized primarily on the 
basolateral surface of the cells (Figure 3), as is cathepsin B [130]. We have 
previously shown that cathepsin B is also on the basolateral surface of MCF-
7 and BT20 human breast carcinoma cell lines [92]. 

Recent studies indicate that cathepsin B is concentrated intracellularly in 
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Figure 2. Only a few discrete areas on the exter.nal surface of parental MCF-lOA human breast 
epithelial cells exhibit fluorescent labeling for cathepsin D. a: Phase contrast image of MCF-lOA 
cells. b: Single optical slice of fluorescent labeling for cathepsin D that has been superimposed on 
the phase contrast image of panel a. c: Three-dimensional reconstruction of optical slices of 
fluorescent labeling for cathepsin D. d: Control in which the primary antibody was replaced with 
nonimmune serum. The primary antibody was rabbit anti-human cathepsin B IgG [52,89], and the 
secondary antibody was Texas red-conjugated donkey anti-rabbit IgG. Bar, lOflm. 

regions of the cells shown to be involved in matrix degradation (Table 2). 
Treatment of MCF-7 breast carcinoma cells with tumor necrosis factor a 
results in the concentration of cathepsin B staining at focal adhesions. In a 
highly malignant human glioblastoma cell line derived from a glioblastoma 
that expresses IS-fold more cathepsin B activity than matched normal brain 
tissue, cathepsin B is concentrated in foot processes. These foot processes 
resemble invadopodia, highly specialized matrix-degrading structures de
scribed by Monsky et al. [131]. Other proteases have been localized to 
invadopodia [132]. Perhaps this facilitates the proteolytic cascade responsible 
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Figure 3. Ras-transformation of the MCF-lO human breast epithelial cells resulted in a large 
increase in labeling for cathepsin D on the external basolateral surface of these cells. a: Phase 
contrast image of MCF-IOAneoT cells. b: Single optical slice of fluorescent labeling for cat,ltepsin 
D that has been superimposed on phase contrast image of panel a. c: Three-dimensional recon
struction of optical slices of fluorescent labeling for cathepsin D. d: Control in which the primary 
antibody was replaced with nonimmune serum. The primary antibody was rabbit anti-human 
cathepsin B IgG [52,89), and the secondary antibody was Texas red-conjugated donkey anti
rabbit IgG. Bar, lOf.tm. 

for degradation of extracellular matrix by invading cells. Many membrane
associated proteases have been identified in breast cancer; these include 
gelatinase A (MMP-2 or 72kD type IV collagenase) and its putative mem
brane receptor [131], strome lysin 3 [133], urokinase and its receptor [134], and 
cathepsins Band D [89,92]. The localization of prot eases on the cell surface 
will result in an increase in their local concentration to a point that the balance 
between proteases and their endogenous inhibitors will favor proteolysis 
[135], thus favoring the degradation of basement membrane and tumor cell 
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invasion. The accessibility of proteases at the surface of tumor cells might be 
exploited for diagnostic or therapeutic purposes, for example, by the develop
ment of specific antibodies to identify micrometastases, by the development of 
specific antibodies and inhibitors that can block the activities of the proteases, 
and by the development of specific antibodies that can target cytotoxic agents 
to kill the targeted cells. 

Another possible function for pro cathepsin D is to promote the prolifera
tion of breast cancer cells by acting as an autocrine mitogen similar to insulin
like growth factor II (IGF II) [136,137]' However, in contrast to IGF II, 
pro cathepsin D has a more pronounced mitogenic effect on breast cancer cell 
lines; proliferation can be inhibited by antibodies specific for the propeptide of 
cathepsin D [137]. This suggests a specific function for pro cathepsin D in the 
progression of breast cancer. The mechanisms for this mitogenic activity of 
cathepsin D are unknown. However, recent observations suggest that this 
enzyme may induce cell proliferation by activating latent forms of growth 
factors or by interacting with growth factor receptors extracellularly or in
tracellularly [137]. Another possibility is that secreted cathepsin D from breast 
cancer cells upregulates the activity of IGF by degrading IGF-binding protein-
3, a protein that normally binds to IGF peptides and modulates their biological 
activities [138]. 

Studies to date support, but do not prove, that cathepsins D and B play 
functional roles in malignant progression. In breast cancer, cathepsin D ap
pears to playa leading role in progression and metastasis, as indicated by the 
positive correlation between the level of cathepsin D (protein and activity) 
and malignant progression, and the high risk of early relapse and metastasis 
observed in patients with breast cancer [34,84,114]. An important functional 
role for cathepsin D in breast cancer is further supported by the fact that 
tumor cells transfected with a mammalian expression vector of human cathe
psin D exhibit an increased metastatic potential [126]. In other cancers, for 
example, in melanoma [47,139,140] and gliomas [60], cathepsin B appears to 
playa more important role than does cathepsin D. These observations, as well 
as studies on the roles of metalloproteases and serine proteases in breast 
cancer and other cancers, suggest that more than one protease is required for 
malignant progression. The proteases involved appear to depend on the tissue 
of origin of the cancer. Furthermore, the functional proteases may change 
depending on the stage of malignant progression. Understanding the roles 
played by cathepsins D and B and by other proteases will require cooperation 
among investigators, as we need to evaluate multiple proteases concurrently in 
a cancer arising in a single tissue, such as breast cancer, and at various stages 
during the progression of that cancer. 
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Introduction 

Stromelysins belong to the matrix metalloproteinase (MMP, also known as 
matrixin) family, extracellular proteolytic enzymes that are believed to be 
physiological mediators of tissue remodeling processes during development, 
involution, and tissue repair [1,2]. In agreement with this concept, MMPs are 
capable of degrading most macromolecular components found in or associated 
with the extracellular matrix (ECM) [1-4]. MMPs have also been implicated in 
pathological tissue remodeling processes, including those associated with can
cer progression [5]. Although it has been proposed that they may be involved 
in the initiation of oncogenesis [6], MMPs should be better regarded as mod
ulators of cancerous processes, thus contributing to tumor invasion and 
metastasis [5,7-9]. 

MMPs have been so far defined as enzymes that (1) degrade at least one 
component of the ECM, (2) contain a zinc ion and are inhibited by chelating 
agents, (3) are secreted in a latent form and require activation for proteolytic 
activity, (4) are inhibited by specific tissue inhibitors of metalloproteinases 
(TIMPs), and (5) share amino-acid similarities [10]. However, some of the 
most recently identified members of the MMP family do not fulfill all of these 
criteria. Thus, it is presently uncertain whether stromelysin-3 [11] and MT
MMP [12] can directly degrade ECM substrates. Second, the major 
stromelysin-3 form that is found in conditioned media from fibroblasts ex
pressing the endogenous stromelysin-3 gene corresponds to a putative mature 
enzymic form and not to the zymogen (Figure 1). Finally, it has been recently 
demonstrated that all MMPs contained not one but two zinc atoms, one being 
required for catalytic activity and the other for proper protein folding [13]. 
Taken together, these observations suggest that the MMP family should now 
be defined solely as a class of zinc proteinases belonging to the metzincin 
superfamily [14-16], and is characterized by amino acid similarities and inhibi
tion by TIMPs. 

R. Dickson and M. Lippman (eds.) MAMMARY TUMOR CELL CYCLE, DIFFERENTIATION AND 
METASTASIS. 1996. Kluwer Academic Publishers. ISBN 0-7923-39fJ5-3. All rights reserved. 
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Figure 1. Western blot analysis of stromelysin-3 from human fibroblasts. Conditioned media from 
HFLl diploid fibroblasts (ATCC CCL 153), cultured in serum-free medium in the absence or 
presence of lOng/ml phorbol 12-myristate 13-acetate (PMA) for 48 hours, were concentrated 
100X by ammonium sulfate precipitation and were analyzed by Western blot using monoclonal 
antibody 5ST-4CIO against the stromelysin-3 catalytic domain, or monoclonal antibody lST-2HIO 
against the 25 C-terminal amino acid residues of stromelysin-3. 

Stromelysins 

Stromelysins were initially defined as MMPs capable of degrading a broad 
range of ECM substrates, including proteoglycans, gelatins, fibronectin, 
laminin, elastin, and collagens of types IV, V, VII, and IX [17]. These a.ctivities 
were first demonstrated for stromelysin-1, and later on for stromelysin-2 and 
the related enzyme matrilysin [18,19]. However, they are not observed for 
stromelysin-3, which exhibits unusual functional properties [20,21] (see later). 
Although more appropriate terminology may be used in the future for 
stromelysin-3, its present designation is based on the observation that all three 
stromelysins share a common protein domain organization [11,22,23], and 
because 'stromelysin-3' is an appropriate designation for a MMP specifically 
expressed in stromal cells [11] (see later). Thus, in this chapter we review both 
the observations made in breast cancer for stromelysin-l, stromelysin-2, and 
matrilysin, which exhibit similar proteolytic activities, and those made for 
stromelysin-3, which may in fact correspond to a new type of MMP [24]. 
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Figure 2. Protein domains of stromelysin-3 and MT-MMP. Both proteins exhibit from N- to C
terminal extremities a predomain, a prodomain (containing a conserved cysteine residue as in 
other MMPs), a catalytic domain (with the catalytic-zinc atom (Zn) bound to the apoenzyme 
through 3 histidine residues), and a hemopexin-like domain (in which two cysteine residues form 
an internal disulfide bridge). MT-MMP, but not stromelysin-3, has, in addition, a transmembrane 
domain followed by an intracellular domain in its C-terminal portion. However, both stromelysin-
3 and MT-MMP are characterized among MMPs by the presence of additional amino acids 
located at the junction between the prodomain and catalytic domain, and containing a potential 
cleavage site for convertases of the furin type (amino-acid residues in bold letters). Amino adds 
are represented using the one-letter code. (From Basset et al. [11] and Sato et al. [12], with 
permission. ) 

Stromelysin-3 structural characteristics 

Although having four protein domains, like the other stromelysins, 
stromelysin-3 exhibits a number of structural specificities. First, stromelysin-3 
has 10 additional amino acids precisely located at the junction between the 
prodomain and catalytic domain, and an unusually long hinge region at the 
junction between the catalytic and hemopexin-like domains (Figure 2) [11]. 
Furthermore, stromelysin-3 is the only member of the matrixin family that 
exhibits a threonine instead of a serine C-terminally to the third histidine 
residue, which is characteristic of catalytic-zinc binding sites of the metzincin 
family (Table 1). Whether this serine-threonine substitution is functionally 
important is not known, but it has been observed in human [11], mouse [25], 
and rat [A. Okada et aI., unpublished results] enzymes. Finally, human 
stromelysin-3 differs from all MMPs so far described, including mouse and rat 
stromelysin-3, by the presence of an alanine instead of a proline immediately 
C-terminal to the Met turn characteristic of metzincins (Figure 3). Because of 
its location in the catalytic environment, this amino acid replacement may be 
functionally important and could explain some of the differences noted be
tween human and mouse stromelysin-3 [20,21]. 
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Table 1. Comparison of amino acid sequences in the catalytic zinc binding-site region of 
metzincins 

Enzyme family Seq:lilemcea 

Astacin HE X XH XX G FX r -~fl Serratia HE I GH AL G LX 
Reprolysin HE X GH NL G XX 

~ Matrixin 
Other than stromelysin-3 HE X GH XX G XX HS 
Stromelysin-3 HE X GH XX G XX ! HT 

'---- - '---

a Amino acids are represented using the one-letter code. 
Data from Basset et al. [11], Bode et al. [15] , and Lefebvre et al. [25] . 

.. -.. -.. 
Figure 3. Schematic representation of the catalytic-zinc environment in human stromelysin-3. 
Human stromelysin-3 differs from all other matrixins, including mouse and rat stromelysin-3, by 
the presence of an alanine (A) instead of a proline (P) C-terminally to the 'Met-turn.' The 
methionine (M) side chain of the Met-turn provides a hydrophobic base beneath the three zinc
liganding histidine (H) side chains. E, glutamic acid·; G, glycine; X, non-conserved amino-acid 
residue; Zn, catalytic zinc atom. (Modified from W. Bode et al. [15], with permission .) 

Stromelysin-3 functional properties 

Stromelysin-3 differs from previous MMPs both in its activation pattern and its 
enzymic activity. Stromelysin-3 is the first MMP for which proform maturation 
cannot be induced by 4-amino phenylmercuric acetate (APMA) treatment 
[20], suggesting that the removal of the stromelysin-3 propeptide does not 
involve autolytic cleavage and should rely on another mechanism. In agree
ment with this possibility, the predominant stromelysin-3 form that is observed 
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in conditioned media from cells in culture corresponds to a form that has lost 
the N-terminal pro domain (Figure 1) [21], and not to the zymogen, as for other 
MMPs [4]. This unusual behavior for a MMP possibly relies on the presence of 
the 10 additional amino acids at the junction between the stromelysin-3 
pro domain and catalytic domain (Figure 2). These amino acids comprise a 
potential cleavage site for furin, a convertase implicated in the processing of 
various protein precursors [26,27]. Because furin is an ubiquitously expressed 
convertase associated with membranes of Golgi vesicles, it is possible that 
stromelysin-3 is processed in these vesicles and then is secreted as an already 
active enzyme, in contrast to other MMPs, whose proforms must be activat,ed 
in the extracellular milieu [4]. Interestingly, an activation pathway similar to 
that proposed for stromelysin-3 could also concern the recently identified MT
MMP, which also contains a potential cleavage site for furin-type enzymes at 
the junction between the pro domain and catalytic domain (Figure 2) [12). 

Stromelysin-3 also differs from other MMPs in its unusual enzymic proper
ties. In particular, both mouse and human stromelysin-3 forms with an intact 
C-terminal domain do not exhibit caseinolytic activity in zymography and 
cannot cleave any of the major ECM compon,ents [20,21). The possibility has 
been raised that stromelysin-3 might represent a member of the MMP family 
that has lost proteolytic power [28], because this has been observed in some 
families of proteolytic enzymes [29]. This now appears unlikely because it has 
been recently demonstrated that human stromelysin-3 could cleave al 
antitrypsin [21], like other MMPs. Furthermore, mouse stromelysin-3 forms 
that have lost at least part of the C-terminal hemopexin-like domain have been 
shown to cleave casein and ECM molecules (Figure 4B) [20]. It is unclear, 
however, whether these C-terminally truncated stromelysin-3 forms, gener
ated during enzyme purification andlor incubation, are physiologically rel
evant. Although the major stromelysin-3 form found in conditioned media 
from human diploid fibroblasts expressing the endogenous stromelysin-3 gene 
is not C-terminally truncated (Figure 1), it cannot presently be ruled out that 
in other tissues or in other conditions C-terminally truncated stromelysin-3 
forms could be also generated. Thus while awaiting additional information, 
several possibilities must currently be considered for stromelysin-3 function in 
vivo. 

One hypothesis is that stromelysin-3 corresponds to a new type of MMP 
with specific properties for an as yet undefined substrate, and whose substrate 
specificity would be in part dictated by the hemopexin-like domain (Figure 
SA). A critical role for this domain in controlling MMP substrate specificity 
has been previously demonstrated for the type I collagenases, which lose the 
capacity to cleave type I collagen when their hemopexin-like domain is deleted 
[30-32]. The possibility that the hemopexin-like domain has a critical role in 
defining stromelysin-3 substrate specificity would be consistent with the obser
vation that the genomic organization corresponding to this domain differs 
from that of other MMP genes, in ways suggesting that the stromelysin-3 
hemopexin-like domain may have a different origin [Po Anglard et aI., unpub-
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Figure 4. Comparative caseinolytic activities of recombinant stromelysin-2 and stromelysin-3. A: 
Detection of caseinolytic activity for pro-stromelysin-2 (lane 1, protein species at 53kD), and 
mature forms of stromelysin-2 (lanes 2 and 3) generated by treatment with 4-amino 
phenylmercuric acetate (APMA) for 6 hours (lane 2) or 18 hours (lane 3). Recombinant 
stromelysin-2 was recovered from conditioned media of Cos-l cells transiently transfected with a 
human stromelysin-2 cDNA cloned into the pSG5 expression vector [23]. B: Detection of 
caseinolytic activity for low molecular weight forms of stromelysin-3. The high molecular species 
detected using monoclonal antibody 5ST-4ClO against the stromelysin-3 catalytic domain (lane 2) 
did not cleave casein, in contrast to those of lower molecular weights (lanes 1, 3, and 4). Recom
binant stromelysin-3 was obtained by expressing a :mouse stro:melysin-3 cDNA cloned into the 
PEE12 vector, and was stably transfected into NSO mouse myeloma cells [20]. Aliquots from the 
same preparations (lanes 1 and 3, and 2 and 4, respectively) were used for Western blot analysis 
(lanes 1 and 2) and casein zymography (lanes 3 and 4). (Panel B is a partial reproduction of Figure 
2 from Murphy et al. [20], with permission.) 

lished results]. In this case, the stromelysin-3 hemopexin-like domain could 
direct substrate specificity by contributing to the proper orientation of 
stromelysin-3 substrate(s), so that it (they) can be efficiently processed by the 
enzyme catalytic site [33,34]. 

While the reality of this scenario awaits the identification of physiologically 
relevant stromelysin-3 substrate(s), another possibility is that stromelysin-3 
activation would involve both N- and C-terminal processing. In these 
conditions, the physiologically active stromelysin-3 would correspond to a low 
molecular weight form exhibiting enzymic properties similar .to those of 
stromelysin-1 and stromelysin-2 (Figure 5B). In this cas.e stromelysin-3 
should be regarded as an analog of matrilysin, an MMP characterized both by 
the absence of a hemopexin-like domain and stromelysin-like activity [19]. 
Active stromelysin-3 would be generated after proteolytic cleavage from a 
protein precursor, instead of by direct mRNA translation, as in the case of 
matrilysin. 
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Figure 5. Pro-stromelysin-3 putative activation pathways. In the first model (A), the active 
stromelysin-3 form has lost the N-terminal propeptide and corresponds either to a molecule 
without proteolytic activity CD or with activity limited to (an) as yet undefined substrate(s) 0. In 
the second model (B), the active stromelysin-3 form has lost both the N-terminal propeptide and 
the C-terminal portion of the hemopexin-like domain. In this case, stromelysin-3 would be a MMP 
with stromelysin-like activity [20]. 

Expression of stromelysin and matrilysin genes in breast carcinoma 

Although the stromelysin-3 and matrilysin genes have been found to be ex
pressed in most invasive human breast carcinomas [11,35-40] their expression 
patterns strikingly differ. The stromelysin-3 gene is specifically expressed in 
fibroblastic cells surrounding cancer cells (Figure 6) [11,35,38,40]. Strome lysin-
3 transcripts are exclusively detected in fibroblastic cells belonging to the 
tumor stroma, in contrast to gelatinase A and MT-MMP, which are expressed 
both in fibroblastic cells of tumor stroma and in fibroblasts of surrounding 
noncancerous tissues [35,40]. The matrilysin gene is specifically expressed in 
epithelial cells, both in cancer cells and in cells present in the normal tissue 
surrounding the tumors [35]. Thus, the levels of matrilysin RNA are similar in 
invasive breast carcinomas and in benign breast fibroadenomas, while 
stromelysin-3 transcripts are usually not detected in benign breast tumors 
[11,39]. However, stromelysin-3 expression is not characteristic of invasive 
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Figure 6. Indirect immunoperoxidase staining of human stromelysin-3 in fibroblastic cells of an 
infiltrative ductal breast carcinoma. Stromelysin-3 was immunodetected on paraffin-embedded 
tissue section using monoclonal antibody 5ST-4A9 against the hemopexin-like domain of 
stromelysin-3. Note that the stromelysin-3-expressing stromal cells are intermixed with the cancer 
cells inside the tumor mass. 

tumors and can be observed in some in situ breast carcinomas, particularly in 
those of the comedo type [35]. Similarly, stromelysin-3 gene expression has 
been found in both invasive tumors and high-grade precursor lesions of other 
types of human carcinomas [41]. 

In contrast to stromelysin-3 and matrilysin, the stromelysin-1 and 
stromelysin-2 genes are rarely expressed in human breast cancer. In a study 
of 10 invasive breast carcinomas performed using in situ hybridization, 
stromelysin-2 transcripts were detected in only one tumor, and those for 
stromelysin-1 in none of them [35]. In another study, stromelysin-1 RNA was 
found in only 2 tumors out of 17 that were examined [42]. The infrequent 
expression of the stromelysin-2 gene in breast carcinoma can be easily ex
plained because expression of this gene in human carcinomas appears to be 
specific to squamous cell carcinomas [43-47]. In agreement with these obser
vations, the single breast carcinoma expressing the stromelysin-2 gene in the 
series examined by Wolf et al. [35] was an adenocarcinoma with an unusual 
epidermoid differentiation. However, the stromelysin-1 gene appears to be 
rarely expressed in all types of human carcinomas, including both ade
nocarcinomas and squamous cell carcinomas [45,46,48]. 
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Role of stromelysin-3 and matrylisin in breast carcinoma 

MMPs and other extracellular proteinases were until recently most often 
regarded as effectors of cancer cell invasion [5,8,9]. This concept was consis
tent with the capability of these enzymes to degrade ECM components, and 
with observations demonstrating that in vitro cancer cell invasion could be 
prevented by proteolytic enzyme inhibitors. However, it is now generally 
accepted that the contribution of extracellular proteinases to tumor progres
sion is much more complex. Increased expression of extracellular proteinases 
is not specific to cancer cell invasion, and it has been observed in a number of 
carcinomas before they become invasive [28,35,40,41]., suggesting that extra
cellular proteolysis may contribute to tissue remodeling processes that pre
cede or are not directly related to cancer cell invasion. 

In this regard, one possibility is that in addition to their action on ECM 
molecules, extracellular proteinases may also control the activities of non
ECM molecules. Thus, it has been recently shown that MMP-like enzymes 
were implicated in pro-TNFa activation [49,50]. Matrilysin, besides its activity 
on most ECM components [19], has been shown to catalyze the formation of 
low molecular weight forms of urokinase [51], which has itself been implicated 
in controlling the activity of cytokines, including TGF-~ and hepatocyte 
growth factor [8,52]. It is tempting to speculate that this might be also the case 
for stromelysin-3, which, as discussed earlier, cannot cleave the usual ECM 
components when it has an intact C-terminal domain. In this case stromelysin-
3, which contains a putative cleavage site for a furin-type enzyme (Figure 2), 
might participate in a cascade of convertases involved in the control of 
cytokine activities. In any case, observations made in our laboratory indicate 
that the constitutive expression of the human stromelysin-3 cDNA in human 
breast cancer cells leads to larger tumors when the cells are subcutaneously 
injected into nude mice than those observed with the parental cell line (0. 
Lefebvre and A. Noel et aI., unpublished results]. 

Control of stromelysin-3 gene expression in stromal cells of 
human carcinomas 

I t has long been proposed that the tumor stroma is required for growth of most 
human carcinomas, and particularly for those of the breast [53-56]. The 
stroma supplies the neovascularization that is required for tumor expansion 
beyond a certain size, and likely also factors that specifically contribute to 
tumor growth [57]. The observation that stromelysin-3 and other extracellular 
proteinases, including gelatinase A and MT-MMP, are expressed in fibro
blastic cells of human carcinomas [40] suggests that these proteinases may 
represent examples of such factors. However, little is known about the mecha
nisms involved in controlling the stromal expression of these proteinases 
during cancer progression. Since in all types of human carcinomas examined 
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Figure 7. Comparative kinetics of induction of stromelysin-3 and interstitial coIlagenase RNAs in 
human fibroblasts . Confluent G47PF human diploid fibroblasts (kindly provided by H. Smith, 
Geraldine Brush Cancer Research Institute, San Francisco) kept in serum-free medium were 
stimulated with lOng/ml 12-phorbol 13-myristate acetate (PMA) and were harvested at the 
indicated time after PMA addition, for Northern blot analysis using a stromelysin-3 (ST3) or an 
interstitial coIlagenase [ICOL(F)] 32P-labeled cDNA probe. The 36B4 probe [69] was used to 
check for sample loading and RNA tranfer. 

so far, stromelysin-3 expression was observed in fibroblastic cells immediately 
surrounding islands of cancer cells [35,40,41], it is reasonable to believe that 
stromelysin-3 gene expression is triggered by factors acting in the immediate 
vicinity of cancer cells. In vitro stromelysin-3 RNA levels in human fibroblasts 
can be stimulated by treatment with basic fibroblast growth factor or phorbol 
myristate acetate (PMA) (Figure 7) [11,40]. However, although stromelysin-3 
RNA expression can be stimulated at levels comparable with those observed 
for interstitial collagenase RNA, the kinetics of induction for both RNAs 
clearly differ. The delayed induction of stromelysin-3 RNA by PMA is unusual 
among MMPs and suggests that the stromelysin-3 gene may be controlled by 
specific factors. This possibility is also supported by the observation that the 
stromelysin-3 gene promoter differs from that of other MMP genes, particu
larly by not containing an API binding site in the DNA region 5' to the 
transcription start (P. Anglard, unpublished results). These findings indicating 
that the control of stromelysin-3 gene expression differs from that of other 
MMPs are also consistent with observations made both in human carcinomas 
[35,40] and during physiological tissue remodeling [58], showing distinct ex
pression patterns for stromelysin-3 as compared with other MMPs. The iden
tification of these factors that may specifi.cally govern stromelysin-3 gene 
expression is of particular importance for a MMP that is predominantly se-
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creted in a mature form, in contrast to other MMPs, which have to be activated 
in the extracellular milieu. 

Stromelysin-3 as a new prognostic indicator 

Only a few studies have been thus far performed to evaluate a possible 
correlation between stromelysin-3 expression and clinicopathological param
eters in breast cancer [36-38]. A unique study in which stromelysin-3 gene 
expression levels were correlated with breast cancer outcome, was carried out 
by Engel et al. [38]. They observed that recurrent breast carcinoma was more 
frequent in patients with tumors with high stromelysin-3 RNA levels than in 
those with tumors with low stromelysin-3 RNA levels. The possibility that 
increased levels of stromelysin-3 expression might be used to identify patients 
at greatest risk for breast cancer recurrence is also consistent with the obser
vations that the stromelysin-3 and urokinase genes exhibit very similar expres
sion patterns in breast carcinoma [35], and that urokinase appears to have 
prognostic value in breast cancer [59-62]. The next step will be to see whether 
stromelysin-3 can serve as an independent prognostic variable. Such a study 
should be carried out in multivariable analyses of significant size in which 
stromelysin-3levels in breast tumors are evaluated by immunological assays or 
semiquantitative immunohistochemistry, and are ranked in importance with 
other prognostic indicators [63]. 

Conclusions and future directions 

The concept that most human carcinomas are stroma-dependent tumors has 
been long proposed, but it is only recently that this concept has been sup
ported at the molecular level. A striking finding has been that a number of 
molecules previously implicated in tumor progression, including some extra
cellular proteinases, were expressed in stromal cells and not in the cancer cells 
themselves. This observation has refreshed interest in stromal-epithelial inter
actions during tumor progression, and has reminded tumor biologists that 
understanding of human carcinoma progression must involve analysis of both 
cancer cells and the stroma that they induce. It remains now to be understood 
how cancer cells gain the capability of inducing the stroma during tumor 
progression. However, the demonstration that the stroma is an important 
source of molecules implicated in tumor progression has already opened new 
therapeutic perspectives. Targeting stromal cells rather than cancer cells, as is 
the case in conventional chemotherapy, may facilitate drug delivery because 
the tumor stroma is more easily accessible from the blood stream. Another 
possible benefit from targeting stromal rather than cancer cells is the de
creased likehood of drug resistance. 

In this context, the matrix metalloproteinases are attractive targets, both 
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because they act extracellularly and because it has been possible to success
fully develop synthetic inhibitors for these enzymes. The inhibitors thus far 
tested were found to be efficient and well tolerated in animal models of cancer 
[64-68]. The next step will be to identify more specific and/or more potent 
inhibitors for each of the MMPs usually expressed in human carcinomas. In 
this respect, stromelysin-3 because of its unusual functional properties and its 
specific expression pattern in breast and other human carcinomas, represents 
a particularly attractive target. 
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18. Endothelins in breast cancer 

Kirti V. Patel and Michael P. Schrey 

Introdnction 

Just how the normally ordered regime of growth and differentiation executed 
by all cells is over-rid en, leading to the transformed phenotype, is as yet not 
fully understood, but many consider this progression to be a multistep process 
involving the accumulation of a number of genetic lesions, that is, loss of tumor 
suppressor genes or proto-oncogene activation [1-3]. Indeed, cytogenetic 
analysis of human malignant cells has shown that at least 90% of human 
tumors examined carry some form of cytogenetic alteration [4]. 

An equally important consideration is the role of regulatory growth sub
stances, which alone probably would not engage a tumorigenic phenotype, but 
which alongside pre-existing genetic alterations could accelerate tumor 
growth, invasion, or metastasis. In human breast cancer, 70% of tumors exam
ined were found to be aneuploid or to contain cytogenetic alterations [5]. 
These abnormalities in the cellular genetic organization may allow cells to 
respond more favorably to various exogenously derived mitogenic stimuli. In 
this regard, researchers have for some time now been actively searching for 
potential growth regulating substances that augment the growth of breast 
epithelial cells. The ovarian steroid hormone estradiol has long been recog
nized as just such a substance and has been shown to be essential not only for 
the normal growth and development of the mammary gland [6] but has promo
tional effects on the development of hormone-dependent breast tumors [7,8]. 
Its ability to stimulate the growth of breast cancer cells under both in vivo and 
in vitro systems has been attributed in part to its ability to stimulate the release 
of growth factors that can act in an autocrine or paracrine manner. For ex
ample, hormone-dependent breast cancer cells in culture treated with estra
diol have been shown to release transforming growth factor alpha (TGF)-a 
and platelet-derived growth factor (PDGF) [9,l0)., which respectively behave 
as autocrine and paracrine growth factors. 

Paracrine influences of growth factors derived from breast stromal tissue 
are now considered crucial for normal breast development [11,l2] and possibly 
even play an important part in tumor growth [13-17]. It is not clear if some of 
the proposed aberrations in stromal fibroblast phenotype are a consequence of 
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malignant transformation or represent an additional but vital component that 
further compounds the existing genetic lesions already in place. In any case, 
epithelial-mesenchyme interactions involving the bidirectional exchange of 
growth factors must now be looked upon as an important mechanistic phe
nomenon that may have a major influence on the differentiation pattern of the 
mammary gland and on tumor development and growth. 

Entering into this area of paracrine regulators of breast development! 
growth is the recently discovered 21 amino acid peptide called endothelin (ET, 
and later termed ET-l after the identification of the ET isoforms, see later). 
Although originally identified by its ability to induce potent longlasting vaso
constriction of vascular smooth muscles [18], it has now emerged that ET -1 has 
pleiotrophic actions, including the ability to stimulate growth in a variety of 
different cell types [19]. This mitogenic potential of endothelin has led a 
number of researchers to examine its role in tumorigenesis, including in breast 
cancer. The potential importance of this peptide in breast cancer has been 
recently highlighted by the finding that ET -1 levels are significantly elevated in 
malignant breast tissue compared with either benign or normal tissue [20]. At 
the time of writing this chapter, published papers on the role of ET -1 in breast 
cancer were somewhat limited; hence, in addition to relating all the available 
information on this topic, we also draw upon other systems in which the ET
I-mediated responses may be of some relevance in breast pathophysiology. 

Discovery and distribution 

Endothelin-l is a 21 amino acid peptide with potent vasoactive properties that 
was isolated in 1989 by Yanagisawa and coworkers [18] from the conditioned 
medium of porcine aortic endothelial cells. This discovery was fortitous since 
earlier studies were in fact attempting to identify an endothelium-derived 
relaxing factor released from endothelial cells [21]. Instead, due to the design 
of the experiments, a peptidergic agent possessing a potent long-acting vaso
constrictor property was discovered. The challenge of fully identifying this 
peptidergic vasoconstrictor was taken up by Masaki and his group, and within 
a very short time they had isolated, purified, sequenced, and cloned this 
vasoconstrictor peptide, which they named endothelin. 

On screening of the human genomic cDNA library under low-stringency 
hybridization with a synthetic ET probe, it was found that there were in fact 
three distinct ET genes localized on different chromosomes [22]. There ap
peared to be considerable homology within the portions of the genes encoding 
the 21 amino acid residues of ET, and they were subsequently referred to as 
ET-l, ET-2, and ET-3, in which ET-l corresponded to the ET peptide initially 
isolated from porcine aortic endothelial cells. Sequence homology was also 
found with four peptide sarafotoxins, isolated from snake venom of the bur
rowing snake Atractaspis engaddensis [23]. All these ET-like peptides contain 
21 amino acids and show complete identity in 10 of these positions. Indeed, all 
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contain two disulphide bonds between Cysl-CyslS and Cys3_Cysll, which ap
pear to be necessary for binding to ET receptors [24]. 

Various studies have indicated that ET isopeptides may be expressed in a 
differential manner in different tissues. Using essentially Northern analysis, 
the reverse-transcription-polymerase chain reaction (RT-PCR) and in-situ 
hybridization techniques, ET expression studies have revealed that ET-1, but 
not ET-2 nor ET-3, is expressed by endothelial and vascular smooth muscle 
cells [25,26]. Furthermore, ET-1 expression is not limited to vascular tissues 
but has been found to be present in other cell types, including macrophages 
[27], astrocytes [28], neuronal cells [29], decidual cells [30], and normal breast 
epithelial cells [31]. Several tumor-derived cell lines have also been shown to 
express ET-1, including colon, pancreas, breast [32], cervix (HeLa) and larynx 
(HEp-2) [33], and endometrial adenocarcinoma [34]. Data concerning the 
expression of the ET-2 and ET-3 isoforms in tumor tissues have not been 
forthcoming. Nonetheless, it has been reported that ET-2 is expressed in a 
human renal adenocarcinoma cell line [35]. 

Although breast cancer cell lines were shown to produce ET-1, in order to 
further investigate a potential role for this peptide in breast cancer, it was 
necessary to establish if ET-1 concentrations differ between malignant and 
normal breast tissues. This question was resolved by Yamashita and coworkers 
[20], who examined 157 breast tumor tissue extracts and found them to have 
significantly higher ET -1 levels than either benign or normal breast specimens. 
Furthermore, there appeared to be no apparent trend between the clinical 
staging of the tumors and ET-1Ievels, or an association between ET-1levels 
and the classical prognostic factors, including age of patient, tumor size, lymph 
node involvement, histological type, or estrogen/progesterone (ERlPgR) re
ceptor status. These authors concluded that ET-1 is not related to the growth 
of breast tumor tissue but may be involved in the process of malignant 
transformation. 

Release of ET -1 from breast epithelial cells 

The first reported demonstration of preproET -1 (ppET -1) expression and ET-
1 immunoreactivity by normal human breast epithelial cells was communi
cated by Baley and coworkers [31]. They found that normal human breast 
epithelial cells expressed low levels of a 2.3kb mRNA ppET-l species, which 
was enhanced significantly by both TGF-~ and prolactin. Prolactin also in
creased immunoreactive ET-l release, with maximal stimulation occurring at 
6 hours, and thereafter ET-1 release remained constant. At the same time, 
Kusuhara and coworkers [32], using a specific radioimmunoassay, detected 
ET-1 in the spent medium of four human breast cancer cell lines, MCF-7, BT-
20, ZR-75-1, and ZR-75-30. The stage was therefore set for further work 
to elucidate the possible pathophysiological role for ET-l in the breast. In 
our own studies we have found that the glucocorticoids cortisol and 
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dexamethasone, as well as the amphibian-derived peptide bombesin, stimu
lated ET-1 release from the T47-D human breast cancer cell line [36]. This 
stimulated release was dose and time dependent, and furthermore was inhib
ited by cycloheximide treatment, indicating the requirement for de novo pro
tein synthesis. 

In our studies, the possiblity that in addition to ET -1 other ET isoforms ET-
2 or ET-3 are also released from human breast cancer cell lines was excluded 
since HPLC fractionation studies revealed the absence of ET -2 or ET -3 immu
noreactive peaks. More recently, Yamashita and coworkers [37] have exam
ined the effects of various agents, including estradiol, tamoxifen, TGF-~, and 
cytokines (IFN-y, IL-1, tumor necrosis factor (TNF), and IL-6) on ET-1 pro
duction in the human breast cancer cells lines MCF-7 and ZR-75-1 cells. They 
found that IL-6 was the only agent that stimulated ET-1 release by 206% and 
314% of control cells during a 6 hour incubation in MCF-7 and ZR-75-1 cells, 
respectively. 

We have examined the effects of various agonists on ET-1 production in 
several hormone-dependent (MCF-7, T47-D, ZR-75-1) and -independent 
(MDA-MB-231, BT-20, Hs578T) human breast cancer cell lines. All hormone
dependent and -independent cell lines released ET-1 in a constitutive manner, 
with hormone-dependent cell lines releasing up to 20 times more ET-1 (Table 

Table 1. Effect of various agents on ET-1 production in human breast cancer eelliines 

ET -1 produced fmoll10 6 cells 

MDA-MB-
Treatment MCF-7 T47-D ZR-75-1 231 Hs578T BT-20 

Control 49.0 :!: 1.1 55.6 :!: 4.7 50.6 :!: 4.2 2.7:!: 0.2 11.8 :!: 0.7 14.8 :!: 1.5 
DEX 97.2 :!: 2.4b 92.1 :!: 4.2b 100.3 :!: 2 .. .8b 10.7 :!: 0.9b 30.1 :!: 3.3b 25.5 :!: 1.6' 
TPA 101.4 :!: 2.5b 91.2 :!: 8.7' 72.6 :!: 1.6' 2.2 :!: 0.2 57.7 :!: 11.7b 30.2 :!: 1.9b 

BN 81.3 :!: 6.7' 79.5 :!: 1.1' 60.4 :!: 3.8 3.3 :!: 0.7 1O.7:!: LO 17.1 :!: 1.9 
IL-l~ 63.4 :!: 3.8' 58.7 :!: 7.5 86.7 :!: 8.6' 2.7:!: 0.5 41.5 :!: 2.4b 

EGF 55.5 :!: 4.2 52.2 :!: 1.6 50.6 :!: 2.6 2.3 :!: 0.3 18.1 :!: 5.1 17.1 :!: 1.6 
IGF-l 42.1 :!: 7.2 58.2 :!: 5.0 55.6 :!: 2.3 2.9 :!: 1.0 11.4 :!: 1.3 15.9:!: 2.6 
PGE2 77.5 :!: 6.2' 146.5 :!: 6.7b 41.6 :!: 6.8 
Calcitn 55.3 :!: 0.4b 62.5 :!: 2.9 

Human breast cancer cell lines grown to subconfluence in 25 cm2 flasks were incubated for 24 
hours in serum-free minimal essential medium containing 0.3% BSA. This medium was then 
discarded and fresh medium containing trealillitents [dexamethasone (DEX) 100nM]; 12-0-
tetradecanoylphorbol-13-acetate (TPA) lOnM; bombesin (BN) 100nM; interleukin-l~ (IL-l~) 
20ng/ml; insulin-like growth factor-1 (IGF-1) 50ng/ml; epidermal growth factor (EGF) 50ng/ml; 
prostaglandin E2 (PGE2) 1 flM; calcitonin (Calcitn) 100nM was added for a further 24 hours. After 
this period the overlying medium was collected and assayed for immunoreactive ET-1 using a 
specific radioimmunometric assay [124]. Results shown represent the mean:!: SD, n = 3. 
Statistical differences were determined by Student's t test. 'p < 0.01; bp < 0.001 denote significant 
difference from basal ET -1 release. 
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1). There were no obvious differences in the behavior of the two groups in 
terms of responsiveness to various agonists. In general, all cells lines treated 
with dexamethasone, TPA, or cAMP-elevating agonists (prostaglandin Ez and 
calcitonin; see later) significantly increased ET-1 release over a 24 hour incu
bation period, while most cell lines were unresponsive to IL-1B (except ZR-75-
1, MCF-7, Hs578T), IGF-1, and EGF (Table 1). Furthermore, on examining 
for possible interactions between various agents on ET-1 production in MCF-
7 cells, a marked synergistic response was observed after treatment with 
dexamethasone and TP A or the amphibian-derived peptide bombesin (Figure 
1). One possible mechanistic explanation for this cooperative interaction be
tween the glucocorticoid and PKC-stimulated pathways was recently provided 
by Hansen Ree and coworkers [38], who found that expression of the gluco-
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Figure 1. Synergistic interactions between dexamethasone and TPA or bombesin (BN) on ET-1 
production in MCF-7 cells. MCF-7 cells grown in 25cm2 flasks were incubated in 2ml of serum
free Eagle's minimum essential medium containing 0.3% bovine serum albumin with or without 
TPA or BN, and in the absence (open bars) or presence of dexamethasone (hatched bars). 
Horizontal lines across bars indicate the expected sum of the responses of the individual agonists. 
ET-1 production values obtained after the specific immunoradiometric assay were normalized to 
cell numbers. All data represent the means ± SD of triplicate determinations. *p < 0.01, **p < 
0.001 denote significant stimulation compared with untreated cells. 
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corticoid receptor mRNA and protein in MCF-7 cells was increased after 
treatment with TP A. Thus, the glucocorticoid-stimulated ET -1 production in 
breast tissue could be further enhanced by agonists that increase glucocorti
coid receptor transcription through interaction with cis-acting elements on the 
glucocorticoid receptor gene. 

As mentioned earlier, screening of a genomic cDNA library revealed that 
ET-1, ET-2, and ET-3 are encoded by distinct genes, which have been as
signed, using somatic cell hybrids and in situ hybridization techniques, to 
chromosomes 6,1, and 20, respectively [39,40]. The ppET-1 gene, distributed 
over 6.8kb of genomic DNA, contains five exons and four introns, with the 
mature ET-1 peptide nucleotide sequence present in the second exon. Exami
nation of the 5' -flanking promoter region of the human ppET-1 gene has 
revealed the presence of TAT A and CAA T boxes [41]. Moreover, in endothe
lial cells two regions in the 5'-flanking region, referred to as region A and 
region B, were shown to be necessary to direct the efficient ET-1 gene tran
scription through cis-acting elements [42]. Region A was found to contain the 
GATA binding motif, similar to the consensus sequence Eryf-1 identified in 
erythroid cells, and to which the binding protein GAT A-2 binds and regulates 
ET-1 gene transcription [43]. Region B was found to contain the TPA-respon
sive element (TRE) to which jun/jun and fos/jun dimers (AP-1 transcriptional 
factor) bind and mediate ET-1 gene transcription [44]. These dimers interact 
with the AP-1 promoter binding motif of various genes, leading to cellular 
responses, such as cell growth and differentiation [45]. Recently, a novel 
cDNA encoding an extended 5' -flanking region of the ppET-1 gene has been 
identified from screening a human placental cDNA library [46]. This extended 
region is thought to contain at least three potential CAP sites, and promoter 
deletion mutants coupled to reporter genes revealed potential promoter activ
ity within this site. This study also indicated that this novel transcript and the 
previously identified human endothelial cell ppET-1 transcript may be regu
lated in a tissue-specific manner. 

In addition to the AP-1 promoter element, a number of other cis-acting 
sequences have been identified that may regulate ET-1 mRNA transcription, 
possibly in a tissue-specific manner. Thus, the promoter region of the ppET-1 
gene is found to contain cis-acting sequences for the nuclear factor-1 and acute 
phase reaction regulatory factor (APR) transcriptional factors. In addition, 
intragenic sequences for nuclear factor-1 and APR transcriptional factors are 
also present. In the MCF-7 and ZR-75-1 breast cancer cell lines, the demon
stration that the cytokine IL-6 stimulated ET-1 production suggests that this 
response may be the result of interaction of the APR transcriptional factor 
with the APR binding motif within the promoter region of the ET -1 gene [37]. 
The identification of three putative octanucleotide sequences for the TRE 
indicates the importance of this sequence in regulating ET-1 mRNA expres
sion. However, it appears that only one of the AP-1 cis-acting elements is 
essential in regulating ET-1 gene expression. Furthermore, site-directed mu
tagenesis of the AP-1 site was shown to significantly attenuate promoter 
activity [44]. In rat-1 fibroblasts ET-1 induced AP-1 transcriptional factor 
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activity, suggesting a potential for ET-1 to regulate its own expression [47]. 
This finding is consistent with an earlier study that found ET-1 stimulated 
ppET-1 expression in rat vascular smooth muscle cells [48]. 

Many studies have shown that one of the first nuclear events initiated by 
many growth factors and regulatory peptides upon binding to their cell surface 
receptors is the activation of the immediate-early genes, which include the fos 
and jun family of genes. One signaling pathway that has been consistently 
found to be important for AP-1 transcriptional factor activity and ET-1 gene 
expression has been shown to be dependent on PKC activity. Indeed, many 
cell types treated with TPA demonstrate increased ppET-1 mRNA transcript 
and ET-1 peptide synthesis [41,49]. Similarily, increases in intracellular cal
cium and diacylglycerol, resulting from agonist-stimulated inositol lipid hy
drolysis, may augment ET-1 mRNA expression and protein. In line with this 
proposal, we have found that bombesin stimulated both inositol phospholipid 
hydrolysis and ET-1 production in the human breast cancer cell lines MCF-7 
and T47-D [36,50]. As indicated earlier, most human breast cancer cell lines 
examined were responsive to TP A treatment, highlighting the potential im
portance of this signaling pathway in regulating ET -1 production in breast 
cancers. Indeed, we found that in MCF-7 cells downregulation of PKC by 
chronic exposure to TPA resulted in the loss of ET-1 production in response 
to a further challenge to TP A. 

We also noted that ET-1 production in response to TPA, in contrast to that 
induced by glucorcorticoids and cAMP-elevating agonists (see later) did not 
appear to be dependent on de novo protein synthesis or precursor peptide 
processing, since treatment of MCF-7 cells with cycloheximide or 
phosphoramidon only moderatly attenuated the TPA-stimulated ET-1 re
lease. Similar results have been reported in cultured human-vein endothelial 
cells [51]. These observations are surprising because the TPA-mediated tran
scription of the fos and jun nuclear proteins is thought to be crucial for ppET-
1 gene transcription. It may be that in breast cancer cells two routes for ET-1 
release exist, one that utilizes the de novo protein synthesis of ppET-l fol
lowed by rapid processing and release from the cells, and a second, which is 
dependent on release of the peptide from a preformed store. Another point of 
regulation of ET-1 mRNA expression appears to be determined by the stabil
ity of the mRNA species. In this respect, the 3' -untranslated region of the of 
the ppET-l gene contains two AUUUA sequences, which are known to de
crease the stability of the mRNA and which probably accounts for the short 
half-life of the transcript and its superinduction by cycloheximide [41]. 

Role of cAMP in ET·l production in human breast cancer cells 

In our attempts to identify agents/signaling pathways that can regulate ET-1 
production in human breast cancer cells, we found that agonists that elevate 
intracellular cAMP also stimulated ET-1 production. Treatment of MCF-7 
cells with forskolin (Fk), which activates adenylate cyclase or cholera toxin, 
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which stimulates Gs through ADP-ribosylation of the a-subunit of Gs, re
sulted in a two- to threefold increase in ET-1 release. Similarily, the cell 
permeable cAMP analogue 8-bromo-cAMP and the cAMP phosphodiesterase 
inhibitor 3-isobutyl-1-methylxanthine also markedly enhanced ET -1 produc
tion. These responses in human breast cancer cells appear to be novel, because 
similar effects in other cell types have as yet not been reported. Previous 
reports on the role of cAMP in ET -1 production in other cell types are limited. 
In cultured endothelial cells, the vasoactive peptide atrial naturetic peptide 
was found to inhibit the production and secretion of ET -1 by apparently 
reducing cAMP production [52], indicating that this second messenger does 
have a role in regulating ET-1 production. However, in the same study addi
tion of a cAMP analogue appeared to have no effect on basal ET-l release. In 
contrast, in rat mesangial cells cAMP-elevating agents actually inhibited ET-
1 release [49]. 

Having demonstrated a clear effect of cAMP on ET-1 production in human 
breast cancer cells, the next step was to identify possible physiological agonists 
present in breast tissue that could mimic the effect of cAMP elevating agents 
on ET -1 production. Two potential agents identified were the eicosanoid 
prostaglandin Ez (PGEz) and calcitonin, which have been previously shown to 
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Figure 2. Time course of PGE2 and calcitonin-stimulated ET-l production in MCF-7 cells. MCF-
7 cells grown in 25 cm2 flasks were incubated without (open bars) or with (hatched bars) either (A) 
PGE2 (1 f!M) or (B) calcitonin (100nM) for the times indicated. At the end of each incubation 
period, the spent medium was removed and assayed for ET-l. Cell numbers were also determined, 
and the results were subsequently normalized to cell numbers. Results shown represent mean :!: 

SD of triplicate incubations. *p < 0.01 and **p < 0.001 indicate an increase in ET-1 production 
over respective basal release. 
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increase cAMP levels in MCF-7 cells [53]. Both PGE2 and human synthetic 
calcitonin stimulated ET-1 production in MCF-7 cells during a 24 hour incuba
tion by 150% and 130% of basal levels, respectively (Figure 2). ET-1 produc
tion in response to pharmacological and physiological cAMP elevating agents 
were attenuated both in the presence of the protein translational inhibitor 
cycloheximide, indicating the requirement of de novo protein synthesis, as 
well as by the big ET-1 to ET-1 processing enzyme inhibitor phosphoramidon, 
indicating the activation of the ET -1 synthetic pathway. To further investigate 
whether the cAMPIPKA or the PKC signaling pathway(s) is responsible 
for ET -1 production, various experimental procedures were conducted. The 
PKA inhibitor H-89, at the concentration used, abolished ET-1 production 
stimulated by cAMP-elevating agents, including Fk and PGE2, and calcitonin, 
while the TPA-stimulated response was unaffected (Table 2). Conversely, 
downregulation of MCF-7 cell PKC through a chronic exposure to TPA re
sulted in the desensitization of the TPA-stimulated ET-1 release but not that 
caused by the cAMP-elevating agents FK, PGE2, or calcitonin. 

A cAMP-responsive element (concensus sequence TGACGTCA) within 
the ppET -1 promoter region appears to be absent. However, on examining the 
promoter region of the ppET -1 gene for an AP-2 element (consensus sequence 
CCCCAGGC), which is also known to mediate both cAMP and phorbol ester 
induction of gene transcription [54], two potential AP-2 sites were found. 
From the transcriptional start site, these sequences corresponded to 

Table 2. Effect of the protein kinase A inhibitor H-89 on TPA
and PKA-mediated stimulation of ET -1 production in MCF-7 cells 

Treatment 

F orskolin (10 [-1M) 
TPA (10nM) 
PGE, (1 [-1M) 
Calcitonin (100nM) 

ET-1 produced fmol/106 cells/ 
24 hours % of basal release 

-H-89 +H-89 

245 ± 7.6' 128 ± 6.5b 

228 ± 8' 287 ± 32b 

183 ± 6' 87 ± 14b 

129 ± 9.2' 119 ± 12 

MCF-7 cells grown to approximately 70% confluence in 25cm' 
flasks were incubated for 24 hours in serum-free minimum essen
tial medium containing 0.3% bovine serum albumin. Medium was 
then discarded and cells were pretreated with or without H-89 
(30 [-1M) for 4 hours prior to treatment with forskolin, prostaglan
din E, (PGE,), calcitonin, or TPA and in the absence or presence 
of H-89. Basal ET-1 production values in the absence or presence 
of H-89 were 33 ± 4 and 13 ± 1.4fmol/106 cells/24hs, respectively. 
Results shown represent the mean ± SD, n = 3. 
Statistical differences were determiThed by Student's t test. 'p < 
0.01; b p < 0.001 denote a significant difference from cells not 
treated with H-89. 
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(A)CCCAGGC at -2221 to -2228 and (T)CCCAGGC from -2065- to -2072. In 
this regard, functional studies using promoter-reporter gene constructs will 
help in identifing specific sequences that regulate transcription of the ppET-l 
gene in breast epithelial cells. 

Endothelin-l-mediated cell signaling: Potential role in breast 
fibroblast mitogenesis 

Although, ET -1 was originally identified as a potent vasoactive peptide, s.ev
eral studies have shown that this peptide has the ability to act as a mitogen in 
a variety of cell types. For instance, ET-l stimulates DNA synthesis and 
proliferation in vascular smooth muscle cells [55,56], vascular endothelial cells 
[57,58], murine fibroblast cell lines [59,60], rat mesangial cells [47,61] human 
melanocytes [62], and glial cells [63]. This long-term response is initiated by 
the binding ofET-l to the G-protein-coupled ET receptor. Presently, two ET
receptor subtypes, ETA and ETB, have been identified and cloned [64,65]. A 
third ET receptor ETc has been proposed based on several studies that have 
found selective high responsiveness to the ET-3 isopeptide [66]. ETA receptors 
have higher affinity for ET-l and ET-2 than for the ET-3 isoform, whereas the 
ETB receptor demonstrates equal affinity for all ET isoforms. ET-occupied 
receptors have been shown to activate those signaling pathways that are 
characteristic of receptors with seven transmembrane-spanning domains 
coupled to GTP-binding proteins. Treatment of various cell types with ET-l 
has been found to elicit rapid phospholipase C-mediated hydrolysis of inositol 
phospholipids, resulting in the concomitant production of the two second 
messengers inositol trisphosphate (IP3) and diacylglycerol (DAG), which 
mobilize calcium from intracellular stores and activate protein kinase C 
[57,67], respectively. DAG has also been shown to be generated by ET-l
mediated hydrolysis of phosphatidylcholine through the possible actions of 
phospholipase CorD [68]. Interestingly, the overexpression of the PKC-~1 
isoform in rat 6 fibroblasts [69] or v-src transformed rat-l fibroblasts cells [70] 
resulted in enhanced IP3 production and calcium signaling in response to ET-
1 treatment, indicating that cells that demonstrate oncogenic transformation 
or overexpress key cell signaling components may become more responsive to 
ET-l. ET- receptors have also been shown to be coupled to the activation of 
plasma membrane Ca2+ channels [24,71], phospholipase Az activation leading 
to the release of the eicosanoid precursor arachidonic acid [24,72] and to 
adenylate cyclase, mediating either stimulation or inhibition of cAMP produc
tion, depending on the ET-receptor subtype activated [24,73]. 

Activation of these multiple ET -receptor coupled signaling pathways insti
gates downstream events in the nucleus, resulting in enhanced expression of 
the immediate early genes c-fos and c-myc in vascular smooth muscle cells and 
in Swiss 3T3 cells [56,59,61]. In rat-l fibroblasts, ET-l caused the rapid in
crease in mRNA levels of the c-fos, fos-B, fos-l, c-jun, and fun B genes [74]. 
The ET -I-stimulated signaling pathways involved in activation of these genes 
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are still to be fully elucidated. However, both calcium and PKC have been 
implicated in regulating the expression of these early mitogen-responsive 
genes. For instance, in rat-l fibroblasts the ET-l-induced increase in mRNA 
transcripts of the jun and fos gene family could be blocked by the calcium 
chelator EGTA, thereby implicating ET-l-induced elevation in intracellular 
calcium in fos/jun gene transcription [74]. Similarily, the involvement of PKC 
in ET -1 induced c-fos proto-ongogene expression has been demonstrated in 
vascular smooth muscle cells and in rat-l cells in which PKC inhibitors and 
PKC downregulation inhibited ET -I-induced c-fos mRNA expression [56,60]. 

ET-l has also been found to stimulate the serine/threonine mitogen
activated protein kinase (MAP kinase) activity in various cells types [75], 
further demonstrating that ET-l has the capacity to activate multiple signaling 
pathways previously associated with mitogenic growth factors. The MAP ki
nases (p44/p42) have been shown to participate in the phosphorylation of 
microtuble-associated protein-2 and myelin basic protein [76,77], the riboso
mal S6 kinase [78], the raf-l kinase [79], and the c-jun, c-myc transcriptional 
factor [80,81]. In human breast fibroblasts, ET -1 was found to stimulate S6 
kinase activity [31]. This could be a potentially important signaling pathway 
through which ET-l activates nuclear events. For instance, it is known that S6 
kinase is capable of phosphorylating the myc, jun and fos [82] nuclear proteins, 
thereby linking this kinase to a mitogenic response. Presumably, S6 kinase 
activation is produced by phosphoinositide hydrolysis [31], resulting in the 
phosphorylation and activation of MAP kinases through the action of both 
PKC-mediated and or by the MAP kinase kinase (MEK) (see later), since 
MAP kinase activation is thought to require both threonine and tyrosine 
phosphorylation. It has also been reported that ET has the ability to stimulate 
tyrosine phsophorylation of various cellular nonreceptor tyrosine kinases, 
including the focal adhesion kinase (pI2SCak) in Swiss 3T3 cells [83], as well as 
stimulating pp60c-src in glomerulus mesangial cells [84]. In mesangial cells it has 
been demonstrated that although PKC is required for DNA synthesis, it is not 
sufficent. Moreover, it was also found that ET-l-stimulated protein tyrosine 
kinase activity was required for ET -1 to mediate its mitogenic action, since the 
use of tyrosine kinase inhibitors successfully blocked growth, c-fos induction, 
AP-l DNA binding, and the stimulation of AP-l cis-element directed tran
scription by ET-l [84]. 

Evidence indicates that ET-l behaves as a paracrine factor in breast tissue; 
that is, ET -1 released by both normal and malignant breast epithelial cells, 
which lack ET receptors, appears to bind to high affinity receptors localized on 
breast fibroblasts, stimulating inositol lipid hydrolysis and S6 kinase activity 
[31]. The finding that normal breast epithelial cells produce ET-l but lack ET 
receptors, whereas breast fibroblasts possess high-affinity ET receptors but do 
not release ET, suggests that this peptide exerts its action in a paracrine 
fashion [31]. We investigated the possibility that ET-l released from breast 
epithelial cells could act as a paracrine mitogen for breast fibroblasts. In 
serum-starved quiescent breast fibroblasts obtained from either normal breast 
or from malignant breast tumors, we found that ET -1 alone had little effect on 

379 



DNA synthesis. However, in combination with the IGF-l, EGF, or PDGF, 
there was a significant synergistic effect on DNA synthesis (Table 3). This 
mitogenic effect was most apparent in the presence of IGF-l, with DNA 
synthesis being stimulated at ET-l concentrations as low as lOpM [36]. This 
suggests that in human breast fibroblasts ET-l is acting as a competence-type 
growth factor, allowing the transition from Go to G), a point in the cell cycle 
where progression growth factors act to drive the cell cycle from the G1 to S 
phase. Similar results have been demonstrated with ET-l acting synergistically 
with growth factors in stimulating DNA synthesis in other cell types [59,85,86]. 

This concerted interaction of ET -1 with breast fibroblasts in the presence of 
IGF-l, which has also been shown to be expressed by breast fibroblasts [87,88], 
may play an important role in regulating the growth of these cells .. Further
more, it is suggested from this model that as a consequence of the increased 
proliferation of the stromal fibroblast cell population, which is adjacent to the 
tumor cells, there is an increased production of mitogenic growth factors, such 
as IGF-l and IGF-II, by the fibroblasts, resulting in the increased proliferation 
of both epithelial and stromal components of the tumor. An indication that 
this may be the case has recently been demonstrated in human breast phyl
lodes tumors. These rare tumors, which account for less than 2.5% of breast 
cancers, are characterized as fibroepithelial tumors that exhibit an abundant 
stromal component. The malignant form of these tumors is even less common 
than the benign tumors and generally exhibit hypercellularity and an increased 
mitotic rate [89-91]. Yamashita and coworkers [89] examined 4 phyllodes 
tumors and 10 fibroadenomas for their ET-l content. They found that the 
phyllodes tumors had an 18-fold higher ET-l concentration than the 
fibroadenomas. Furthermore, these elevated levels were also considerably 
higher than the ET -1 concentrations found in breast tumors. 

Interestingly, in human placental fibroblasts it was shown that ET-l stimu
lated the production of both IGF-binding proteins and ofIGF-II, but not IGF
I [92]. This finding may be of importance if this effect of ET-l is also 
reproduced in the human breast, since Cullen and coworkers [87] have re
ported that fibroblasts grown from normal or benign breast tumours express 
predominantly IGF-l mRNA, whereas fibroblasts grown from malignant 
breast tumors express largely the IGF-II message. Moreover, in situ hybridiza
tion studies have confirmed this change from IGF-l expression in normal and 
benign breast tissue to IGF-II expression in malignant tumors [93]. Thus, the 
high levels of ET -1 found in malignant breast tumor tissue may be instrumen
tal in the increased IGF-II expression observed in the firoblasts surrounding 
these tumours. 

Prostaglandin E2: A paracrine mediator of ET·1 action and prodnction 

We have recently identified breast stromal fibroblasts as a potential source for 
the raised levels of PGEz associated with breast tumors [94]. Since several 
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studies have previously shown that ET -1 can induce eicosanoid production in 
various tissues [95-97], we have also investigated whether ET-1 may have a 
similar action in the breast by stimulating PGE2 production in breast 
fibroblasts. Early passage breast fibroblasts obtained from reduction 
mammoplasties were unresponsive to ET -1. However, when the breast 
fibroblasts were pretreated with the cytokine interleukin-1~ (IL-1~), there was 
a marked synergistic increase in PGEz production in response to ET-1 and 
other inflammatory peptides, such as bradykinin or des-Arg9 bradykinin (Fig
ure 3). Although the cellular mechanisms mediating this potentiated PGE2 
production are uncertain, an increase in substrate availability via phospholi
pase A2 activation by ET-1 or bradykinin, coupled with induction of cyclo
oxygenase by the cytokine, has been previouly reported in other cells [98,99]. 
These in vitro effects of ET-1 and other inflammatory mediators on PGE2 
production in breast fibroblasts may explain in part why PGE2 levels are 
elevated in malignant breast tumors [100-102], as well as in experimental 
murine mammary tumor models [103]. 

In view of our earlier observation that PGE2 can increase ET-1 production 
in human breast cancer cells, we propose that under in vivo conditions a 
potential exists for a bidirectional paracrine loop. This crosstalk would in
volve breast cancer epithelial cell-derived ET -1 acting on proximal breast 
fibroblasts resulting in proliferation and increased PGE2 production, in the 
respective presence of IGF-1 and IL-1~, while breast fibroblast-derived PGE2 
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Figure 3. Effect of IL-1f3 pretreatment on breas,t fibroblast PGE2 production in response to ET-
1, BK, and des-Arg9BK in two different human breast fibroblast cell lines (A, HBF·12; D, HBF-
10). Fibroblasts were preteated with (hatched bars) or without (open bars) IL-1f3 (1 ng/ml) prior 
to incubation in the presence or absence of BK (1 [lM), des·Arg9BK (1 [lM), and ET-1 (0.1 [lM). 
All values represent means:±: SD, n = 3. *p < 0.01 for stimulation compared with basal control 
values. ** p < 0.001 for potentiation of responses in the presence of IL.1f3. 
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bigET-1 

cancer cell fibroblast 
Figure 4. Potential role for ET-I in the regulation of breast tumor cell growth and function. ET
I production by breast cancer cells is regulated by diverse signaling pathways, induding glucocor
ticoids (dex)-, and PKA- and PKC-mediated mechanisms. POE2 and bombesin (BN) represent 
two candidate agonists for activation of these pathways. Breast cancer cells also exhibit the 
potential to regulate tissue ET-Ilevels by processing exogenous big ET-I via endothelin convert
ing enzyme (ECE). ET-I acts in concert with other growth factors, such as lOF-I, as a paracrine 
mitogen on tumor mesenchyme. ET-I may also upregulate POE2 and lOF-II production by breast 
fibroblasts. These factors may, in turn, exercise a reciprocal paracrine influence on cancer cell 
growth and function. 

acts on breast epithelial cells, stimulating ET -1 production (Figure 4). 
Whether this proposed positive paracrine feedback mechanism is indeed in
strumental in mediating the raised levels of PGE2 and ET-I seen in breast 
tumors remains to be established. 

Role of proteolytic enzymes in regulation of ET -1 in breast tissue 

Circulating plasma concentrations of ET-I have been found to be in the range 
of 2-5pM in normal subjects [104], but under certain pathophysiological 
conditions these levels have been found to be elevated [104]. It is not presently 
known if precancerous lesions or malignancy leads to an elevation of circulat
ing ET -1 concentrations. However, in a rare skin ET -I-secreting tumor 
hemangioendothelioma, which is associated with hypertension, plasma levels 
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were found to be 15- to 20-fold higher than of normal subjects [105,106). 
Moreover, surgical removal of the tumor resulted in decreases in blood pres
sure and plasma ET-1 levels; however, recurrence was associated with in
creases in both these parameters. Thus, some tumors may have a significant 
effect on circulating levels of ET-1. Nonetheless, it is unlikely that plasma 
concentrations of ET-1 playa significant role in the development and/or 
growth of various tumors, since it is rapidly metabolized by the kidney and 
lung [107,108), probably though the actions of proteolytic enzymes, such as the 
neutral endopeptidase 24.11 [(also called common acute lymphoblastic leuke
mia antigen CD 10 (CALLA)) [109,110). In the adult breast, this enzyme has 
been shown to be expressed by the myoepithelial cells [111) and possibly in 
stromal fibroblasts associated with some breast tumors [112). It is possible that 
under in vivo conditions, the actions of ET -1 upon its target cell type is tightly 
regulated by various proteolytic ectoenzymes. In this respect it will be impor
tant to determine whether these ectoenzymes are downregulated in certain 
breast pathologies, allowing greater availability of growth regulating peptide 
hormones to receptor-expressing cell types [113). 

It is becoming increasing apparent that within a particular tissue that con
tains cell types expressing ET -receptors, the major source of ET -1 is probably 
derived from proximal cell types .. In colonic cancer tissues, it has been found 
that whereas the colon cancer cell produce ET-1, specific ET-1 binding sites 
are localized pro dominantly in stromal tissue fibroblasts adjacent to the cancer 
cell nests [114). In breast phyllodes tumors, immunocytochemical staining for 
ET-1 was clearly demonstrated on the epithelial but not the stromal compo
nent of the tumor [89], and ET-1 receptors have been shown to be present on 
breast fibroblasts but not on breast epithelial cells [31]. 

Although, epithelial cell-derived ET-1 probably represents the major 
source of local tissue ET-1 in the breast, we have to consider the possibility 
that the ET-1 precursor big ET-1, derived from the circulation, where its 
concentrations are generally two- to fourfold higher than ET-1, may be uti
lized by breast epithelial cell endothelin-converting enzyme (EeE) as an 
additional source of mature ET -1. The processing steps for the production of 
mature ET-1 have been proposed. Initially the conversion of the 212 amino 
acid prepro ET-1 to big ET-1 is thought to involve a pair of dibasic endopep
tidases and carboxypeptidases. This is followed by the conversion of big ET-1 
to ET -1 by an unidentified ECE that catalyzes an unusual proteolytic cleavage 
between the Trp21 and VaF2 bond of big ET -1. This unusual processing step has 
also been reproduced in heterologous systems, such as in COS cells [115] and 
baculovirus-infected insect cells [116). 

This putative ECE has been intensely studied in the past 4-5 years in many 
different cell types, and it appears to have properties characteristic of previ
ously identified proteolytic enzymes. These include the cathepsin D-like [117] 
or cathepsin E-like aspartic protease [118], the soluble phosphoramidon
sensitive [119] and -insensitive metalloproteinase [120], and a membrane
bound phosphor amidon-sensitive metalloproteinase [121]. From these and 
numerous other studies conducted so far, the emphasis ]lOW appears to be 
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directed toward the neutral phosphoramidon-sensitive metalloproteinase de
scribed by Ohnaya et a1. [121] as being the likely physiological relevant en
zyme involved in big ET-1 processing. An ECE from rat endothelial cells has 
been recently cloned and functionally expressed [122]. This enzyme appears to 
be a highly glycosylated protein containing 10 possible N-linked glycosylation 
sites, a zinc-binding domain, and a single membrane spanning region. Similari
ties also exist between properties of this enzyme and those purified to near 
homogeneity from porcine aortic endothelium [121] and rat lung micro somes 
[123], that is, all enzymes were inhibited by phosphoramidon, EDTA, and 0-
phenanthroline. Moreover, all the enzymes had an optimal activity between 
6.6 and 6.8. However, differences were evident in their ability to process the 
various ET isopeptides. 

We have examined the biochemical characteristics of the breast ECE in 
both hormone-dependent (MCF-7 and T-47D) and hormone-independent 
(MDA-MD-231) breast cancer cell lines, and have found that all cell lines 
processed exogenously added big-ET-1 to ET-1 as measured by a sensitive 
ET-1 radioimmunometric assay [124]. This converting activity was inhibited 
by phosphoramidon but not by other classes of protease inhibitors, including 
thiorphan. Inhibition was also achieved by the use of metal chelating agents 
such as EDT A and O-phenanthroline. Optimal activity of the breast ECE was 
observed between pH 6.2 and 7.2, indicating a neutral metalloproteinase-like 
activity similar to that previously observed in porcine aortic endothelial [121] 
and rat lung microsomes [123]. Michaelis-Menten kinetics of big-ET-1 to ET-
1 converting activity in the MCF-7, T-47D, and MDA-MB-231 breast cancer 
cell lines revealed respective apparent Km values of 7.0, 6.22, and 15.7 nM, and 
Vmax values of 11.36, 4.43, and 145fmoU106 cells. These studies revealed that 
the enzyme in MCF-7 and T47-D cell lines appears to have a twofold greater 
affinity for the substrate than the hormone-independent MDA-MD-231 cells, 
while Vmax rates indicated that the hormone-independent cell line possess 
more ECE activity than the hormone-dependent cell lines, although this may 
just reflect differences in the availability of the percursor to the cell lines. As 
shown from our results in Table 1, differences in the basal production of ET-
1 between hormone-dependent and -independent cell lines do not fall in line 
with the findings of Yamashita and coworkers [20], in which no association was 
found between ET-1 production by breast tumors and their ER/PgR receptor 
status. However, our present kinetic study on the breast ECE indicates that 
hormone-independent tumors may compensate for low basal ET-1 release by 
processing more exogenous big-ET-l. It is still not known how the ECE is 
regulated in various cells. Presumably, regulation of ECE production could 
represent another important control mechanism in ET-1 synthesis. 

Conclusions and future directions 

From the evidence available at present, we cannot as yet assign a definitive 
role for endothelins in the human mammary gland or its involvement in the 
process to tumorigenesis. It is clear, however, that in the breast ET -1 is derived 
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from the parenchymal tissues and acts in a paracrine fashion on neighboring 
stromal cells. From our own in vitro studies we have found that ET-1 acts as a 
mitogen in breast fibroblasts but only in the presence of other growth factors, 
such as IGF-1, EGF, and PDGF. These findings have important implications 
with regard to the possible role of ET-1 in breast morphogenesis, growth, and 
development. Of particular interest was the recent report of ET -1 gene target
ing in mice, in which homozygous disruption of the ET -1 gene resulted in 
lethal malformations of the craniofacial tissues, a consequence of a distur
bance in the development of the pharyngeal arches [125]. In addition to 
highlighting the importance of ET-1 on developmental processes, this study 
also proposed a role for paracrine actions of ET-1 in the development of the 
pharyngeal arches-derived tissues. 

It is now increasingly evident, largely from rodent mammary gland studies, 
that the mesenchyme is crucial for the development of the mammary gland 
and may also contribute to the growth of breast tumors. Therefore, the ability 
of breast epithelial cell-derived endothelin peptide to interact with other local 
growth factors on breast fibroblasts may contibute to the control of mesen
chyme growth and function: This process presumably could lead to the in
creased production of fibroblast-derived growth factors, such as the IGFs, 
which would have a mitogenic action on both the breast epithelial and stromal 
components. Although the developmental role of ET-1 in the breast is not 
known, there is evidence that this mitogenic peptide may contribute to stomal 
expansion, an event commonly associated with breast carcinomas. Indeed, 
high ET -1 levels have been found in human breast phyllodes tumors, which are 
also characterized by an abundant stoma [89]. 

There are a number of areas relating to possible actions of ET-1 in the 
breast that require urgent investigation if we are to establish whether ET-1 
induces responses that may be related to the process of malignant transforma
tion and/or to events that lead to greater invasineness of tumors. For instance, 
can ET -1 induce growth factor production in breast fibroblasts or the ability to 
stimulate angiogenesis or invasion/metastasis? Alas, very little is known about 
the role of ET -1 in any of these processes, either in the breast or other tissues. 
Nonetheless, there are indications that ET-1 may directly or indirectly partici
pate in these unfavorable tumor-mediated events. 

Evidence supports a role for tumors in stimulating angiogenesis through the 
action of soluble factors [126,127]. Purely on a speculative basis, it can be 
proposed that ET-1, in the presence of other growth factors, such as basic 
fibroblast growth factor, which is known to induce endothelial cell migration, 
proteolysis, and proliferation, may contribute to tumor angiogenesis [127,128]. 
At present reports of the ability of ET -1 to stimulate endothelial cell prolifera
tion are confined to brain endothelial capillary cells [57] and human vascular 
endothelial cells [58]. The pathological preturbations within normal tissues 
that lead to tumor angiogenesis have been likened to the invasion/metastatic 
processes that occur around the tumor microenviroment, since in both cases 
there are components that require the degradation of basement membranes/ 
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extracellular matrixes and migratory responses [129,130]. In this regard, the 
dissolution of the primary blood vessel basement membrane barrier followed 
by the sprouting of new venules is thought to involve the actions of proteolytic 
enzymes, including the type IV collagenase and plasminogen-type activator. 
Interestingly, ET-1 has been shown to stimulate the release of tissue-type 
plasminogen activator in endothelial cells [131], which has the ability to pro
cess plasminogen to plasmin and which, in turn, can convert the type IV 
pro collagenase to type IV collagenase and may also playa part in the activa
tion of some latent forms of growth factors, for example, TGF-j3. 

It is not yet known if ET-1 has chemotactic properties, although strong 
chemotactic effects of ET-1 have been reported on blood monocytes [132]. 
The ability of tumor cells to migrate is a crucial part of the invasion/metastatic 
process, and to date there is no clear evidence that ET-1 is involved in this life
threatening phenomenon. However, it is possible that ET-1 may effect this 
response through secondary mediators. For example, the cytokine IL-6, which 
is produced by various cells types, including breast fibroblasts [133], and after 
treatment of rat aortic endothelial cells with ET-1 [134], has been recently 
demonstrated to stimulate ET -1 production from human breast cancer cell 
lines [37]. IL-6 has also been reported to induce shape change in ZR-75-1 
human breast cancer cells from an epithelial to a fibroblastoid-like morphol
ogy, accompanied by a loss in cell-cell interaction and an increase in cell 
motility [135,136]. Here, again, we are confronted with another hypothetical 
paracrine loop. The cytokine IL-6 stimulates ET -1 production in human breast 
cancer cells and, correspongingly, ET-1 induces IL-6 release from endothelial 
and/or breast fibroblasts. The IL-6 generated may then stimulate cell motility. 
In addition, IL-6 is also known to increase vascular permeability [137], thereby 
possibly enhancing the release of angiogenic factors, growth factors, and/or 
proteolytic enzymes. 

A role for ET-1 has also been recently proposed as a regulator of fibroblast
mediated extracellular matrix contraction [138] and myofibroblast contraction 
during wound healing [139]. Hence, in view of the high proportion of 
myofibroblasts associated with malignant breast tissue [140] in conjunction 
with raised tumor ET-1 levels, such a mechanism may also lead to tissue 
contracture in breast cancer. Various signaling pathways have been identified 
in human breast cancer cells that upon activation lead to the ET-1 production. 
Amongst these, the most prominent appear to involve PKC and PKA
mediated responses. A role for the PKA-stimulated pathway in breast epithe
lial cells appears novel with regard to agonists known to stimulate ET-l 
production in various cell types. Whether this finding has any relevence to 
breast cancer pathophysiology is at present unclear. It remains to be examined 
if activation of the PKA-mediated pathway similarily increases ET-l produc
tion in normal breast epithelial cells. A novel paracrine loop has also been 
identified that involves the respective bidirectional exchange of ET-1 from 
breast cancer cells and PGE2 from breast fibroblasts. This finding may have 
important implications if previous reports of elevated PGE2 levels present in 
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mammary tumors are confirmed, and are positively associated with elevated 
levels of ET-l in breast tumors. A considerable amount of work is still re
quired to establish the role(s) of ET-l in breast pathophysiology. It is hoped 
that this chapter will alert readers to recent developments in this area and 
perhaps encourage further work to help eludidate where ET-l fits into this 
complex disease of breast cancer. 
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19. Breast cancer immunology 

Wei-Zen Wei and Gloria H. Heppner 

Introduction 

Breast cancer is a multifactorial, clinically, and, quite probably, etiologically 
heterogeneous disease that manifests itself only after a long and largely ob
scure latency period. Breast cancer is also a systemic disease, responding to 
and causing changes in the host well beyond the sites of cancer growth per se. 
Given these complexities, it is not surprising that, despite the efforts of numer
ous investigators, the field of breast cancer immunology has yet to have a 
major impact on either the understanding or control of the disease. Perhaps 
this lamentable situation results, at least in part, from the majority of research 
in breast cancer immunology being directed toward investigations of what -
in terms of natural history - are actually the later stages of the disease, that is, 
the 'earliest' evidence of clinical cancer. Perhaps by this time, the momentum 
of the neoplastic process has reached a stage where it blunts the finely regu
lated inflammatory and immune systems to the extent that whatever immune 
growth-regulatory influences have been operative during preclinical cancer 
development are swamped by the combined effects of the disease and its 
treatment. The purposes of this review are to summarize the current state of 
knowledge about breast cancer immunology and to present our perspective on 
the most promising areas of future research. We have not attempted to be all 
inclusive in the literature reviewed and apologize to any colleagues whose 
work is slighted. 

General immune status of breast cancer patients 

In preparing the present review, the senior author (GHH) stepped back in 
time and reread a review she had written on the same topic in 1976 [1]. It was 
both personally and professionally distressing to realize how small has been 
the advance in solid and useful knowledge over the past 20 years. Then, as 
now, there was the general impression that lymphocytic infiltration of the 
primary tumor is usually a favorable sign [2-4], as is draining node 'sinus 
histiocytosis' and follicular hyperplasia [5-8]. These observations suggest a 
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possible protective effort of the immune response against breast cancer. How
ever, it is evident that in cancer patients such an immune response must be 
failing. According, in 1976 a great deal of effort was being expended on 
assessment of the overall immune competence of breast cancer patients, with 
the general consensus that, except in advau,ced cases, breast cancer patient 
values were most often within the normal range (which is quite broad and 
variable) for assays of T-cell competence (peripheral lymphocyte counts, skin 
testing, in vitro blastogenesis assays, etc.) [9-12], and that B-cell competence 
was essentially normal [1]. Furthermore, in those patients whose T immunity 
values did fall below the normal range, there was no evidence of an association 
with generally accepted clinicopathological correlates of prognosis, nor, ex
cept for terminal patients, of clinical outcome. 

Essentially similar results were reported in a 1993 paper by Head and 
associates [13], who performed T and B blastogenesis assays on peripheral 
lymphocytes from a series of 142 breast cancer patients before surgery and 2-
4 weeks after chemotherapy. Lymphocytes from 58% of the patients, 
preoperatively, were judged to have deficient reactivity to phytohemagglutin, 
a general T-cell mitogen, a frequency that was statistically different from 
normal donor lymphocytes. However, this deficiency was defined as being at 
the 25th percentile or below of the values for normal donors, so there was 
extensive overlap between the two groups. Using the same criterion there was 
no difference in reactivity to the B-cell mitogen, pokeweed. Among the cancer 
patients, there were no relationships betwexen low PHA reactivity and age, 
tumor size, local invasion, or metastasis, although there was a weak, statistical 
association with nodal status. Following chemotherapy, some patients exhib
ited a rebound in these general measures of immune competence. Thus, it 
appears that the immune status of breast cancer patients is not grossly abnor
mal, at least for the greater part of the disease course. 

Breast tumor-infiltrating lymphocytes 

Skin test and blastogenesis assays of peripheral lymphocytes reveal only the 
most global picture of immune competence and say little of the status of 
immunity at the sites of neoplastic growth. Numerous investigators have ap
proached this problem by isolating lymphocytes from primary breast cancers 
and testing their functionality in a variety of in vitro assays. Vose and Moore 
[14] reported that tumor infiltrating lymphocytes (TIL) from seven breast 
cancers were predominantly T cells but that these cells were not only function
ally deficient, they were also able to suppress the reactivity of peripheral 
lymphocytes in blastogenesis or cytotoxicity assays. Similarly, Eremin and 
coworkers [15] reported little natural killer (NK) activity in breast TIL, but 
significant NK suppression when TIL were added to peripheral lymphocyte 
assays. 

More recently, the same overall conclusions were presented by Whiteside 
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and associates [16] as a result of their detailed ana,lysis of the clonal prolifera
tion potential of TIL isolated from 10 breast cancer patients. As in the previ
ous studies, T cells were found to predominate, with CDS cells being more 
frequent than CD4. Few T cells appeared to be activated (i.e., expressing 
HLA-DR antigens or IL-2 receptor) and, compared with peripherallympho
cytes, blastogenesis in response to PHA stimulation was depressed. Whiteside 
and associates took the analysis a step further by expanding and analyzing 170 
TIL clones isolated after PHA exposure. In contrast to the starting population, 
most of the clones were CD4+, and over half of these were cytolytic in a lectin
dependent assay for murine PS15 cells. Only a few clones were cytolytic for 
MCF-7 (allogeneic breast cancer) or for K562 cells (NK activity). About half 
of the tested clones produced IL-2. These promising results indicate that 
breast TIL may include potentially cytolytic cells, but it appears that the 
unmodified tumor environment is not conducive to the expression of effective 
immunity. 

Special considerations in breast cancer immunology: An editorial comment 

Although this chapter is a review, not an editorial, we feel compelled to 
present some commentary on the basic facts about breast cancer: 
1. Breast cancer occurs in the breast; that is, in a complex organ that contains 

a number of different cell types arranged in organized structures. 
2. Breast cancer undergoes phenotypic progression over the course of time, 

and its biological behavior (including its relationship to the inflammatory/ 
immune systems) might be expected to be highly dependent on the stage of 
progression. 

3. Breast cancer, like normal breast, is a tissue with interacting cellular com
ponents and with major responsiveness to the endocrine system, as well as 
to peptide growth factors. 

4. The systems that influence the breast and breast cancer development, in
cluding the endocrine and perhaps the immune system, are themselves 
interdependent networks that often use the same signals to communicate 
[17]. 

5. It is perilous to view breast cancer as some sort of generic CANCER, 
without paying attention to the biological and physiological characteristics 
of the site. 
The breast is a complex organ - mostly fat and connective tissue stroma 

with a minor epithelial compartment, except during lactation [IS]. It is an 
organ that has been physiologically 'engineered' for proliferative extremes, 
with the capacity to undergo extensive and prolonged hyperplasia, followed by 
the re-establishment of an almost quiescent state. The cellularity and cellular 
composition of the breast change both with age and parity. As part of its 
normal function during lactation, the breast plays an immunological role, 
being the source of immunoglobulins, and possibly T-cell immunity, that are 
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transmitted from mother to infant, and therefore lymphocytes must be capable 
of functioning within the normal breast environment [19]. It is against this 
backdrop of normal physical and physiological change that breast cancer 
develops and, also, that the influences of the immune response are played 
out. 

The origins of breast cancer are still somewhat obscure, but they appear to 
involve a continuum of hyperplastic, 'high-risk' alterations, collectively re
ferred to as proliferative breast disease and associated neoplastic phenotypes, 
carcinoma-in-situ [20]. These various microscopic evidences of proliferation/ 
differentiation abnormalities may coexist, along with normal breast epithe
lium, for long periods of time, during which the influence, if any, of the 
inflammatory/immune system is unknown. Although it may be logistically 
impossible to study the natural evolution of the relationship of the immune 
system to preclinical breast cancer, it is hazardous to try to guess at that natural 
history from the assessment of immune competence, general or specific, in 
clinical breast cancer patients. As an approach to resolving this dilemma, we 
suggest that it is possible to come to understand the most relevant biological 
principles by investigations in focused animal models and defined human 
populations, for example, women who bear the epidemiological or genetic 
stigmata of being at high risk for breast cancer development. It may be no 
accident that the most persuasive indication of the existence of effective 
immunity to breast cancer remains the early work of Black and Leis [21], who 
used an in vivo, skin-window technique to detect inflammatory responses to 
cryostat sections of patients' own tumors. They found positive reactivity in 
82% of patients whose disease was limited to precancerous lesions or in situ 
carcinoma, as contrasted to 47% of patients with node-negative, invasive 
cancer and 20% of node-positive patients. Their observations do not allow 
judgments about either the specificity of the response or the causal relation
ship between response and disease status, but they do call attention to the 
importance of evaluating breast tumor immunity in the context of early dis
ease progression. 

Immunology of breast cancer progression 

The published literature on the immunology of breast cancer development, 
since the work of Black and Leis, is, however, discouraging, both in terms of 
scope and of results. Many investigators, including ourselves, have employed 
syngeneic, transplantable mouse mammary tumor models to demonstrate that 
such cancers may, but often do not, induce cell-mediated immunity, as de
tected either by in vitrQ assays or by transplantation immunity. However, since 
the work of Weiss and associates [22] in the 1960s, few investigators have 
studied the immune reactions to autochthonous mammary tumors, that is, to 
untransplanted tumors, in their original host. It is instructive to recall the 

398 



overall results of Weiss's work: About one third of the cancers he investigated 
produced no detectable response in the host of origin, whereas about one third 
grew less well and another one third grew better when transplanted into naive, 
syngeneic mice. Although Weiss' studies were logistically difficult and statisti
cally problematic, it is clear that, even in an inbred strain of mice, the immu
nological relationship between mammary cancers and their own hosts is 
heterogeneous and not necessarily protective. 

We have utilized another mouse mammary tumor model to attempt to 
understand the role of the immune response in the development of breast 
cancer. The model we chose is the preneoplastic C4 hyperplastic alveolar 
nodule (HAN) line developed by Medina [23]. In this model the C4 HAN line 
is transplanted into 'cleared' (epithelium-free) mammary fat pads of synge
neic, strain BALB/c mice. The HAN implants grow out to fill the pads, and 
eventually, after periods of many months, focal tumors arise within the HAN 
tissue. Thus, in this model, tumor development is spontaneous and within the 
mammary site, although it occurs in transplanted HAN tissue. The,re are a 
number of different HAN models available; we chose the C4 line because C4 
tumors tend to be immunogenic in transplantation tests, suggesting that the 
immune response is engaged in this system. The system is an imperfect model 
of the human disease, however, in that the preneoplastic lesion is alveolar, 
rather than ductal, and the HAN implant produces a rather uniform out
growth, not the discrete, multilesional-normal epithelial mixture seen in hu
man breasts. 

Our experiments have been directed to investigating the role of the immune 
response during HAN ---7 tumor progression. The results can be stated briefly: 
There is no evidence for a protective immune response during this transition. 
If anything, the host response appears to stimulate the development of the 
cancers. We believe that the mechanism of the enhancement involves the NK 
cell. Activated NK cells are present in enhanced numbers (as compared with 
normal mammary epithelium) [24]; suppression ofNK activity is accompanied 
by lengthening of the latency period and a reduction in the frequency of tumor 
formation, whereas NK stimulation correlates with shortening of the latency 
and increased tumor formation [25]. 

Initially, these results were unexpected and disconcerting. As stated earlier, 
NK activity has been reported to be low in human breast cancers, and breast 
cell infiltrates have been found to be capable of suppressing NK activity [15}. 
However, we have found that although the numbers of NK cells remain 
elevated in C4 tumors, their activity is depressed, probably due to the presence 
of suppressor cells. Perhaps of more relevance to our work is a 1984 paper by 
Pross and coworkers [26], who found that a subset of women, characterized as 
being of high risk for developing breast cancer due to a mammographic 
pattern defined as benign breast syndrome, had a history of abnormally high 
peripheral NK activity. Pross and associates speculated that prolactin, re
ported to be at high levels in patients with proliferative breast disease [27,28], 
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might contribute to NK stimulation. Indeed, recent work from our laboratory 
has shown that inhibition of pituitary prolactin production by bromocriptine 
simultaneously decreases both C4 HAN ~ tumor progression and HAN
infiltrating NK activity [29] and that prolactin may stimulate NK activity in 
vitro [30]. Taken together, these results suggest a possible influence at the level 
of the interface of the immune and endocrine systems during the early pro
gression of breast cancer. A very recent report [31] suggests that tamoxifen 
might have inhibitory effects on NK activity in breast cancer patients treated 
with postsurgical telecobalt radiotherapy, although correlations with clinical 
outcome were not presented. The idea that NK activity may be a stimulatory 
factor in mammary tumor growth is supported by results in another animal 
model, the androgen-responsive Shionogi's mouse mammary tumor, in which 
Rowse and associates [32] have demonstrated a positive correlation between 
tumor size and NK activity as a function of stress variation due to the number 
of mice housed per cage. 

'Immune stimulation' of breast cancer 

The association of increased NK activity with increased risk of developing 
breast cancer or increased breast cancer growth brings to mind the issue of the 
'immune stimulation' of cancer, as proposed by Prehn and Lappe [33] 25 years 
ago. In a 1994 perspective [34], Prehn has returned to this theme and makes 
several points of significance to the present review. He emphasizes that the 
behavior of autochthonous tumors may be very different than that of the 
transplanted tumors upon which so many of our ideas about tumor immunol
ogy are based. He presents data showing that 'weak' immune responses might 
result in tumor enhancement, but he points out that this is actually 'good news' 
in that even a weak response may offer the possibility of eventual success in 
the immunoprevention or immunotherapy of cancer. 

That the inflammatory/immune system may be growth enhancing in at 
least some subsets of breast cancer patients has been reviewed recently 
by Stewart and Tsai [35]. These authors stress the importance of the specific 
clinicopathological characteristics of the patient groups in regard to whether a 
lymphocytic infiltration carries a favorable prognosis (see earlier) or whether 
it has negative implications. They also review clinical studies in which immu
nosuppression by chemotherapy or stimulation by Bacille, Calmette, Guerin 
(BCG) 'paradoxically' had a good or deleterious effect, respectively, on treat
ment outcome. They further point out, as has been also done by others [36-
38], that lymphocytes (T cells, NK cells, etc.) are sources of a variety of 
cytokines, lymphokines, and peptide hormones, (including prolactin-like mol
ecules [39]) for which cells, including normal, preneoplasti<c and cancerous 
breast epithelial cells, may have receptors and to which these cells may re
spond by proliferation. For example, TNF-a, a cytokine produced by T cells 
and NK cells, is a positive growth factor for mammary epithelial cells in the rat 
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[40]. Theoretically, it would seem to make little difference whether a lympho
cytic tumor infiltrate was present due to a 'nonspecific' inflammatory stimulus 
or in response to a 'specific' tumor antigen; the potential for the production of 
growth-enhancing cytokines might be the same. However, to echo Prehn [34], 
the fact that breast cancer cells react at all to the influx of inflammatory cells 
presents the possibility that the reaction can form the basis for therapeutic 
intervention. Again, theoretically it would seem that a specific immune stimu
lus, that is, a tumor antigen, would offer the best opportunity, in terms of 
optimal control and targeting, with the least toxicity, for development of 
effective interventions. 

Breast cancer associated antigens 

Significant effort has been devoted to the identification of breast cancer asso
ciated antigens. Monoclonal antibodies (mAb) with varying degree of specific
ity for breast cancer cells have been produced in a number of laboratories 
[41,42). These mAbs, some of which recognize carcinoembryonic antigen 
(CEA), hormone receptor, transferrin receptor, or growth factor receptors., 
may be useful in the analysis of disease progression. However, the most 
pervasive finding is the demonstration of breast cancer associated immuno
genic epitopes on high molecular weight glycoproteins that have the proper
ties of mucins. At least 70 mAbs have been shown to interact with either mucin 
peptide or associated carbohydrates [43]. 

Mucins are normal components of glandular epithelialcclls and secretory 
products of these cells. They are glycoproteins with repetitive peptide seg
ments of 20 amino acids and numerous glycans that are predominantly 0-
linked to the abundant Ser or Thr residues [43-45]. In breast epithelial cens, 
the mucin encoded by the MUC1 gene is a transmembrane protein with a large 
extracellular domain and a cytoplasmic domain of 69 amino acids. The rigid 
extracellular structure protrudes from the membrane and can reach several 
hundred nanometers above the cell surface, greatly exceeding the height of 
other membrane-associated proteins, including the major histocompatibility 
complex (MHC). On normal glandular cells, the distribution of mucin is 
polarized toward the apical surface, which may provide protection from the 
extracellular environment to the underlying epithelial cells. In transformed 
cells, the polarity is often lost and the level of expression is increased. Altered 
architecture and prolific expression in malignant tissue lead to greatly elevated 
levels of mucin in the circulation and may contribute to anti-mucin humoral 
immune reactivity in cancer patients [43]. Mucin-reactive mAbs recognize 
either carbohydrate moieties or protein backbones. Of particular interest are 
mAbs that interact with all, or part, of the peptide epitope PDTRP, which 
corresponds to the tandem repeat domain of the MUC1 mucin product. Expo
sure of this epitope appears to be the result of aberrant glycosylation of mucin 
on cancer cells and mAb SM-3, which recognizes this epitope, and identifies 
breast cancer cells with a high level specificity [46). 
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Cytolytic T lymphocytes induced by the MUCI epitope 

A real surprise was the observation that cytolytic T lymphocytes (CTL) in
duced with either allogeneic or autologous breast cancer cells recognize the 
MUCI peptide epitope in an MHC unrestricted fashion [47-49]. T cell immu
nogenicity of MUCI protein was indicated by the ability to induce anti-breast 
cancer CTL with soluble mucin or MUCI transfected B cells as well as the 
blockage of such CTL activity by mAb SM-3. The anti-breast CTL express 
CD3 and alB T-cell receptors (TCR). In general, alB TCR recognize antigenic 
peptides bound to a cleft formed by the extracellular domains of the MHC 
heterodimers [50]: CD8+ T cells recognize peptides in class I MHC [51] and 
CD4+ T cells recognize peptides in class II MHC [52], a result of binding 
between the MHC I constant region with CD8 and that of the MHC II with 
CD4 [53-56]. Peptides associated with class I MHC are of 8-10 amino acids, 
synthesized endogenously, degraded in the cytosol, and transported into the 
endoplasmic reticulum. Most solid tumor associated antigens fall into this 
category. The MHC independence of antimucin CTL was, therefore, unex
pected. It was suggested to be the result of simultaneous engagement of 
multiple T-cell receptors by multiple identical epitopes on the mucin molecule, 
thus bypassing the need for MHC stabilization [47]. The MHC independence 
of MUCI reactive CTL presents a significant advantage for attempts to induce 
anti-breast cancer T-cell reactivity. The same MUCI molecule could be used 
to activate CTL in patients from any HLA background, thereby being an ideal 
vaccine candidate. A possible drawback, however, is that the binding of 
MUCI epitope with TCR without accessary molecules may be weak and may 
induce incomplete signal transduction. Whether the immunogenicity of the 
MUCI epitope can be potentiated needs further investigation. 

There is another, and potentially more serious, down side to the massive 
presence of immunogenic mucin. The rigid structure of mucin may hinder the 
interaction of T cells with MHC associated antigenic pep tides lying at the foot 
of the mucin. Expression of mucin by gene transfection in fibroblasts and 
melanoma cells has been shown to result in reduced adhesion and sensitivity to 
allogenic CTLs [45,58], indicating reduced recognition of MHC. The masking 
effect of mucin may contribute to the poor record, to date, in generating breast 
cancer reactive MHC restricted CTL. However, newer techniques now offer 
opportunities to reveal previously obscure, potentially immunogenic peptides. 

Breast cancer associated, MHC restricted peptide antigens 

Even with the difficulty of generating breast cancer-specific CTL, several 
breast cancer associated antigenic molecules and their MHC I restricted pep
tides have been characterized and the list is growing. This good fortune is due 
to the identification of antigenic pep tides in other tumor systems. Identifica
tion of MHC restricted pep tides from known immunogenic molecules has 
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been accelerated with knowledge of peptide binding motifs. The peptides 
presented by individual MHC I molecules have unique amino acid motifs, 
defined primarily by the terminal amino acid residues that anchor the peptides 
to the particular presenting MHC. The center groups of the pep tides protrude 
to interact with T-cell receptors [58]. The antigenic peptides of each cell are, 
therefore, determined by its MHC and can only be recognized by T cells of the 
same MHC type. Peptide motifs of several human and mouse MHC I have 
been determined by eluting and sequencing peptides from specific MHC I [59] 
and by testing the binding and immunogenicity of synthetic peptides corre
sponding to the eluted peptides. The establishment of the basic rules of MHC
peptide interaction opened the gate to the unequivocal identification of tumor 
associated T cell epitopes. Therefore, tumor peptides have been determined 
by testing the MHC binding and the immunogenicity of peptides predicted 
from the candidate protein sequences and the established MHC I binding 
motifs [60-64]. 

Several human tumor-associated antigens and their MHC restricted pep
tides have been determined [60,65]. Most notable are antigens found on mela
noma cells, including MAGE 1, MAGE3 [66,67], and BAGEL It has been 
possible to generate autologous, MHC restricted CTL from melanoma pa
tients. These CTL lines are effective probes in the identification and cloning of 
melanoma antigens. MAGE and BAGE genes identified by cDNA doning 
appear to be silent in normal tissues except in testis. CTL specific for MAGE 
or BAGE peptides recognize approximately 10% of breast cancer specimens, 
indicating the presence of the same or similar peptide epitopes on breast 
cancer cells. The function of these gene products is not yet dear. A possible 
physiological role of MAGE was suggested by its reported expression during 
would healing [68]. 

An alternative approach to identify tumor associated antigenic peptides is 
to induce primary CTL in vitro with synthetic peptides predicted from the 
protein sequences of potentially antigenic molecules. Oncogene products, 
which are often expressed at elevated level in cancer cells, are candidate 
molecules. At least two HLA-A2.1 restricted ERBB-2 peptides have been 
defined, and anti-ERBB-2 CTL have been shown to lyse breast, ovarian, and 
small cell lung carcinoma cells that overexpress ERBB-2 [69,70]. Since peptide 
reactive CTL recognize and lyse breast cancer cells, the expression of MHC 
restricted antigens on breast cancer cells is beyond question. 

Humau model systems for studying breast cancer immunology 

For the purpose of vaccine development and for the analysis of host immune 
reactivity during the course of disease, it will be of clear advantage to establish 
a panel of breast cancer associated antigenic peptides. It will be prudent to 
identify these molecules directly from breast cancer cells rather than indirectly 
from other tumor types. Although difficulty in generating MHC restricted 
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breast cancer specific CTL remains, it should be feasible to identify candidate 
antigenic molecules that are new or overexpressed proteins in breast cancer 
cells and to define the antigenic peptides in these molecules. The first task is to 
identify candidate antigens that are present on both preneoplastic and neo
plastic breast epithelial cells, and to determine their immunogenic peptides. 
Short of a large-scale population study, the most direct approach is to compare 
the gene products of a normal breast epithelial cell line with its transformed 
preneoplastic or neoplastic derivatives. A breast cancer progression model 
system, MCF-lO, which has been developed at the Michigan Cancer Founda
tion, is an ideal system for such direct comparisons [71-75). The human breast 
epithelial cell line MCF-IOM (mortal) was established from the breast tissue of 
a patient with mild hyperplasia. MCF-IOM cells undergo senescence after 
about 20 passages in culture; however, spontaneous immortalizations have 
occurred on several occasions. 

Two immortalized lines, MCF-IOA and MCF-IOF, have been used to de
velop models of preneoplasia and carcinoma. MCF-lOA was transfected with 
the T24 HRAS oncogene to yield MCF-lOAneoT cells, which form persistent, 
small flat nodules in immunodeficient nu/nu beige mice. Histologically, these 
nodules contain simple or complex ducts. About 30% of the noduks eventu
ally develop into carcinomas. One of the carcinomas was cultured and the cells 
(TGl) were again injected into nu/nu beige mice. The process of in vivo 
growth and in vitro culture was repeated and cell lines TG2, TG3, etc., were 
established. The TG lines differ from the parent MCF-lOAneoT cells in form
ing hyperplastic lesions, including atypical hyperplasia, which resemble prolif
erative breast disease in women at high risk of developing breast cancer [71). 
As in women, the complete spectrum of normal, hyperplastic, carcinoma in 
situ (CIS), and cancerous growth can be found within a single specimen. With 
each successive transplant generation, there is an increased the percent of 
hyperplastic lesions as well as CIS or invasive carcinoma. The MCF-IOA 
derived TG lines, therefore, comprise a transplantable xenograft model of 
slowly progressing premalignant lesions, with a 30%, chance of developing into 
carcinoma. The model is unique in that it recapitulates the his,tological picture 
of early breast cancer progression. 

The immortalized MCF-lOF line was exposed to O.2!-1g/ml benzo[a]pyrene 
for 24 hours and a clone, BPI, was established. BPI has a reduced doubling 
time in culture and an increased colony size in soft agar compared with 
MCF-IOF, but does not form tumors in immune deficient mice. BPI cells 
were transfected with the T24 HRAS oncogene and a BPI-Tras subclone 
was established. When injected into mammary fatpads, BPl-Tras cells form 
palpable tumors within 10-15 weeks. Therefore, BPl-Tras cells demonstrate 
direct tumor growth, in contrast to MCF-lOAneoT and the TG lines, 
which exhibit a preneoplastic phenotype prior to the development of 
carcinoma. Together, cells from the MCF-IO series provide the biological tools 
with which to define antigens associated with neoplastic progression of the 
breast. 
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Development of breast cancer vaccines 

Since products from ERBB-2, MAGE, and BAGE have been shown to gener
ate antigenic peptides in breast cancer cells, it should be possible to identify 
additional breast cancer antigens and peptides from new or overexpressed 
gene products. It is also realistic to expect the development of breast cancer 
vaccines with these antigenic peptides. With the available MCF-lO cell series, 
this exciting prospect can be explored. Various strategies may be used to 
identify genes that are overexpressed in preneoplastic lesions, as well as in 
breast cancers. For example, mRNA differential display, which allows direct 
comparison of mRNA species from normal and transformed cells [76,77], may 
be useful for this purpose. 

Differential display followed by sequence comparison with data in 
Genbank has been informative in analyzing molecular responses to exogenous 
agents and molecular alterations during tumorigenesis. Metalloproteinase was 
detected in preneoplastic, but not neoplastic, mouse epidermal JB6 cells [7S]. 
A novel gene product TM2H -S was identified in highly tumorous 
preneoplastic mouse mammary epithelial cell lines but not the poorly 
tumorigenic variant nor pregnant mouse mammary gland [79]. Identification 
of transformation associated mRNA in heterogenous cancer specimens or cell 
lines of different genetic origin is problematic because of their intrinsic differ
ences, for example, HLA polymorphisms, which are independent of transfor
mation events. Most human breast cell lines are derived from advanced 
disease, and their normal cell origin is not available for comparison. The MCF-
10 cell line series allows direct comparison of breast cancer cells with their 
parental 'normal' cells and the potential for identifying tumor associated 
antigens. Our laboratory is currently utilizing differential display technology 
to identify potential candidates for vaccine development. 

Mouse mammary tumor progression as a model for testing 
breast cancer vaccines 

Active immunization of high risk asymptomatic women may provide long
term protection. However, before this can be attempted, it is necessary to 
develop a detailed understanding of the optimal form of peptide vaccines, as 
well as the efficacy, limitations, and possible toxicity. As described earlier, 
mouse mammary tumor progression is an excellent model for testing tumor 
vaccine because there are distinct, transplantable preneoplastic lesions, HAN, 
that precede the tumors [SO]. The efficacy of peptide vaccination in preventing 
spontaneous tumorigenesis from preneoplasia is readily measurable in mice 
bearing preneoplastic lesions. 

The well-characterized mouse mammary tumor virus (MMTV) associated 
antigens are realistic model tumor antigens. Endogenous MMTV related se
quences (Mtv) are present in the germline DNA of most inbred strains of mice 
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and wild mice [81]. MMTV and endogenous Mtv genomes are highly homolo
gous (90-95%) [82,83]. RNA and protein products from endogenous Mtv are 
expressed in proliferating mammary epithelial cells and activated lymphocytes 
[84,85]. In the preneoplastic and neoplastic mammary epithelial cells, MMTV 
mRNA and protein products are elevated. MMTV peptides, therefore, repre
sent overexpressed self-antigens, which can serve as tumor antigens. Based on 
peptide motif prediction, Wei et al. identified mouse mammary tumor associ
ated MMTV antigenic epitopes [86]. With this murine model system, it is now 
possible to address critical questions regarding in vivo peptide specific T-cell 
reactivity during mammary tumor progression. 

Future directions 

At the outset of this review, we discussed the present state of knowledge and 
stressed the general lack of meaningful progress to date in the field of breast 
cancer immunology. We believe, however, that this pessimistic view is rapidly 
becoming history. Although the role of the immune response in the natural 
history of breast cancer may, if anything, be facilitatory in nature, it would 
appear that the host's immune/inflammatory system does recognize and re
spond to breast cancer development. Can this response be turned to a thera
peutic, perhaps even preventative, advantage? Recent technological advances 
have given us both the understanding and tools to make the attempt. We know 
a great deal about how antigenic epitopes are processed and recognized by T 
cells, and we are now able to turn this knowledge around and use the mecha
nism of T-cell recognition to identify candidate antigens. We also have new 
techniques to pinpoint molecular differences among normal, preneoplastic, 
and cancerous breast cells, differences that also offer candidate targets for 
immunological attack. We have a better understanding of the progressjon of 
human breast cancer, and we have experimental models that mimic the pro
cess in fine detail. Finally, we have workable animal models with which we can 
test the feasibility ofimmunoprevention strategies. Surely, some future author 
writing 20 years hence will be able to present a very different, and much more 
heartening, picture of breast cancer immunology than is possible today. The 
future has never looked better. 
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D2 outgrowth line, 38, 44, 47, 48, 50, 

51,54 
DP, 176, 178 
D11S287E, 157 
DU-4475 cells, 149, 151 
Ductal carcinoma in situ (DCIS). 42, 

43, 54, 56, 60, 244, see also 
Carcinoma in situ 

angiogenesis and, 270-271 
MCF10AneoT.TGn cells and, 247 

Ductal hyperplasia (DH), 38, 39-42, 44 

E-64,335 
E1A,178 
EDTA, 385 
E2F, 147, 148, 176, 178 
E2F-1,178 
E2F-2, 172, 178 
E2F-4,178 
E2F-5,178 
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EF43 cells, 53 
EGF, see Epidermal growth factor 
Elastin, 354 
Elk-1rrcp, 181 
ELll outgrowth line, 42-43, 46-47, 54 
ELl2 outgrowth line, 42-43, 46-47, 54 
EMS-1 gene, 157 
Endopeptidase, 384 

neutral, 230, 233, 235 
Endothelin-converting enzyme (ECE), 

384-385 
Endothelins (ET), 369-388 

cAMP role in production of, 375-378 
cell signaling mediated by, 378-380 
discovery and distribution of, 370-

371 
proteolytic enzymes and, 383-385 
release from epithelial cells, 371-375 

Enzyme-linked immunoabsorbent 
assay (ELISA), 331, 337, 338, 340 

Epidermal growth factor (EGF), 52 
antiestrogens and, 219 
c-fos and, 174, 179 
c-jun and, 174, 179 
endothelins and, 373, 380, 386 
estrogen and, 213 
jun-B and, 179 
nuclear oncogene regulation by, 181 
preneoplasia and, 56-58 
progestins and, 180 
protein tyrosine phosphateses and, 

109 
Epidermal growth factor receptor 

(EGFR), 28, 72, 75, 82, 232 
angiogenesis and, 279, 283 
in breast development, 229 
progestins and, 180 
protein kinase C and, 92, 95-96 
protein tyrosine phosphateses and, 

120, 121 
Epithelial cells 

cyclin dependent kinase expression 
in, 151 

cyclin expression in, 149 
differentiation antigens in, 227-239 
endothelin release from, 371-375 
matrix interaction with in apoptosis, 

13-14,15,17-19 
stromal interactions with in 

involution, 8-11 
Epithelial membrane antigen (EMA), 

232,235,239 
Epithelium 

differentiation of, 231 
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hormone-independent growth and 
wnt-l expression in, 31-32 

transgenic gland method in, see 
Transgenic glands 

erbB gene, 29 
erbB-2 gene, 32, 33, 34, 403, 405 

cathepsin D and, 337 
erbB compared with, 29 
MCF10AneoT.TGn cells and, 252 
types of lesions caused by, 28-29 

ERK1,181 
ERK2,181 
Estradiol, 132, 177,203,369,372 
Estrogen, 213 

antiprogestins and, 196-201 
cathepsin D and, 333 
cyclin and, 153-154 
hyperplastic alveo},ar noduks and, 38 
nuclear oncogene regulation by, 

176-179,183 
preneoplasia and, 56, 58 

Estrogen antagonists, see 
Antiestrogens 

Estrogen receptors 
angiogenesis and, 279, 283 
anti estrogen interactions with, 213-

222 
cathepsin D and, 178, 328" 333, 337 
c-myb and, 175 
endothelins and, 371, 385 
MCFlOAneoT.TGn cells and, 248-

250 
molecular mechanisms of action, 

214-220 
nuclear oncogenes and, 177-178 
protein kinase C and, 92, 93, 95-96, 

98-99 
Estrogen-responsive elements, 328 
Experimental metastasis, 258-261 
Extracellular matrix (ECM), 235 

angiogenesis and, 314 
cathepsin D and, 341, 343 
cell interactions with in apoptosis, 

13-14,15,17-19 
cell motility and, 306, 315-316 
involution and, 13-14 
stromelysin and, 353, 354, 357 
TPA and, 97 

Extravasation, 304, 317 

F-actin, 232 
Factor VIII-related antigen/von 

Willebrand's factor (F8RA/vWF), 



276-278,280,283-284,288,289-
290,291-292,313 

168FARN cells, 257, 259 
Fetal calf serum (FCS), 152, 237 
Fetal fibroblasts, 310-311 
FGF, see Fibroblast growth factor 
FCF3 gene, see int-2 gene 
FCF4 gene, see hst/FCF4 gene 
y-Fibrinogen, 11 
Fibroadenomas, 43, 359 
Fibroblast growth factor (FGF), 57, 58, 

61, see also Acidic fibroblast 
growth factor; Basic fibroblast 
growth factor 

Fibroblasts 
endothelin role in mitogenesis of, 

378-380 
fetal,310-311 
stromelysin-3 and, 362 

Fibronectin 
apoptosis and, 10-11, 18-19 
cathepsin Band, 325 
cell motility and, 317 
stromelysin and, 354 

Fibronectin III, 121 
Flk-1 receptor, 268 
Focal atypical hyperplasia, 56 
Folliculostellate-derived growth factor 

(FSDGF), 271, 272 
Forskolin, 376, 377 
fos-1 gene, 379 
fos-B gene, 174, 379 
Fos protein, 213, 217 
Fourier analysis, 306, 308 
fra-1 gene, 174 
fra-2 gene, 174 
Frank carcinoma, 29 
F8RA/vWF, see Factor VIII-related 

antigen/von Willebrand's factor 
FSK4 cells, 42 
Fumagillin, 267 
Furin, 357, 361 

G418,113-114 
~-Galactosidase gene, 256 
GATA,374 
GC cells, 132 
Go cell cycle phase, see Go/G! cell cycle 

phase boundary 
G! cell cycle phase, 141, 142, 148-149, 

150, see also Go/G! cell cycle phase 
boundary 

antiprogestins and, 207 

estrogen and, 153, 178, 213 
nuclear oncogenes and, 172 
oscillation of cyclin in breast c:aocer 

cells and, 151-153 
p27 and, 161 
p53 and, 175-176 
pRb interaction with, 147-148 
progestins and, 154, 180 
role of cyclin in, 144-146 
UCN-01 and, 100 

Gz cell cycle phase, see GiM cell cycle 
phase 

Gelatinase A, 331, 343, 359, 361 
Gelatins, 354 
Gene amplification, cyclin, 149-150 
Gene expression 

involution and, 11-12 
matrilysin in, 359-360 
stromelysin-3 in breast carcinoma, 

359-360 
stromelysin-3 in stromal cells of 

carcinoma, 361-363 
transgenic gland method for, 23-27 

Genes, see also specific types 
cell motility, 311-313 
changes in during carcinoma 

development, 71-72 
MMTV-related in preneoplasia, 49-

51 
Gentamicin, 109 
Gestoden, 205 
Go/G! cell cycle phase boundary, 159, 

207,306,380 
Gliomas, 330-331 
D-Gluco-D-galactan sulfate (DS4152), 

267 
Glucose-6-phosphate dehydrogenase, 

177 
Gly-CAM-l,11 
Glycogen synthase kinase-3 (GSK-3), 

181 
Gz/M cell cycle phase, 141, 142, 143-

144,151,207 
Granulocyte colony stimulating factor, 

271 
Granulocyte-macrophage colony

stimulating factor, 332 
Growth factor receptors, 401 
Growth factors, see also specific types 

ductal hyperplasia and, 42 
nuclear oncogene regulation by, 181 
pre neoplasia and, 56-58, 61 

Growth hormone, 16 
GR virus, 49, 50 
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Guanosine triphosphate-activating 
protein (GAP), 120-121 

H7,95 
H-89,377 
Haptotaxis, 304, 305-306, 317 

cytokine stimulation of, 311 
defined, 305 
methods of measuring, 308 

Ha-ras gene, 43, 158, 160, 326 
HBL-100 cells, 149, 151 
HDH4 outgrowth line, 42-43 
Heat shock protein 90 (hsp90), 214 
HEGO,201 
HeLa cells, 131, 132, 151,201 
Heparin, 271 
Hepatocyte growth factor, 271-272, 361 
Hepatocyte growth factor/scatter factor 

(HG/SF), 237-238, 305, 309-310, 
317 

Hepatomas, 329, 334 
HepG2 cells, 336 
HER2 gene, 271, see also neu gene 
HG/SF, see Hepatocyte growth factor/ 

scatter factor 
HLA-A2,1,403 
HLA-DR,397 
18-Hn1 cells, 109, 112, 114-116, 117, 

118,119-120 
Hormone-independent growth 

of epithelium expressing wnt-1, 31-
32 

of pre neoplasia, 43, 45 
H-RAS gene, 136,244,404 
Hs578t cells, 94, 100, 372, 373 
hst/FGF4 gene, 32, 49,157 
Hyaluronic acid degradation products, 

272 
Hydrocortisone, 11, 109,237 
4-Hydroxytamoxifen, 99, 153,218-219 
Hyperplasia, 44-45, 46, 48-49 

atypical, 71, 244, 248-250, 252 
cell cycle control in, 58-60 
ductal, 38, 39-42, 44 
fetal fibroblasts and, 311 
focal atypical, 56 
MCFlOAneoT.TGn cells and, 252 
MMTV-related genes in, 49 
neu and, 29 
proto-oncogene expression in, 51-53 
wnt-1 and, 30-31 

Hyperplastic alveolar nodule (HAN), 
38,44,46-47,49,55,243 
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apoptosis and,S, 16 
breast cancer vaccine testing and, 

405 
ductal hyperplasia compared with, 

42 
immunology and, 399-400 
lesions of, 244-245 
MMTV-related genes and, 50 

Hyperplastic outgrowth lines (HOG/ 
HPO), 38-39, 45, 51 

Hyperproliferative disorders, 72-74 

ICI164384,50,201,203,221 
cyclin and, 153 
mechanism of action, 219-220 
role of, 218 

ICI 182780, 154,218,219-220 
IGF, see Insulin-like growth factor 
Immortalization, 46, 48-49, 53, 60 

defined, 44 
Immune stimulation, 400-401 
Immunofluorescence analysis, 110 
Immunohistochemistry, 328, 331, 338 
Immunology, 395-406 

human model systems for, 403-404 
of tumor progression, 398-400 

Infants, breast development in, 229-
231 

Inhibitors of kinases (INK), 58 
Inositol trisphosphate (IP3)' 378 
In situ hybridization, 328, 331, 371 
Insulin, 109, 154, 174, 179, 180 
Insulin-like growth factor I (IGF-I), 

183 
antiestrogens and, 219 
c-fos and, 174 
c-jun and, 174 
cyclin and, 152 
endothelins and, 373, 380, 383, 386 
estrogen and, 177, 213 
nuclear oncogene regulation by, 181 
preneoplasia and, 56, 58 

Insulin-like growth factor II (IGF-II) 
angiogenesis and, 268 
endothelins and, 380 
estrogen and, 177 
nuclear oncogene regulation by, 181 
preneoplasia and, 56, 58 
pro cathepsin D and, 344 

Integrin, 268 
Interferon-a, 267 
Interferon-y,372 
Interleukin-1, 332, 372 



Interleukin-1B, 373, 383 
Interleukin-2, 397 
Interleukin-6, 310, 311, 317, 372, 387 
Interleukin-8, 271 
int-1 gene, see wnt-1 gene 
int-2 gene, 32, 72 

cathepsin D and, 337 
cyclin and, 157 
hyperproliferative disorders and, 74 
preneoplasia and, 49, 50, 53, 55, 57-

58,61 
tumorigenesis and, 75 

int-3 gene, 49, 51, 55 
int-5 gene, 49, 50 
Intracisternal A particles (lAP), 51 
Intratumoral microvessel density, 

276-293 
considerations im measuring, 

291-293 
in non-breast solid tumors, 286-289 
as a prognostic factor in breast 

cancer, 276-285 
Intravasation, 304, 317 
Invasive cancer, 244, 245, 303, 317 

cathepsin and, 325, 334, 343-344 
estrogen receptors and, 248-250 
immunology and, 398 
MCF10AneoT.TGn cells and, 247, 

248-250,253,254 
stromelysin-3 and, 359-360 

Involution, 3-16 
epithelial cell-stromal interactions 

during, 8-11 
gene expression during, 11-12 
morphological changes during, 

4-5 
ultrastructural changes associated 

with, 5-8 
Irradiation, 39 
3-Isobutyl-1-methylxanthine, 376 

JB6 cells, 405 
JC70 antibody, 283 
JNK1,181 
JNK2,181 
jun-B gene, 174, 179, 379 
jun-D gene, 174, 179 
Jun protein, 217 

Keratinized nodules, 38 
Keratins, 45, 239 
Ki-67 monoclonal antibody, 132,279 

a-Lactalbumin, 46 
Lactation, 27, 48 

hyperplastic alveolar nodule and, 16 
involution following, 3-16 
wnt-1 and, 32 

Lamin A, 129, 130 
Lamin B, 129 
Lamin C, 129, 130 
Laminin 

cathepsin Band, 325 
cell motility and, 317 
involution and, 8-10, 11 
stromelysin and, 354 

LAR-PTPase, 107, 108, 110, 114-116, 
120, 121 

expression of, 112-113 
expression vector of, 111-112 
in LAR-PTPase-transfected 184B5 

cells, 117 
proliferation of 184B5 cells and, 

118-119 
transfection into 184B5 cells, 116-

117 
transfection into 18-Hn1 cells, 112 
tumorigenicity of 184B5 cells and, 

119 
Larynx cancer, 371 
Leukemia, 158 
Li-Fraumeni disorder, 273 
Liver cancer, 16, 39 
L-myc gene, 172 
Loss of heterozygosity (LOH), 71-72 
Luciferase reporter gene, 329-330, 332 
Lung carcinoma, 286, 287, 293 
Lysosomal proenzyme receptors, 336 

Mac.f<01phages 
cathepsin and, 328-329, 334 
motility in, 308 

MAGE, 403, 405 
Major histocompatibility complex 

(MHC), 401, 402-404 
Malignant tumors, 233-234 
Mammary fat pads, 23, 44, 45, 52, 55, 

60-61,74 
Mammary gland involution, see 

Involution 
Mammary neoplasia, see Neoplasia 
Mammastatin, 58 
Mannose-6-phosphate receptors 

(MPRs), 333, 336 
Matrilysin,354 

apoptosis and, 18 
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gene expression in breast carcinoma, 
359-360 

role in breast carcinoma, 361 
Matrix attachment regions (MARs), 

130 
Matrix metalloproteinase (MMP), 385, 

see also Strome lysin 
apoptosis and, 18-19 
cathepsin and, 331, 343 
cell motility and, 315, 317 
defined, 353 
involution and, 11 
TPA and, 97 

Matrix metalloproteinase 1 (MMP-1), 
97 

Matrix metalloproteinase 2 (MMP-2), 
331,343 

Matrix metalloproteinase 9 (MMP-9), 
97 

Maturation promoting factor (MPF), 
143 

MAX, 181 
M cell cycle phase, see GziM cell cycle 

phase 
MCF-7 cells, 397 

angiogenesis and, 273 
antiestrogens and, 221 
antiprogestins and, 195 
cathepsin Band, 341-342 
cathepsin D and, 328 
cyclin and, 149, 153, 154 
endothelins and, 371, 372, 373, 374, 

375,376,377,385 
estrogen and, 177-178, 179, 213 
phorbol ester effects on, 93, 94 
progestins and, 180 
protein kinase C overexpression in, 

98-99 
protein tyrosine phosphateses and, 

109, 115, 116 
retinoids and, 181 
tamoxifen and, 99 
TPA and, 95, 96-97,100,101 
UCN-01 and, 100 

MCF-10A cells, 244, 247, 248 
cathepsin Band, 335 
genetic progression in, 252 
nuclear matrix and, 133, 136, 138 
pre neoplasia and, 43 

MCF-10AneoT cells, 244, 334, 335, 
341,404 

MCFlOAneoT.TGn cells, 243-254, 261 
characteristics of, 250-252 
estrogen receptors and, 248-250 
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genetic progression in, 252 
lesions and, 244-247 

MCF-lOF ce.lls, 244, 261, 404 
MCF-lOM cells, 404 
MC29 gag-myc fusion protein, 27 
MDA-MB-134 cells, 149, 151 
MDA-MB-157 cells, 149, 150, 151 
MDA-MB-175 cells, 149 
MDA-MB-231 cells, 94, 372, 385 
MDA-MB-330 cells, 149 
MDA-MB-453 cells, 100, 149, 150 
MDA-MB-468 cells, 94, 100, 101 
MDGI,56 
mdr gene, 97,100, 101 
MEla1,177 
ME1a2,177 
Medroxyprogesterone acetate, 196, 

199,200,205 
Megestrol acetate, 196, 198 
Melanoma, 80 

angiogenesis in, 287, 289, 293 
cathepsin Band, 332, 334, 335 
cell motility in, 308, 309, 312 
cyclin and, 157 
immunology and, 403 
p16 and, 160 

Metalloproteases, 235, 328 
Metalloproteinases, see Matrix 

metalloproteinase 
Metastasis 

angiogenesis and, 273-275 
cathepsin D and, 325, 334, 338-340, 

344 
cell motility and, 308, 309, 311-313, 

317 
experimental, 258-261 
genes regulating, 311-313 
mouse models of, 255-261 
protein kinase C and, 96-97 
spontaneous, 256, 257-258 
transgenic models of, 71-82 

met gene, 237 
Methylnitrosourea (MNU)-induced 

tumors, 52,196,197,200,206 
M1G8 monoclonal antibody, 338 
Mifepristone, see RU486 
Migration-stimllllating factor (MSF), 

310-311, 317 
Mitogen activated protein kinase 

(MAPK), 181, 379 
Mitogens/mitogenesis 

endothelin role in, 378-380 
estrogen receptors as, 221 

Mitosis, 141, 142, 143 



MMEC cells, 53 
MMP, see Matrix metalloproteinase 
MMTV, see Mouse mammary tumor 

virus 
MNU, see Methylnitrosourea 
Monoclonal antibodies, 401 

c-erbB-2, 110 
Ki-67, 132, 272 
LAR-PTPase, 110, 113 
M1G8,338 
PTPlB,110 
SM-3, 401, 402 

Motility, see Cell motility 
Motility factors, 308 
Mouse mammary tumor virus 

(MMTV), 25, 27, 33, 72, 73, 76,81 
breast cancer vaccine testing and, 

405-406 
c-myc fusion, 174 
genes related to in preneoplasia, 49-

51 
hst1FGF-4 fusion, 32 
hyperplastic alveolar nodule and, 38, 

46 
hyperproliferative disorders and, 74 
polyoma virus middle T antigen 

fusion, 78-80 
pre neoplasia and, 52, 53, 55 
tumorigenesis and, 74, 75 
wnt-1 and, 30 

Mouse models, see also Transgenic 
mouse models 

apoptosis and neoplasia in, 3-19 
for breast cancer vaccines, 405-406 
cell motility in, 311, 312 
of immunology, 398-400 
of melanoma, 312, 332 
of metastasis, 255-261 
of preneoplasia, 37-43, 44-49 

mts-1 gene, 311-312, 317 
MUC1 gene, 401, 402 
Mucins, 401, 402 
Multidrug resistance, 97 
Multiple myeloma, 287, 289, 293 
MXT mammary carcinoma, 194, 196, 

199,202,203 
myc gene, 30, 142, 158, 160, 181,213 

Natural killer (NK) cells, 396, 397, 
399-400 

neo gene, 28 
Neoplasia, 3-19, 43 

apoptosis and, see Apoptosis 

MMTV-related genes in, 49 
neu deletion mutants (NDL), 77 
neu gene, 25, 80, 109 

angiogenesis and, 271 
cathepsin D and, 337 
in metastasis, 75-77, 81-82 
preneoplasia and, 53, 55 
in transgenic glands, 56 . 
in tumorigenesis, 75-77 
types of lesions caused by, 28-29 

neu gene-transformed 184B5 cells, 109, 
120 

expression of neu and PTPases in, 
114-116 

LAR-PTPase in LAR-PTPase
transfected, 117 

LAR-PTPase transfection into, 116-
117 

proliferation of, 113-114 
proliferation of LAR-PTPase

transfected, 118-119 
tumorigenicity of, 114 
tumorigenicity of LAR-PTPase

transfected, 119 
Neural cell adhesion molecules (N

CAM), 121-122 
Neutral endopeptidase (NEP), 230, 

233,235 
Nicotinamide, 272 
NIH 3T3 cells, 46,122,130,132,144, 

145,336,379 
Nitric oxide, 272 
Nitrosomethylurea, 44 
nm23-H1 gene, 312-313, 317 
nm23-H2 gene, 312-313 
N-myc gene, 172 
Non-small-celllung carcinoma, 286, 

293 
Northern blot analysis 

of apoptosis, 11, 18 
of cathepsin D, 328 
of endothelins, 371 
of protein tyrosine phosphateses, 

110-111, 115 
67NR cells, 257 
NRK cells, 144 
Nuclear factor-I, 374 
Nuclear matrix, 127-138 

defined, 129 
Nuclear matrix breast (NMB), 133, 137 
Nuclear matrix breast cancer (NMBC), 

133, 137, 138 
Nuclear matrix normal breast 

(NMNB), 133, 137 
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Nuclear oncogenes, 171-183 
characteristics of major types, 171-

175 
regulation of, 176-182 

Nucleoside diphosphate kinases 
(NDPK),313 

Oligonucleotide primers, 109-110 
Onapristone, see ZK98.299 
Oncogenes, see also Nuclear 

oncogenes; Proto-oncogenes 
cyclins as, 155-159 
three-dimensional growth control 

and,27-32 
in transgenic models, 72, 73 

ORG 2058, 154 
Ornithine decarboxylase, 174 
Osteopontin, 11 
Ovalbumin, 178, 217 
Ovarian cancer, 76, 287, 293 
Ovariectomy, 198,204 
Oxytocin, 11,230 

p15, 143, 159, 160-161, 162 
p16, 143, 149, 150, 159, 160-161, 162 
p18, 159, 161 
p21, 143, 147, 159-161, 176 
p27, 143, 159, 161-162 
p45, 181 
p52, 159-160 
p53, 72, 142,172,179,183 

angiogenesis and, 273, 283, 286 
characteristics of, 175-176 
involution and, 11 
MCFlOAneoT.TGn cells and, 252 
preneoplasia and, 54, 55-56 

p55, 181 
p84,130 
p107,178 
p130, 178 
p185+neu+, 110, 115-116, 120, 121 
Pancreatic cancer, 160, 371 
Paracrine growth factors, 268, 309, 369 
pCA1,28 
p815 cells, 397 
PCNA, see Proliferating cell nuclear 

antigen 
PD-ECGF, see Platelet-derived 

endothelial cell growth factor 
PDGF, see Platelet-derived growth 

factor 
PDTRP, 401 
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PEA-3,82 
Phagokinetic track assay, 307 
Phalloidin, 232 
O-Phenanthroline, 385 
Phorbol-12, 13-dibutyrate, 92 
Phorbol 12, 13-dibutyrate, 94 
Phorbol esters 

cathepsin Band, 332 
effects on human breast cancer cell 

lines, 93-96 
Phorbol myristate acetate (PMA), 362 
Phosphatibylinositol-3' kinase (PI-

3'K), 81,120-121 
Phospholipase A z, 378, 382 
Phospholipase Cy (PLCy), 120-121 
Phosphoramidon, 385 
Phytohemagglutin (PHA), 396 
PI-3'K, see Phosphatidylinositol-3' 

kinase 
p9Ka, 311-312 
Placental growth factor, 271 
Plasminogen activator, 273-274, 387 
Plasminogen activator inhibitor-1 (PA-

1),80,269 
Platelet-derived endothelial cell growth 

factor (PD-ECGF), 271, 315, 317 
Platelet-derived growth factor (PDGF) 

angiogenesis and, 268 
endothelins and, 369, 380, 386 
pre neoplasia and, 56 

Platelet endothelial cell adhesion 
molecules (PECAM), 283 

Platelet factor 4, 267 
24p3/NGAL, 11 
Polyoma virus middle T antigen, 55, 78-

81 
molecular basis for metastatic 

behavior of, 81-82 
P2 promoter, 177 
PRAD-1, 32, 72,157 
pRb gene product 

antiestmgens and, 153-154 
G1 cyclin interaction wilth, 147-148 
p16 and, 160, 161 
retinoids and, 155 

Pregnancy, 48, 232 
hyperplastic alveolar nodule and, 16 
intracisternal A particles in, 51 
involution following, 3-16 
reason for protection against cancer, 

15 
wnt-1 and, 31, 32 

Preneoplasia, 37-61 
growth factors and, 56-58, 61 



in human mammary glands, 43-44 
MCF10AneoT.TGn cells as model 

of, 243-254 
MMTV-related genes in, 49-51 
molecular alterations in, 49-58 
mouse models of, 37-43, 44-49 
phenotype as model system, 37-44 
proto-oncogene expression in, 51-56 
in rat mammary glands, 43-44 
in transgenic glands, 56, 60-61 
in transgenic models, 55-56 

Procathepsin B, 333, 334 
Procathepsin D, 279, 333-334, 344 
Progesterone, 38 
Progesterone antagonists, see 

Antiprogestins 
Progesterone receptors 

angiogenesis and, 279 
endothelins and, 371, 385 
estrogen receptors and, 178 
protein kinase C and, 92 

Progestins, 39 
cyclin and, 154-155 
nuclear oncogene regulation by, 

179-180 
Prognostic indicators 

cathepsin D, 336-340 
intratumoral microvessel density, 

276-285 
stromelysin-3, 363 

Programmed cell death, see Apoptosis 
Prolactin, 273, 399-400 

hyperplastic alveolar nodules and, 38 
involution and, 11 
preneoplasia and, 45 

Prolactin receptors, 95-96 
Proliferating cell nuclear antigen 

(PCNA), 59, 160, 286 
Proliferation, see Cell proliferation 
Proliferative breast disease (PBD), 

244,245,398,399-400 
Prostaglandin E j , 272, 314 
Prostaglandin E2 

angiogenesis and, 272, 314 
endothelins and, 373, 377, 382-383, 

388 
Prostate cancer, 133 

angiogenesis in, 286-288, 293 
cathepsin Band, 331 
cell motility in, 306, 308 

Protein A, 144 
Proteinases 

fibronectin and, 18-19 
involution and, 13-14 

Protein kinase A (PKA), 221, 377, 
387-388 

protein kinase C (PKC), 91-102 
activity in human breast cancer cell 

lines, 93 
activity in human breast tumors, 91-

93 
endothelins and, 377, 378, 379, 387 
metastasis and, 96-97 
multidrug resistance and, 97 
as a therapeutic target, 99-101 

Protein kinase C-a (PKC-a), 92-93, 97, 
98-99, 100, 101 

Protein kinase C-~ (PKC-~), 92, 98, 99 
Protein kinase C-~l (PKC-~-l)' 91 
Protein kinase C-~ll (PKC-~-ll)' 91 
Protein kinase C-O (PKC-o), 92-93, 97 
Protein kinase C-E (PDC-E), 92-93, 97, 

98 
Protein kinase C-l] (PKC-l]), 98 
Protein kinase C-y (PKC-y), 92, 97, 98 
Protein kinase C-1; (PKC-1;), 92, 98, 

101 
Protein tyrosine kinases (PTKs)., 107 
Protein tyrosine phosphatases 

(PTPases), 107-123, see also LAR
PTPase 

Proteoglycans, 354 
Proteolytic enzymes, 383-385 
Proto-oncogenes, 51-56 
pS2,99 
PTPlB, 107, 108, 110, 114-116, 120, 

122-123 
Puberty, breast development in, 229-

231 

raf-1 gene, 379 
ras gene 

cyclin and, 142 
MCFlOAneoT.TGn cells and, 252 
metastasis and, 261 
preneoplasi<t and, 52-53, 55 

Rat models, 233 
of preneoplasia, 43-44 
of prostate cancer, 306, 308 

Rb gene, 53, 172 
antiprogestins and, 155 
characteristics of, 176 
cyclin and, 142, 150 
estrogen and, 178 

Receptor binding studies, of 
antiprogestins, 192-195 

Rectal carcinoma, 287, 293, see also 
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Colon cancer 
Replicons,131 
Retinoblastoma gene, see Rb gene 
Retinoids 

cyclin and, 155 
nuclear oncogene regulation by, 

180-181 
Retinyl acetate (RA), 17-19 
Reverse-transcription-polymerase 

chain reaction (RT-PCR), 77 
of endothelins, 371 
of MCFlOAneoT.TGn cells, 252, 253 
of protein tyrosine phosphateses, 

110,114,115,117,120 
RGD peptides, 308 
12(R)-Hydroxyeicosatrienoic acid 

(12(R)-HETrE), 272 
RIP140,217 
RIP160,217 
RNA, in nuclear matrix, 127-130, 131-

132 
RNA polymerase II, 215, 216 
RNAse protection assays, 77, 327 
18-Rn1 cells, 109, 114-116 
18-Rn2 cells, 109, 114-115 
RU486 (Mifepristone), 180, 196, 197, 

201 
antiproliferative activity of, 195-196 
cyclin and, 155 
history of, 191 
mammary carcinoma inhibitory 

potential of, 196 
mechanism of tumor inhibitory 

potential in, 201 
pharmacology of, 192-195 

RIll virus, 49, 50 

Scabrous, 11 
Scaffold attachment regions (SARs), 

130 
S cell cycle phase, 141, 143-144, 146, 

148, 151, 152 
in breast cancer cells, 151, 152 
estrogen and, 213 
oncogenes and, 158, 159 
UCN-01 and, 100 

Sclerosing adenosis, 29 
Senescence, 146-147 
Serine proteinases, 315 
SHC proteins, 81, 121 
SK-BR-3 cells, 100, 109, 115, 116 
S6 kinase, 379 
Skin-window technique, 398 
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SM-3 monoclonal antibody, 401, 402 
Southern blot analysis, 150 
Spitz nevi, 289 
Spontaneous metastasis, 256, 257-258 
Sp-1 transcription factor, 329 
Squamous cell carcinoma, 156, 245, 

287,288,293 
Src gene, 81-82 
Stem cells, 250-252 
Steroid hormone receptors, 95-96 
Steroid hormones, 132 
Stroma 

angiogenesis and, 269 
development of, 230 
epithelial cell interactions with in 

involution, 8-11 
Stromal cells 

cathepsin D and, 338-340 
differentiation antigens in, 227-239 
stromelysin-3 gene expression in, 

361-363 
Stromelysin, 353-364 

defined, 354 
gene expression in breast carcinoma, 

359-360 
involution and, 11 

Stromelysin-1, 18,354,359 
Stromelysin-2, 354, 359 
Stromelysin-3, 353-364 

cathepsin and, 343 
functional properties of, 356-358 
gene expression in breast carcinoma, 

359-360 
gene expression in stromal cells of 

carcinoma, 361-363 
as a prognostic indicator, 363 
role in breast carcinoma, 361 
structural characteristics of, 355 

Sulfated glycoprotein-2 (SGP-2), 11 
Surface peptidases, 230-231, 233 
SV40 T-antigen, 27, 132, 149,239 

TAF, see TATA-box binding protein 
associated factor 

Tamoxifen, 198,201,206,207,214 
endothelins and, 372 
estrogen receptor interactions with, 

218-219 
insensitivity to, 220-222 
mammary carcinoma inhibitory 

potential of, 196 
protein kinase C and, 99-100 
role of, 217-218 



TATA-box binding protein (TBP), 
216,220 

TATA-box binding protein associated 
factor (TAF), 216, 217, 220 

TATA boxes, 326-328, 329, 374 
TBP, see TATA-box binding protein 
3T3 cells, see NIH 3T3 cells 
4T1 cells, 258, 260 
TCPTP, 107, 108, 114-116 
T-47D cells, 155 

bryostatin 1 and, 101 
cyclin and, 149, 151, 152, 153, 154 
endothelins and, 372, 375, 385 
progestins and, 180 
TP A and, 94, 95 

Tenascin, 18, 231 
Terminal end buds, 231, 232 
Testicular carcinoma, 287, 293 
12-0-Tetradecanoylphorbol-13-acetate 

(TP A), 92, 95-97 
bryostatin 1 and, 100-101 
endothelins and, 373, 375, 377 
growth effects of, 94 
metastasis and, 96-97 
morphological changes and, 95 

12-0-Tetradecanoylphorbol-13-acetate-
responsive element (TRE), 374 

TFIIB, 216, 217, 220 
TG1 cells, 247, 404 
TG2 cells, 247, 404 
TG3 cells, 247, 404 
TGF, see Transforming growth factor 
Thalidomide, 267 
Three-dimensional growth control, 

oncogenes in, 27-32 
Thrombospondin, 272-273 
Thymidine kinase, 176 
Thymidylate synthase, 176 
Thyroid carcinomas, 329 
Tissue inhibitor of metalloproteinase 

(TlMP), 82, 353 
cell motility and, 315-316, 317 
involution and, 11, 13 

Tissue reconstitution method, see 
Transgenic glands 

Tissue remodeling, 11, 13, 14-15 
T lymphocytes, 50 
TM2H-8 gene product, 405 
TM2H outgrowth line, 38, 47, 48, 54, 

57 
TM2L outgrowth line, 38, 39, 47-48, 

54,57,59 
TM3 outgrowth line, 38, 47-48, 50, 54, 

57 

TM4 outgrowth line, 38,47,48,54, 57 
TM9 outgrowth line, 54, 57 
TM10 outgrowth line, 38, 47, 48, 54, 57 
TM12 outgrowth line, 47-48, 54, 57 
TM40 outgrowth line, 42, 47, 54, 57 
TNF, see Tumor necrosis factor 
TNP-470, 267 
T3-nuclear receptor, 132 
4T07 cells, 256, 257-261 
Topoisomerase II, 131 
TPA, see 12-0-Tetradecanoylphorbol-

13-acetate 
Transcription start sites, 326-328 
Transferrin, 109 
Transferrin receptors, 401 
Transforming growth factor-a (TGF-

a), 369 
angiogenesis and, 271 
in breast development, 229 
c-fos and, 174, 179 
c-jun and, 174, 179 
estrogen and, 177,213 
jun-B and, 179 
nuclear oncogene regulation by, 181 
preneoplasia and, 55, 56, 57 
progestins and, 180 

Transforming growth factor-~ (TGF-
~), 31, 183 

angiogen.es.is and, 271, 273 
antiestrogens and, 219 
endothelins and, 372 
estrogen and, 213 
nuclear oncogene regulation by, 181 
p15 and, 160 
p27 and, 161-162 
preneoplasia and, 55, 56, 58 
stromelysin-3 and, 361 

Transforming growth factor-~l (TGF-
~1) 

antiprogestins and, 207 
involution and, 11 
preneoplasia and, 55, 58 
progestins and, 55, 58 
progestins and, 180 
protein kinase C and, 95-96 
surface peptidases and, 230 

Transgenic glands, 23-34 
preneopJasia and, 56, 60-61 
sequential tumor development 

modeled with, 32-33 
transgenic models compared with, 

24-27 
validity of method, 33 

Transgenic mouse models, see also 
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Mouse models 
hyperplasia in, 51-53 
hyperproliferative disorders in, 72-

74 
metastasis in, 71-82 
preneoplasia in, 55-56 
transgenic gland method compared 

with,24-27 
tumorigenesis in, 74-77 

Transglutaminase, 11, 18 
Transin, 174 
Transwell assay, 307 
Tumor cell invasion, see Invasive 

cancer 
Tumor growth, 265-269 
Tumorigenesis, 37-62 

apoptosis inhibition and, 16 
c-myc and, 74-75, 174 
in LAR-PTPase-transfected 184B5 

cells, 119 
neu effect on, 114 
preneoplasia and, see Preneoplasia 
in transgenic models, 74-77 

Tumorigenicity assay, 113 
Tumor-infiltrating lymphocytes (TIL), 

395-398 
Tumor necrosis factor (TNF), 372 
Tumor necrosis factor-a (TNF-a), 271, 

272,361,400 
Tumor progression 

cathepsins Band Din, 341-344 
immunology of, 39~00 
in transgenic models, 78-81 

Tumor suppressor genes, 72, 172 
characteristics of major, 175-176 
cyclin dependent kinase inhibitors 

as, 159-162 
Tyrosine kinase, 77, 78 
Tyrosine kinase receptors, 310 
Tyrosine phosphorylation, 60 

UCD outgrowth line, 52 
UCN-01, 99, 100 
Ulex europaeus-l lectin binding, 281 
Under-agarose assay, 307-308 
Urethane, 38 
Uridine kinase, 176 
Urokinase, 273, 328, 343, 363, 
Urokinase-type plasminogen activator 

(uPA), 80, 268-269 
Uterine life, breast development in, 

229 
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V -abl gene, 53 
Vaccines, breast cancer, 405-406 
Vascular endothelial growth factor 

(VEGF) 
angiogenesis and, 268, 270, 271, 272, 

314-315 
cell motility and, 314-315, 316, 317 

Vascular permeability factor (VPF), 
271,272 

Vascular remodeling, 269, 270 
VEGF, see Vascular endothelial 

growth factor 
Verapamil, 97 
v-erbB gene, 29 
v-fps gene, 53 
v-Ha-ras gene, 25, 32-33, 74-75, 81 
vit-tk-CAT reporter construct, 99, 201 
v-mil gene, 53 
v-myc gene, 27, 32-33, 53, 56 
v-ras gene, 53, 56 
v-ros gene, 53 
v-sis gene, 53 
v-src gene, 82, 122 

VVAP, 11,25,27, 72, 73 
c-myc and, 174 
preneoplasia and, 45, 52, 55 

VV AP-Ha-ras transgene, 16 
VV AP-stromelysin I transgene, 13 
WDNMl,l1 
VVeaning,5, 10, 13, 14-15, 16 
VVestern blot analysis 

of cathepsin D, 328 
of protein kinase C, 92 
of stromelysin-3, 354 

VVhey acidic protein, see VV AP 
VVineglass gene, 30 
wnt-l gene 

hormone-independent growth of 
epithelium expressing, 31-32 

other wnts mimicked by, 30-31 
preneoplasia and, 49, 50, 53, 55, 

61 
in transgenic glands, 56 
tumorigenesis and, 75 

wnt-2 gene, 53 
wnt-3 gene, 49 
wnt-4 gene, 31, 53, 56 
wnt-5b gene, 53 
wnl-6 gene, 31 
wnt-7b gene, 31 
VVound healing assays, 306-307 



3Y1 cells, 341 

ZK 98.299 (Onapristone), 180, 197, 
198,199,200,203,204,205,206, 
207 

anti proliferative activity of, 195-196 
estrogen-dependent functions and, 

196,201 
mammary carcinoma inhibitory 

potential of, 196 
mechanism of tumor inhibitory 

potential in, 201 
pharmacology of, 192-195 

ZK 112993, 193 
ZR-75 cells 

cyclin and, 149 
endothelins and, 371, 372, 373, 374, 

387 
TP A and, 94, 95 
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