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Cancer Treatment and Research 

Foreword 

Where do you begin to look for a recent, authoritative article on the diagnosis 
or management of particular malignancy? The few general oncology text­
books are generally out of date. Single papers in specialized journals are 
informative but seldom comprehensive; these are more often preliminary 
reports on a very limited number of patients. Certain general journals fre­
quently publish good in-depth reviews of cancer topics, and published sym­
posium lectures are often the best overviews available. Unfortunately, these 
reviews and supplements appear sporadically, and the reader can never be 
sure when a topic of special interest will be covered. 

Cancer Treatment and Research is a series of authoritative volumes which 
aim to meet this need. It is an attempt to establish a critical mass of oncology 
literature covering virtually all oncology topics, revised frequently to keep the 
coverage up to date, easily available on a single library shelf or by a single 
personal subscription. 

We have approached the problem in the following fashion. First, by divid­
ing the oncology literature into specific subdivisions such as lung cancer, 
genitourinary cancer, pediatric oncology, etc. Second, by asking eminent 
authorities in each of these areas to edit a volume on the specific topic on an 
annual or biannual basis. Each topic and tumor type is covered in a volume 
appearing frequently and predictably, discussing current diagnosis, staging, 
markers, all forms of treatment modalities, basic biology, and more. 

In Cancer Treatment and Research, we have an outstanding group of 
editors, each having made a major commitment to bring to this new series the 
very best literature in his or her field. Kluwer Academic Publishers has made 
an equally major commitment to the rapid publication of high quality books, 
and worldwide distribution. 

Where can you go to find quickly a recent authoritative article on any 
major oncology problem? We hope that Cancer Treatment and Research pro­
vides an answer. 

WILLIAM L. McGUIRE 
Series Editor 



Preface 

Marc E. Lippman, M.D., and Robert B. Dickson, Ph.D. 

The past few years have witnessed a revolution in our understanding of the 
biology of breast cancer. In part, this is due to the availability of biochemical 
and molecular biological techniques to allow identification, characterization, 
and experimental perturbation of potent regulatory molecules such as recep­
tors, proteases, growth factors, and oncogenes. A considerable number of 
researchers utilize fresh human clinical material, normal and human breast 
cancer cell lines in vitro, and xenograft tumors in vivo in the athymic (or 
nude) mouse. Others, however, employ a mouse model system whereby a 
tumor virus known as mouse mammary tumor virus (MMTV), carried in the 
milk or through the germ line, triggers mouse mammary cancer. In this volume 
we present both areas of investigation: first, studies on human mammary 
cancer, then second, work on mouse breast cancer induced by MMTV. We 
believe that by presenting both kinds of studies we provide a book suitable for 
a wide readership of postdoctoral and medical fellows and researchers. 

The first chapter, by Martha Stampfer and Jack Bartley, presents the state 
of the art in culture of normal human mammary epithelial cells. Studies on 
cancer should always use normal tissue as a reference point in order to high­
light tumor-specific versus simply proliferation-specific cellular characteristics. 
This chapter also presents information on properties of carcinogen-treated 
mammary epithelial cells. The second chapter, continuing in the theme of 
human breast cancer, studies rearrangements in human genes which might be 
associated with loss of cancer repressor gene. In addition to possible import­
ance of exposure to chemical carcinogens, breast cancer risk is known to be 
associated with a significant genetic component. Igbal Unissa Ali and Robert 
Callahan propose that inherited rearrangements of chromosome 11 could be 
one of these genetic factors. The third chapter, by Matthias Kraus and co­
workers continues the theme of genetic alterations in cancer patients by 
reporting on the specific oncogenes found activated in breast cancers them­
selves. Alterations in c-H-ras and erbB-2 oncogenes may be involved in pro­
gression of breast cancer to more malignant forms. In the fourth chapter, 
Bernd Groner and co-workers explore other functions of activated oncogene 
expression, This chapter analyzes the effects of oncogenes on the differentiated 
state of breast tissue. Oncogenes have proven powerful switches to dediffer-
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entiate or despecialize the secretory epithelium. The fifth chapter, by Adrian 
Harris and Stewart Nicholson reports on studies of the receptor for epidermal 
growth factor (EGF) in breast cancer. This is also a proto-oncogene known as 
c-erbB, and its expression appears to be a new tumor marker for the poor pro­
gnosis breast cancer patients. The sixth chapter, by ourselves, addresses the 
possible role of polypeptide growth factors in the local autocrine and para­
crine control of breast cancer. Growth factors TGFa, IGF-I, and PDGF and 
the growth inhibitory TGFB are under regulation by estrogen and anti-estrogen 
control in hormone responsive breast cancer. The seventh chapter, by Robert 
Shiu, extends the scope of endocrine control of breast cancers to include 
direct effects by pituitary hormones such as IGF-II and prolactin. The thesis 
of this chapter is that host factors, in addition to circulating estrogen, control 
the progression of breast cancer. The eighth chapter, by Gary Stack and co­
workers, addresses the molecular biology of the estrogen receptor itself and of 
a major estrogen regulated protein known as pS2. The studies of this group 
have begun to define the biochemical and molecular details of estrogen re­
ceptor-gene interactions. The ninth chapter, by Henri Rochefort and co­
workers, examines another estrogen receptor regulated protein, a secreted 
cathepsin. This protein may have a role in degrading basement membrane 
which encapsulates the tumor. The tenth chapter, by Lance Liotta and Mary 
Stracke further addresses this area of tumor-host interactions. They sum­
marize data demonstrating that metastasis requires a cancer cell to bind to the 
basement membrane through its receptors for laminin. Next, elaboration of 
various proteolytic enzymes allows the cell to chew its way through the base­
ment membrane, and seed other bodily tissues in advanced stages of the 
disease. The eleventh chapter, by Erik Thompson and co-workers, extends 
this theme by reporting in detail on the structure of laminin and on an in vitro 
basement membrane model system for analysis of the invasive characteristics 
of tumor cells. 

The twelfth chapter begins an in-depth consideration of the mouse as a 
model system for breast cancer. Barbara Vonderhaar describes the organo­
genesis of breast tissue. She points out that growth factors such as EGF and 
TGFa, and the expression of the EGF receptor may be critical regulators of 
normal development of the mouse mammary gland. The thirteenth chapter, 
by Gordon Hagar, characterizes the MMTV virus itself. This virus integrates 
into the host genome and promotes transcription of host genes. Roel Nusse, 
in the fourteenth chapter, further examines some of these cellular genes 
activated by MMTV. They appear to be a new class of oncogenes, at least 
one of which is closely related to a fibroblast growth factor. In the fifteenth 
chapter, Philippa Darbre and Roger King address the question of loss of 
hormonal controls during the malignant progression of mouse mammary 
cancer cells in vitro. They note that loss of hormonal control can occur by 
other means than by loss of the steroid hormone receptors. In particular, 
methylation of genes may make them refractory to hormonal control. Takami 
Oka and co-workers, in the sixteenth chapter, continues analysis of the role of 
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growth factors in mouse mammary tumors. He reports that salivary gland­
derived EGF is a critical, host supplied hormonal factor which is necessary for 
spontaneous tumor formation. Finally, David Salomon and William Kidwell, 
in the seventeenth chapter, note that rodent mammary tumors themselves 
produce growth factors, in striking similarity to human breast cancer. They 
further note that growth factor production may be a normal function of mam­
mary epithelial cells since a plethora of growth factors are found in milk. 

We believe that, taken together, these chapters provide a comprehensive, 
up-to-date synthesis of current thinking on the cellular and molecular biology 
of breast cancer. We hope this volume provides a stimulus for future basic 
and clinical research in breast cancer. Perhaps, treatments of the future will 
be developed out of some of the newly elucidated concepts in growth control 
presented herein. 

Marc E. Lippman, M.D. 
Robert B. Dickson, Ph.D 
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1. Human mammary epithelial cells in culture: 
differentiation and transformation 

Martha R. Stampfer, and Jack C. Bartley 

1. Introduction 

The development of human mammary epithelial cell (HMEC) tissue culture 
systems has permitted these cells to be examined under controlled experi­
mental conditions. Since recourse to in vivo studies is not possible with 
humans, the fidelity with which the culture system reflects the in vivo situa­
tion is particularly important, if the information obtained in vitro is to have 
meaning for understanding the normal and perturbed functions of the human 
breast. We describe here our results in developing a system for long term 
growth of human mammary epithelial cells in monolayer culture [1-4]. While 
this system is still far from providing an accurate representation of the many 
different stages of functional differentiation which may occur in the breast, it 
is a useful beginning to understand control of normal differentiated states, 
and to examine the multiple steps in the progression from normal to malig­
nantly transformed cells. 

2. Processing of human mammary cells for culture 

Unlike most other human organs, large quantities of normal mammary 
epithelial tissues are readily available as discard material from the surgical 
procedure of reduction mammoplasty. Although the fat content of this tissue 
is greatly increased, the epithelial cell content appears similar to that found 
in smaller breasts: pathology evaluation indicates no abnormalities in the 
majority of cases, with mild or moderate fibrocystic disease present in a 
significant fraction of specimens. Thus, tissue acquisition is not at all limiting 
for experimental studies of normal HMEC, and specimens from many in­
dividuals of all ages are available. However, unlike the situation with most 
other organs and with animal model systems, reduction mammoplasty tissue 
can be obtained only from non-pregnant, non-lactating individuals, and there­
fore represents from the outset a relatively un induced state of funtional differ­
entiation. Human breast tissues are also readily available from biopsies and 
mastectomies (including both the tumor and non-tumor areas of the removed 

M. E. Lippman and R.B. Dickson (eds.J. Breast Cancer: Cellular and Molecular Biology. ISBN 978-1-4612-8975-3 
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breast). These surgical procedures provide atypical and malignant HMEC, 
although primary tumors are a very heterogeneous population and the cells 
which grow out in culture may not include the most invasive, malignant cell 
type [5]. 

Our method for processing of the surgically derived material for tissue 
culture involves, first, coarse dissection of the specimen to separate the 
epithelial material from the fat and stroma, followed by enzymatic digestion 
with collagenase and hyaluronidase to yield nearly pure epithelial clumps. 
This material is then passed through filters of fixed pore size to separate the 
epithelial clumps (termed organoids) from the single cells and small clumps 
of the digested stromal tissue [1, 4]. Due to the large quantities of starting 
discard surgical material, especially from the reduction mammoplasties, 
frozen storage of multiple ampoules of the mammary organoids is possible 
from each individual specimen donor. Consequently, repetition of experi­
ments with the same person's cell pool can be conducted over an indefinite 
time span, and questions can be asked about individual differences. Fibro­
blastic cells from the digested filtrate can also be stored frozen, and are useful 
for comparisons of epithelial versus fibroblastic cell behavior from the same 
individual. 

3. Growth capacity of HMEC 

For HMEC to achieve widespread usage in the study of human cellular 
physiology and carcinogenesis, it is necessary that large quantities of actively 
proliferating cells be available, and that the culture systems should be modulat­
able to reflect in vivo differentiated states. We have developed culture systems 
that provide the first of these prerequisites-long term active proliferation; 
work on development of modulatable differentiated states is still in progress. 
Our laboratory has utilized two main media to produce active HMEC growth 
(Table 1). Our original medium, MM [2], contains fetal bovine serum, condi­
tioned media from other cell lines, and several growth factors. In it, cells from 
premenopausal tissues proliferate rapidly for 3-5 passages, with doubling 
times of 18-30 hrs. They maintain a cobblestone epithelial morphology until 
senescence, when the cell population becomes more heterogeneous, with 
large, vacuolated cells. Approximately 40 such specimens have been ex­
amined. The 7 post-menopausal reduction mammoplasty specimens ob­
tained have shown active growth for fewer subcultures. The 40 tumor-derived 
specimens examined have displayed greater heterogeneity in growth pattern, 
ranging from equal to that of the normal cells, to poor growth even at second 
passage. 

HMEC have also been grown in a serum-free medium, MCDB170, 
developed specifically to promote their proliferation [3]. Thus far, 23 speci­
mens from 19 individuals have been tested. In MCDB170, cells initially 
show rapid growth for 2-3 passages, followed by what appears to be terminal 



Table 1. Contents of HMEC cell culture media. 

MMMedium 

Ham's F12 
Dulbecco's Modified Eagles Medium (DME) 
Fetal Bovine Serum 
Conditioned Media from Human Cell Lines' 

Adult Bladder (Hs767BI) and/or 
Fetal Intestine (fHsInt) 
Adult Myoepithelial (Hs578Bst) 

Insulin 
Hydrocortisone 
Epidermal Growth Factor (EGF) 
Triiodothyronine 
Estradiol 
Cholera toxin 

MCDB170 Medium 

Basal MCDB170 
Insulin 
Hydrocortisone 
Epidermal Growth Factor (EGF) 
Ethanolamine 
Phosphoethanolamine 
Transferrin 
Bovine Pituitary Extract 
(Isoproterenol) 

• Cells fed with 1:1 Ham's F12/DME, 5% fetal bovine serum, 5 I-tg/ml insulin. 

30% 
30% 
0.5% 

30% 
9% 

3 

10 !J.g/ml 
O.1I-tg/ml 
5 ng/ml 
IO- K M 
1O-9 M 
1 ng/ml 

100% 
5 !J.g/mJ 
0.5I-tg/ml 
IOng/ml 
10-4 M 
10-4 M 
\0 I-tg/ml 
70 I-tg/ml 
10-5 M 

differentiation of the majority cell population. The initial cobblestone epithe­
lial morphology gradually changes to produce large, flat, striated cells with 
irregular edges, and limited proliferative capacity. The small subpopulation 
which maintains the typical epithelial cobblestone morphology retains active 
proliferation (doubling times of 18-30 hours), reestablishing itself as the 
uniform cell type within 1-2 passages. For some individual specimen donors, 
a cAMP stimulator is required during this 'self-selection' period to maintain 
this actively growing epithelial population. Depending upon the individual, 
rapid growth continues after this selection period for another 6-16 passages, 
yielding a total of about 45-70 population doublings. This long-term growth 
in MCDB170 permits frozen storage of large cell pools at passages 5-8, which 
consequently allows use of a standard cell population for numerous experi­
ments. At senescence, the cells maintain viability and some mitotic activity, 
but show no net gain in cell number. Increased vacuolization and heterogen­
eity in cell size are observed, while the cells retain the smooth-edged cobble­
stone epithelial appearance. Since MCDB170 was originally formulated by 
use of clonal assays, it is also capable of supporting clonal growth of HMEC in 
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the absence of any additional factors or feeder layers, with colony forming 
efficiencies of 10-50%. 

We have carefully followed growth to senescence of the 23 different speci­
mens placed in MCDB170 during the past four yeats (Figure 1). In general, 
these data indicate that, even given the vagaries of cell culture, cells from a 
given individual tend to senesce around the same passage, regardless of when 
or ifthey have been stored frozen. Since the MCDB170 medium was optimized 
using cells from only one individual (specimen 161), it is possible that the 
differences observed in the number of population doublings to senescence 
may simply reflect interindividual differences in optimal growth requirements 
relative to the nutritional formulation of this medium. We have not seen 
any significant differences in cell morphology or growth behavior relative 
to donor age or tissue pathology. However, there are consistant individual 
differences in the morphology of the cultured cell populations, particularly in 
the amount of cell-cell contact and patchiness of the growing cells, and in the 
degree of cell alignment of the cells in patches, which, at the extreme, pro­
duces a swirling, 'thumbprint' morphology (Figure 2). 

The data in Figure 1 also provide an indication of the quantities of HMEC 
that can be generated from a single individual, as well as the apparent absence 
of any viability loss due to frozen storage. For specimens 161 and 184, frozen 
cells from the same individual have been repeatedly examined. These include: 
(1) different ampoules of the originally frozen primary organoids (typically 
15-50 ampoules are generated from reduction mammoplasties); (2) pre­
selection cell pools frozen at second passage (-2-3 X 107 total cells gen­
erated/primary ampoule); (3) post-selection cell pools frozen at 4-18 passage 
(multiple pools of >2 x 107 cells each possible at 5-8 passages). Con­
sequently, a virtually unlimited supply of normal, proliferating HMEC can be 
obtained. 

Of particular interest is the fact that all the samples which have thus far 
been examined always do senesce. This result is in striking contrast to that 
seen with most rodent model systems, where spontaneous transformation to 
immortality is often observed, and emphasizes the stability of human cells in 
culture. While these data do not rule out the possibility that spontaneous 

Figure 1. Growth capacity of HMEC in MCDBl70 medium. Primary cultures obtained from 
reduction mammoplasties (top two rows) and mastectomies (T = tumor tissue, P = non-tumor 
tissue from tumor-bearing breast) were initiated and subcultured as described [4], with about 8-10 
fold amplification per passage. A few of the reduction mammoplasty specimens were grown in 
MCDB202, a closely related medium [3]. Bottom horizontal lines indicate passage level of 
initiation of frozen ampoules. Top horizontal lines indicate passage level of no net increase in cell 
numbers. Internal horizontal lines indicate that cultures were frozen and reinitiated at that 
passage. Continuous hatched lines indicate cells derived from the same "selection". Asterisks 
indicates cells exposed to a cAMP stimulator during selection. For specimen 184, x indicates 
cultures initiated from the same primary ampoule but taken through selection with three different 
cAMP stimulators (cholera toxin, isoproterenol, prostaglandin EI)' In a few cases, indicated by 
g, the tumor cultures were grown in MM in primary culture. 
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transformation to immortality may occur, they do provide evidence that such 
an event must be extremely rare in these normal human epithelial cells. 

4. Identification of cultured HMEC 

The mammary epithelial nature of the cells cultured in MCDB170 and MM 
can be demonstrated with a variety of markers. Morphologically, in addition 
to the cobblestone epithelial appearance in the light microscope, the cells 
examined in the electron microscope show the epithelial characteristics of 
tonofilaments, desmosomes, and microvilli [1]. Indirect immunofluorescence 
and immunoperoxidase assays have shown that the cells are 100% positive for 
epithelial keratins and the mammary epithelial specific enzyme, thioesterase 
II [6, 7], and that they have the epithelial pattern of powdery cell-associated 
fibronectin [8]. The mammary epithelial milk fat globule antigens are also 
expressed on some of the cells; these will be discussed later as markers of 
differentiation and transformation. Most of these markers are stable with 
continued culture in MCDB 170, except that the cells undergoing terminal 
differentiation during the selection period display large quantities of fibrillar 
fibronectin. This property, as well as their striated appearance, suggests that 
these cells may be differentiating along the pathway of myoepithelial cells. 
This possibility is currently being examined by assaying for a larger number 
of antigenic markers. All the reduction mammoplasty derived cell cultures 
tested have shown a normal diploid karyotype, including both pre- and post­
selection cells in MCDB170 [3, 9]. 

5. Metabolism of carcinogens 

One of the main questions we wished to address with a human mammary 
epithelial system was the effect of potential carcinogenic agents. Ultimately, 
the problem is to resolve what agents, in what combinations, are capable of 
causing carcinogenesis in human epithelial cells in vivo. However, in practice, 
with human tissues we are limited to experimentation with cells in culture 
conditions, and the ensuing uncertainty about the extent to which the cells in 
culture reflect what may occur in vivo. In an effort to approximate what might 
be occuring during carcinogenesis, one of our goals with the human mammary 
epithelial cell system was to use carcinogens to obtain transformation in vitro, 
and then to investigate the effects of different carcinogens, and possible 
modifiers of carcinogenesis, on this transformation. The data obtained from 
these experiments with human cells could complement the data obtained 

Figure 2. Morphology of normal HMEC grown in MCDBI70. Giemsa stained cultures from 
(A) 184, passage 7; (B) 172, passage 13; (C) 161, passage 9. 
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from animal model systems, where in vivo/in vitro comparisons can be per­
formed, but where the uncertainty rests in the extrapolation of data from one 
species to another. 

For our initial studies we chose to examine the effects of the chemical 
carcinogen, benzo(a)pyrene (BaP), because: (1) it belongs to the class of 
compounds, polycyclic aromatic hydrocarbons, known to be excellent inducers 
of mammary cancer in rodents [10]; (2) previous research has done much to 
characterize the metabolism of BaP in rodent and human systems; (3) it is one 
of the major environmental pollutants resulting from the incomplete com­
bustion of fossil fuels and organic material. BaP is an inactive procarcinogen, 
requiring a series of metabolic steps for conversion to the active, ultimate 
carcinogenic form, the 7,8-diol-9,IO-epoxide [11]. It has been thought that 
formation of adducts between this diol-epoxide and DNA may be a necessary 
step for carcinogenesis. Since the extent and pattern of BaP metabolism can 
vary greatly among species, as well as among different individuals and cell 
types within one specie [12, 13], we examined the rate and route of BaP 
metabolism in human mammary epithelial and fibroblastic cells from many 
specimen donors [14-16]. Our results indicate that the HMEC readily meta­
bolize BaP through the pathways leading to the 7 ,8-diol-9, lO-epoxide, and 
form adducts with the deoxyguanosine of DNA at levels similar to that found 
in cells transformed by BaP. In contrast, the same concentration of BaP given 
to fibroblast cells from the same individual yields a much slower rate of me­
tabolism, mainly through pathways that do not yield the diol-epoxide, and 
a much lower production of DNA adducts. Comparisons of interindividual 
BaP metabolite yields from 22 different specimen donors [16] show around a 
5-fold range of values; the data also suggest that adduct production is higher 
in cells derived from tumor tissues compared to reduction mammoplasties. 

Additionally, we have found that culture conditions can significantly 
influence the metabolites formed. Normal cells grown for 8-10 passages in 
MCDB170 showed a 10-fold reduction in water soluble conjugates and a 
3-fold reduction in organosoluble metabolites compared to second passage 
cells; however, the amount of DNA adduct formation was unchanged. These 
data suggest a loss of specific enzyme activities as a result of prolonged life in 
culture. When the metabolite yield from freshly fed, subconfluent second 
passage cells was compared to cell populations that were confluent and freshly 
fed, or confluent and unfed for the prior 72 hours (and thus in overly acidic 
media), it was found that the less optimal culture conditions led to an overall 
decrease in metabolite yield specifically involving the organosoluble products. 
These results point out the extent to which data obtained in vitro can vary 
depending upon the particulars of the experimental conditions, and emphasize 
again the need for well-characterized and optimized culture conditions. 

Preliminary studies [Leadon, S.A., Stampfer, M.R., Bartley, J.c., un­
published] have been initiated to determine the possible role of oxidative 
damage resulting from BaP metabolism (as potentially distinct from damage 
due to the bulky diol-epoxide-DNA adducts). To test this possibility, we have 
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utilized a monoclonal antibody specific to thymine glycols on DNA [17] to 
measure the induction of this product of free radical oxidation of DNA. We 
have found that the extent of thymine glycols formed exceeded that from 
the bulky adducts. Superoxide dis mutase provided similar protection against 
both the lethal effects of the BaP and the induction of oxidative damage, 
while having no effect on BaP metabolites or adducts. These results suggest a 
possible role of oxidative damage in carcinogenesis, and the need for further 
investigations. 

6. Transformation of HMEC in culture 

The development of a system for transformation in vitro of human epithelial 
cells could provide an experimental means to systematically observe the pro­
gressive changes which occur during carcinogenesis. However, there are two 
major problems in accomplishing such a goal. One is that transformation of 
any human cells in culture has been extremely difficult. Unlike most rodent 
model cell systems, spontaneous transformation to either immortality or 
malignancy does not occur; even transformation induced by tumor viruses or 
oncogenes, irradiation, or chemical carcinogens is rare [18, 19]. Differences 
between human and rodent cells in chromosomal stability, the action of 
tumor viruses and oncogenes, and possible tumor suppressor mechanisms, 
may account for this dramatic difference. The other problem encountered lies 
in identifying and quantifying transformed human epithelial cells. Ideally, 
markers which permit easy selection or detection of small numbers of trans­
formed cells within a large cell population are most useful for in vitro assays. 
However, unlike fibroblasts, transformed human epithelial cells do not show 
the morphological changes that yield easily quantifiable foci. Unlike rodent 
systems, there is no syngeneic host in which to test for tumorigenicity. Con­
sequently, markers for malignant transformation are approximations which 
are often difficult to quantify. 

Some markers that have been useful in detecting abnormal human epithelial 
cells in culture include anchorage independent growth (AIG), tumorigenicity 
in nude mice, altered antigenicity or lectin binding, reduced requirements for 
growth factors, escape from TGF-~ or Ca++ induced terminal differentia­
tion, and an extended lifespan or escape from senesence [6, 18-27]. In our 
original studies, we decided to use an extended lifespan (EL) in culture as 
our initial screen for carcinogen-induced changes. This marker is convenient 
because of its strong selective ability, although its correlation to events in vivo 
is unclear. It is possible that the extended proliferative potential commonly 
seen in vitro may be related to the hyperplasia commonly seen in vivo in 
abnormal breast and other epithelial tissues; this hyperplasia is likely the 
result of some alterations in normal growth control. Transformation to an 
indefinite lifespan is also observed in some human epithelial tumor derived 
(but not normal) cells in culture, so this marker is also associated with car-
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cinogenesis. However, such transformation to immortality is usually rare, and 
more likely to be found in cells from metastatic tumors, rather than primary 
tumor tissues, particularly in breast cancer. Thus although transformation to 
established cell lines is an extremely useful tool for in vitro transformation, 
providing the most convenient means of further cellular and molecular char­
acterization, the cells thereby selected may represent only a limited spectrum 
of possible transformation pathways. 

The first series of experiments we performed utilized cells from one indi­
vidual, specimen 184, normal reduction mammoplasty tissue from a 21 year 
old women [28]. Medium MM was used because the HMEC have only a 
15-25 population doubling lifespan in it, permitting early detection of cells 
displaying an extended lifespan. Actively proliferating primary cultures re­
ceived two or three exposures of 1 f!g/ml of BaP. These flasks were then 
subjected to repeated partial trypsinizations (PT), wherein about SO% of the 
cells in the flask are removed, and the remaining cells allowed to regrow. 
After some PT, the removed cells were seeded into secondary cultures and 
their fate followed. The results of three such experiments, using three dif­
ferent primary ampoules, are outlined in Figure 3. In all three experiments, 
populations of EL cells and changes in morphology were found in the cultures 
exposed to BaP. These treated cells grew both for longer times in the primary 
cultures, and for more subcultures. Widespread heterogeneity in growth pat­
terns and morphology were displayed by these EL cultures, both among the 
different experiments and also among cells seeded from the same or different 
PT within one experiment. 

Although numerous different EL cultures were generated by the exposure 
to BaP, these eventually senesced after about a 2-3 fold increase in popula­
tion douhlings compared to the control cells grown in MM. However, in two 
separate instances cell growth continued, leading to two different immortally 
transformed cell lines, 184A1 and 184BS. The emergence of these lines is 
outlined in Figure 4. In the case of 184A1, a single EL patch at passage S gave 
rise to a uniformly growing EL population designated 184Aa. As 184Aa 
senesced around passage 9, another cell popUlation with a distinctive mor­
phology (small cells growing as singlets) was observed (Figure SA). These 
cells, designated 184A1, have maintained indefinite growth; they have been 
carried to passage 101 in MCDB170 with approximately 20 fold amplification 
per passage and a 24-36 hour doubling time. We have subsequently placed 
frozen stocks of 184Aa at seventh and eighth passage back into MM and 

Figure 3. Growth pattern of HMEC exposed to BaP in MM. Primary cultures of specimen 184 
were exposed to 1 [lg/ml BaP at the indicated times in three separate experiments (designated 
A, B, C) [28]. The fate of both the subcultured cells and the cells in the primary flasks was then 
observed. Since several dishes were plated at each subculture, and if growing, their lineages 
followed independently, more than one kind of growth pattern could be observed at a given 
passage level. In experiment 184C, cholera toxin was inadvertantly omitted from the medium 
until 22 days after seeding (passage 5 of subculture Cl, 4 of C2, 3 of C3). 
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Figure 4. Development of established cell lines following BaP exposure of HMEC specimen 184. 

Figure 5. Giemsa stained established cell lines grown in MCDBI70. (Al l84Al, passage 42; 
(B) 184B5, passage 11. 

MCDB170, and have not seen an immortal population emerge. Since early 
passage 184A1 cells all show the same few chromosomal abnormalities, 
the immortalization event presumably took place in a single cell during the 
original eighth or ninth passage culture. In the case of 184B5, an EL culture 
designated 184Be, which displayed three areas of focal growth in second 
passage, grew uniformly actively to passage 6, when focal growth reappeared. 
One small patch with a very distinctive tightly packed morpholgy (Figure 5B) 
was noticed, and maintained indefinite growth potential. This line, 184B5, 
has been carried to passage 100 in MCDB170, with about 30 fold amplifica­
tion per passage and a 24 hour doubling time. Subsequent seeding of a fourth 
passage frozen stock of 184Be did not lead to emergence of immortal cells. 
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The established cell lines 184Al and 184B5 have been characterized by a 
variety of criteria (see Table 2 and below). As part of this characterization, it 
was observed that neither line formed tumors in adult or newborn nude mice, 
and that little or no anchorage independent growth was displayed. Therefore, 
these lines probably represented immortal but not malignant transformants. 
Attempts were then made to determine if these lines could be further trans­
formed to malignancy. Our initial studies, as decribed below, have used 
tumor viruses and oncogenes to induce malignant transformation. While the 
resulting transform ants are valuable in providing fully malignant HMEC 
populations to examine, it is important to remember that their correlation to 
malignant transformation in vivo is again questionable. Further experiments 
are ongoing to induce malignant transformation without the use of known 
tumor viruses and oncogenes. 

In the first set of experiments [Stampfer, M.R., Arnstein, P., unpublished], 
184B5 cells at passage 21 were exposed to Kirsten sarcoma virus (KSV) with a 
baboon pseudotype [23]. Injection of the infected passage 23 cells into nude 
mice produced tumor in 100% of the exposed mice. These tumors were classi­
fied as poorly differentiated epidermoid carcinoma, and grew to 2-5 cm 

Table 2. Characterization of normal and transformed HMEC 

Tumors in Growth in DME 
Specimen % nude + 10% Fetal 
identity AlGa miceb Karyology" bovine serum 

Normal 
184 :s0.001 normal diploid 

Extended Life 
184Aa :s0.001 normal diploid 
184Be :s0.001 normal diploid 

Immortal 
184A1 :sO. 001 near diploid 
184A1N4 :sO. 001 near triploid 
184B5 0.001-0.008 near diploid 

Oncogene Exposed 
184A1N4-HSV 0.003 +1- NTd + 
184A1N4-T 0.006 NT + 
184A1N4-mos :s0.001 +1- NT + 
184A1N4-HSV-mos 0.002 + NT + 
184AIN4-HSV-T 0.028 ++ near tetraploid + 
184B5-KSV :0;0.001 + NT NT 

a 105 cells where seeded/5 ml methocell60 mm dish as described [7, 29]. Colonies 2:100 [t dia­
meter were counted after three weeks. 
h5 X 106 cells were injected intraperitoneally/mouse as described [23]. 
C50-100 interphases were examined/cell type by Giemsa staining as described [23]. 
d NT = not tested 
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in 1-3 months. The tumors then remained without further growth. Cells 
recovered from the tumors show the same morphology as the initial infected 
population, but have not yet been further characterized except to show that 
they have the same or less AIG than the uninfected 184B5 cells. 

In a separate series of experiments, 184A1N4, a subclone of 184A1, was 
exposed to infection with Harvey sarcoma virus (HSV), and/or retroviral 
vectors carrying the mos or the SV40-TT oncogene [29]. 184A1N4 was ori­
ginally selected on the basis of its slightly reduced nutritional requirements 
(growth in the absence of the conditioned medium in MM), and was sub­
sequently shown to have a near triploid karyology. In this case, exposure to 
all of these oncogenes enabled 184A1N4 cells to grow in an extremely selective 
medium (DME + 10% fetal bovine serum). However, only weak tumorig­
enicity was conferred by exposure to HSV or mos alone, and none by the 
exposure to the T oncogene. Transformants bearing both the ras oncogene and 
T oncogene produced tumors in 100% of injected nude mice. These were un­
differentiated carcinomas of 2-3 cm by 1 month, which proceeded to grow 
and kill the animals. Transformants containing the ras and mos oncogenes 
also produced progressively growing tumors in 3 of 8 injected nude mice. 

7. Characterization of the HMEC transformed in culture 

We have used our in vitro system of transformed HMEC to compare the 
properties of the normal parental cells, the EL cells, the two immortal cell 
lines, and the cell lines transformed with oncogenes, all from the same indi­
vidual. The origin of the cell lines from the parental 184 cells was first demon­
strated by comparing their profile of seven different polymorphic enzymes; 
all three cell types had an identical profile [28]. The mammary epithelial 
nature of the cell lines was demonstrated by the presence of epithelial 
specific keratins, an epithelial pattern of powdery cell associated fibronectin 
(Figure 6), and expression of human mammary milk fat globule antigens (see 
Table 4). 

We have assayed for three properties associated with malignant transfor­
mation: AIG, tumorigenicity in nude mice, and karyotypic abnormalities 
[30]. Table 2 summarizes some of these results. As has been observed in other 
epithelial systems, there was not an exact correlation between expression of 
AIG and tumorigenicity, although the most tumorigenic transform ants showed 
the greatest amount of AIG. Normal diploid karyotypes were displayed by 
the parental 184 cells and the two EL cultures examined. Early passage (11th) 
cultures of both 184A1 and 184B5 were near diploid, each containing a set of 
chromosomal aberrations present in all the cells analyzed, thus confirming 
their clonal origins. In the case of 184A1, these consisted of 2 deletions and 
a monosomy; for 184B5, these consisted of several rearrangements, duplica­
tions, and deletions. The 11th passage 184B5 populations also contained cells 
with chromosomal markers in addition to the stem cell aberrations. The 
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karyotypes of 184Al and 184B5 have been followed as a function of 
passage in culture. Examination of uncloned popUlations after approxi­
mately 150 population doublings has shown the acquisition of additional 
chromosomal abnormalities. However, these involved only 3-5 chromo­
somes, and were all identifiable. Thus, compared to human epithelial cell 
lines obtained from tumors, or immortalized with oncogenes, these lines 
show a relatively stable karyotype. The karyotype of only one of the onco­
gene exposed cell lines been determined [29], namely the cells obtained from 
a nude mouse tumor formed from 184AIN4-HSV-T. Surprisingly, these 
cells show few differences from the parental 184A IN4 cells, which are near 
triploid, containing only one translocation in addition to the 184Al set of 
chromosomal aberrations. 184AIN4-HSV-T are near tetraploid, lacking the 
184AIN4 translocation, and containing no additional clonal chromosomal 
changes. 

We have begun to test these different HMEC populations for their response 
to and synthesis of various growth factors. The 184Al and 184B5 lines have 
been compared to the parental 184 cells for their requirements of the growth 
factors present in the MCDB170 medium (Table 3). While several differences 
are observed, we have not yet determined the causes of these varying nutri­
tional requirements. The observed variation in the effect of EGF has been 
followed more carefully. Normal 184 HMEC seeded in mass culture at 7th 
passage in MCDB170 plus isoproterenol and minus EGF, showed only a 
slight decrease in doubling time compared to the plus EGF controls, and 
senesced only one passage earlier. However, cells seeded at clonal density 
displayed almost no growth minus EGF (data not shown). In contrast, both 
184AI and 184B5 seeded in mass culture without EGF showed severe growth 
inhibition; only a few areas of growing cells were observed. Continued passage 
of this selected population eventually (within about 5-6 passages) produced 
cell populations capable of good growth independent of EGF. Preliminary 
experiments [31] have examined these cells, as well as the oncogene exposed 
cell lines, for the presence of mRNA for the EGF receptor and TGF-a. 
Large amounts of both mRNA species were found in all the examined cells, 
including the normal 184. This production of TGF-a by the normal cells 
may acount for the great difference seen in their requirements for EGF in 
mass culture vs. clonal growth. 

The nutritional requirements of all the 184AIN4 oncogene exposed cells 
are much less stringent than the cell lines or normal 184, since they are 
capable of growth in media consisting of just DME and 10% fetal bovine 
serum. This difference may be due to both an absence of specific nutritional 
requirements, as well as an escape from growth factor inhibitors present in 
the serum. A possible role for TGF-~ inhibition in this result has been tested 
by looking at the effect of TGF-~ on HMEC growth (Figure 7). As has been 
described for other human epithelial cell systems [26, 27], TGF-~ inhibits 
normal cell growth. However, the uncloned 18485 cells maintain growth, 
although with somewhat decreased doubling times, even in 30 ng/ml of 
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Table 3. Growth factor requirements of normal and transformed HMEC in MCDB 170 

Percentage of control cell growth 

Medium 184 184Al 184B5 
Complete MCDB170 100 100 100 
Minus Ia 24 14 100 
MinusHC 40 62 27 
MinusEGF 43 13 62 
MinusBPE 10 29 4 
Plus IP 133 98 136 
Plus IP minus I 65 11 35 
Plus IP minus HC 48 82 25 
Plus IP minus EGF 114 20 16 
Plus IP minus BPE 20 21 22 

a Abbreviations used: I = insulin, HC = hydrocortisone, EGF = epidermal growth factor, BPE 
= bovine pituitary extract, IP = isoproterenol. 
Normal 184 cells were tested at 11th passage, 184AI and 184B5 were tested between 17 and 
20th passage. Cells grown in complete MCDB170 were subcultured into duplicate 35 mm dishes 
(5 x 104 dish) in the indicated medium. When the control cultures were subconfluent or just 
confluent, all the cultures were trypsinized and the cells counted by hemocytometer. 

TGF-B. The uncloned 184Al population, while still sensitive to TGF-B in­
hibition, also contains a subpopulation resistant to TGF-B (including the 
184AIN4 subclone). Thus the difference in TGF-B response alone can not 
explain the selective growth of the oncogene exposed cells. We are currently 
exploring the possible use of such· growth in selective media as a possible 
screen for progressive transformation changes of the 184Al and 184BS cells 
further exposed to chemical carcinogens. 

8. Expression of differentiated properties of normal and transformed HMEC 

The mammary gland in vivo is capable of expressing many widely different 
states of functional differentiation; puberty, normal post -menarch cycling, 
pregnancy, lactation, involution, and post -menopause. Unlike certain other 
epithelial systems, e.g., keratinocytes, the pathway of HMEC terminal dif­
ferentiation does not necessarily coincide with expression of properties of 
functional differentiation; some functionally differentiated states may never 
occur for any of a given individual's HMEC. Also, in practice, human tissues 
available as surgical discard material are almost always from either post­
menarch cycling or post-menopausal non-cycling glands (which may, or may 

Figure 6. Indirect immunofluorescence assay of normal and transformed HMEC specimen 184. 
(A, B, C) Binding of monoclonal antibody to stratum corneum keratin; (D, E, F), binding of 
monoclonal antibody to fibronectin. (A, D) normal 184; (B, E) 184AI; (C, F) 184B5. 
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Figure 7. Effect of TGF-~ on growth of normal and transformed HMEC specimen 184. Cells 
grown in MCDB170 were subcultured into duplicate 35 mm dishes (4 x 104/dish) containing the 
indicated concentration of TGF-~. When control cultures were subconfluent or just confluent, 
all the cultures were trypsinized and the cells counted by hemocytometer. 
A = 184, passage 8 
o = 184B5 
o = 184A1 
• = 184Aa 

not have pregnancy/lactation histories). Consequently, examining HMEC in 
culture for differentiated properties is not simple. The advantage is that so 
many different markers of differentiated states exist; the disadvantage is that 
there are so many different differentiated states, and the tissues obtained 
were not (and may never have been) expressing what is considered the most 
functionally differentiated states. Adding to this complexity is the fact that 
expression of differentiated properties by many epithelial cells is intimately 
connected to their three dimensional architecture. In vivo, this can be seen in 
the polarized nature of columnar, secretory epithelial cells: nourishment and 
innvervation come from the side next to the basement membrane, while se­
cretion occurs at the other, usually microvilli covered end, facing a lumen. 
In vitro growth of HMEC as squamous appearing cells on plastic may not be 
conducive to expression of normal secretory products. Recent studies with 
rodent mammary epithelial model systems have demonstrated the importance 
of both basement membrane substrates, and three dimensional shape, for 
maximal expression of products of the most differentiated states (pregnancy/ 
lactation) [32-34]. 

We have begun explorations of the factors controling HMEC differentia­
tion with the realization that the system is extremely complex, and that each 
approach represents an approximation in an attempt to dissect many inter­
acting variables. Thus far, we have examined the properties described below 
as possible markers for HMEC differentiation in vitro: 
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(1) Pattern of glucose metabolites. Previous studies with rodent model 
systems [35] have shown that mammary cells derived from virgin, pregnant, 
and lactating glands have characteristically different quantitative yields of 
glucose metabolic products; for example, glycogen and lactate synthesis are 
highest in pregnant cells, while lactose synthesis is high in lactating cells. 

(2) Human mammary milk fat globule antigens (HMFGA). Monoclonal 
antibodies recognizing different HMFGA epitopes are available for analysis 
of HMEC populations [36-38]. Specific antibodies have been shown to bind 
in greatest amounts to cells from lactating tissues, and/or from tumor tissues. 
These antibodies may therefore be useful in defining both differentiated and 
transformed populations. 

(3) Milk components. a-lactalbumin and caseins are synthesized in vivo by 
lactating cells. The production of these proteins in culture would be indicative 
of induction of a more differentiated state. 

(4) Apolipoproteins. Preliminary work in our laboratory (Stampfer, M.R., 
Forte, G., Bartley, J. c., unpublished) indicates that HMEC secrete specific 
apolipoproteins. We are currently exploring whether such synthesis may be 
modulated by the state of functional differentiation. 

(5) Thioesterase II. This enzyme is responsible for the synthesis of medium 
chain fatty acids found only in the mammary cells of mammals. Its synthesis in 
rodents is constituitive [39] (and thus its usefulness as a marker of mammary 
epithelia), but since the levels of this enzyme are greatly increased during 
pregnancy/lactation it may also serve as a marker of differentiation. 

In addition to studying HMEC differentiation as a means of elucidating 
control of gene expression in normal human epithelial cells, such information 
is also important for understanding carcinogenesis. The multistep progression 
to cancer involves pertubations in the normal cellular mechanisms of growth 
and terminal differentiation. Carcinoma cells usually display aberrations in 
expression of normal functional differentiation properties. Cancer may be 
considered a disease of aberrant differentiation [40]. Additionally, the differ­
entiated state of a cell may effect how it responds to potential carcinogenic 
insults. For example, in both rodent and human mammary glands there is 
evidence that chemical carcinogens and/or radiation is most likely to result in 
mammary cancer when exposure occurs during the time of 'puberty' [10]. We 
have begun comparing our normal, tumor derived, and in vitro transformed 
HMEC for expression of the properties listed above. Future protocols for 
inducing transformation in culture may involve modulation of the differ­
entiated state of the exposed cells. 

Table 4 presents a general summary of our results to date on examination 
of differentiated properties. Included in these data are preliminary experi­
ments assessing the effects of different cell matrices. We have found thus 
far that maximal expression of some differentiated properties occurs when 
cells are placed on self-matrices, that is the extracellular matrix laid down by 
cells actively proliferating in MCDB170. Other substrates tested include the 
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Table 4. Differentiated properties of normal and transformed HMEC. 

Specimen 184 184Aa 184Be 184Al 184B5 

PROPERTY 
Glucose Metabolites" MM 170 MM 170 MM MM 170 MM 170 
Glycogen 142 12 6 8 11 8 4 20 1 
Lactate 995 358 855 374 1275 917 157 1184 85 

HMFGA b 

P2A 1 ++++ ++ NT J'lT + + ++++ ++++ 
P3B1 + 0/+ NT NT + + ++ ++ 
P2C1 01+ 01+ NT NT + + ++ + 

Apolipoprotein-AY NT yes NT NT NT yes NT yes 

Milk Proteinsd MM* MM 170 MM 170 MM 170 
a-lactalbumin + 
~-casein ++ + 

"Cells were grown in the indicated medium and analyzed for glucose metabolites by two 
dimensional chromatography as described [35]. 184 and 184Aa were tested at passage 8; the MM 
values for 184 were determined by switching cells grown in MCDB170 to MM 72 hr prior to 
analysis. 184Al values are from passage 42 and 184B5 from passage 11. Values are presented as 
nMol/mg protein. 
hCells were grown in the indicated medium and assayed by indirect immunofluorescence. The 
monoclonal antibodies to HMFGA were raised as described [38]. 
CCells were grown in MCDB170 in the presence of S35-methionine and assayed for apolipo­
proteins AI, A2, B, and E by Western blotting followed by autoradiography. 
dCells were assayed for a-lactalbumin and ~-casein by Western blotting using a monoclonal 
antibody to casein and a polyclonal antibody to milk (Parry, G., Bartley, J .C., unpublished). The 
cells were continuously grown in MCDB170 (170), switched to MM for 48 hrs prior to assay 
(MM), or seeded onto extracellular matrices deposited by heavily confluent cultures of cells 
grown in MM or MCDB 170 and removed by non-ionic detergents. MM* indicates cells placed on 
a MCDB170 matrix and grown in MM without EGF plus prolactin. 

matrix laid down by cells grown in MM, collagen type I, and EHS and PFHR9 
extracellular matrices [41, 42]. The different media we have examined for 
modulation of differentiated state are MCDB170 and MM, without or with­
out specific factors such as EGF and prolactin. In general, we have observed 
that the MM medium, particularly without EGF and with prolactin, produces 
the most differentiated phenotype. This can be seen in the glucose metabolite 
pattern, which most closely resembles that found in mammary cells from 
virgin mice when HMEC are grown in MCDB170, while resembling that 
found in the cells from pregnant mice when the HMEC are grown in MM. 
Growth in MM also increased expression of some HMFGA. Placement in 
MM minus EGF plus prolactin resulted in expression of a-lactalbumin and 
~-casein if the HMEC were on a extracellular martix produced in MCDB170. 
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In the cases where we have compared the immortalized cells with their 
parental cells, some differences have been observed, such as in glucose meta­
bolites, HMFGA expression, and the absence of ~-casein secretion (Table 4). 
In particular, 184B5 showed increased levels of HMFGA, even in MCDB170, 
whereas 184A1 had decreased levels. The synthesis of apoplipoprotein was 
similar in all cases examined. In other experiments, where the secreted pro­
teins of cells grown in MM and MCDB170 were analyzed by two dimensional 
gel electrophoresis, we have seen that both 184A1 and 184B5 have much less 
material than the parental cells in the position of fibronectin. Also, the pattern 
of proteins secreted by 184B5, in either medium, closely resembles that of the 
parental cells grown in MM, whereas 184A1 displayed a more limited protein 
profile. These results suggest that the 184B5 cell line has a more differentiated 
phenotyope than 184Al. 

Another concern related to expression of differentiated properties in 
culture, is the extent to which a given phenotype remains stable upon con­
tinued time and passage in vitro, and how it may be influenced by changes in 
the culture conditions. Loss of differentiated properties is commonly observed 
when cells are placed in culture, however, in some cases it has been shown 
that these properties are not irreversibly lost since they can be re-expressed if 
the cells are again placed in vivo [43, 44]. We have examined glucose meta­
bolism and BaP metabolism for effect of continued culture [45]. No significant 
changes were seen in the glucose metabolite pattern in early (2-3) compared 
to later (6-10) passage cells. In contrast, as mentioned earlier, the BaP meta­
bolite pattern showed major changes. Consequently, use of these cells to 
examine a given enzymatic activity may first require testing that activity for 
possible effects of passage in culture. As regards expression of differentiated 
properties, we have found that cells grown for 6-10 passages in MCDB 170, 
which are not expressing certain phenotypes such as high glycogen and lactate 
synthesis, or secretion of ~-casein, may be rapidly induced to the more 
differentiated phenotype by placement in MM medium. Thus these properties 
have not been irreversibly lost. These results provide encouragement that 
culture conditions can be found which will support functional differentiation, 
and point to the need to define more precisely what those conditions are. 

9. Summary 

Large quantities of normal and malignant human mammary epithelial tissues 
are readily available as surgical discard material. We have developed culture 
conditions that permit long term, active proliferation of these HMEC in a 
serum-free medium. Thus, large pools HMEC can be stored frozen for repeti­
tion of experiments from the same individual's cell population, and for use of 
the same cell pool by multiple investigators. Of all the specimens that we have 
thus far examined, we have observed no instances of spontaneous transfor-
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mation to immortality, nor any karyotypic abnormalities in the cells derived 
from reduction mammoplasties. However, exposure of normal HMEC to the 
chemical carcinogen, benzo(a)pyrene did lead to expression of an extended 
life in culture, and two instances of transformation to immortality. These two 
established cell lines contain some chromosomal abnormalities, yet retain a 
relatively stable karyotype upon continued passage in culture. Transformation 
to malignancy was achieved by exposing these cell lines to tumor viruses and 
oncogenes. Both the normal HMEC, and the HMEC transformed in vitro, 
are now being utilized to understand the factors controlling expression of 
mammary specific properties, response to and production of various growth 
factors, and the nature of the progressive events leading to malignancy. The 
maximal usefulness of this, and other human epithelial cell systems, for 
elucidating the mechanisms of normal and diseased human cellular physio­
logy will require continued efforts to optimize the culture conditions so that 
they resemble as closely as possible the processes occuring in humans in vivo. 
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2. Heterogeneity of genetic alterations in primary 
human breast tumors 

Iqbal Unnisa Ali, Rosette Lidereau, and Robert Callahan 

1. Introduction 

The etiology of human breast cancer is thought to involve a complex interplay 
among genetic, hormonal, and dietary factors that are superimposed on the 
physiological status of the host [1, 2]. As a consequence, several different 
types of breast tumors can be distinguished by histopathological criteria, 
chromosomal abnormalities, hormone receptor status, and other biochemical 
characteristics. However, attempts to derive a cohesive picture of how the 
various factors participate in the etiology of breast cancer have been con­
founded by a lack of information on specific genetic mutations associated with 
the initiation or progression of the disease. Three general approaches have 
been used to attempt to identify genetic mutations associated with breast 
cancer. 

1.1 Cytogenetic abnormalities 

The majority of primary and metastatic breast cancers contain an abnormal 
karyotype that includes unidentified marker chromosomes, homogeneous 
staining regions, and extrachromosomal double minutes [3-6]. Cytogenetic 
analyses using chromosome banding techniques were carried out mostly 
on tissue culture cells derived from primary breast tumors. In one study of 
primary breast tumors, chromosomes 8, 13, and 16 were found to be frequently 
lost [7]. Trisomy and translocations affecting chromosome lq were also 
observed, although there were no specific breakpoints or translocation partner 
chromosomes involved [8]. Cytogenetic abnormalities of chromosomes 6, 7, 
and 11 have also been reported in primary breast tumors [9]. Chromosome 6 
abnormalities were found in 30% of the tumors examined. In a study of eight 
breast tumor cell lines, chromosomes 1 and 11 were frequently involved in 
translocations [10]. However, at the present time, there is no information on 
whether these chromosome abnormalities are associated with specific cellular 
genes. Moreover, the limited number of primary tumor samples that have 
been studied precludes any firm conclusions on the frequency of specific ab­
normalities or their association with particular aspects of the disease. 
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1.2 Gene transfer 

Transfection of murine NIH 3T3 fibroblasts or mammary gland epithelial 
cell lines with cellular DNA from human breast tumor-derived tissue culture 
cell lines has been the primary biological assay. In this assay, an activated 
oncogene causes morphological changes as well as an increased tumorigenic 
potential of the tissue culture cells. This assay system has identified an amino 
acid 12-point mutation in the c-H-ras-l proto-oncogene in a breast carcinosar­
coma cell line [11]. Also, identification of the N-ras oncogene and other 
uncharacterized genes was reported by two other laboratories using DNAs 
from breast cancer cell lines and from a human breast tumor metastasis in 
similar transfection assays [12, 13]. However, there have been at least two 
consistent difficulties with this approach. First, primary breast tumor DNA 
does not routinely score positive in this assay. This may reflect the inability of 
the relevant activated proto-oncogene to transform the target cell line to the 
tumorigenic phenotype. Second, foci of transformed tissue culture cells can 
arise as a function of amplification and/or recombination events occurring 
during or after gene transfer and are unrelated to genetic mutations in the 
parental tumor DNA. 

The gene transfer technique was also used to explore the concept that 
genetically altered proto-oncogenes contribute to tumor growth or metastasis 
by activating the expression of other previously silent cellular genes or by 
circumventing the need for certain growth requirements. For example, trans­
fection of NIH 3T3 cells with c-myc recombinant plasmid leads to a high level 
of expression of the v-erb A-related 1,25-dihydroxyvitamin protein D3 re­
ceptor [14]. Introduction of v-H-ras into the MCF-7 breast tumor cell line 
eliminates the requirement of estrogen for cell growth [15]. Although the in 
vitro experiments are instructive, their relevance to the evolution of breast 
tumors in vivo remains unclear. 

1.3 Genetic alterations in breast tumor cell lines 

The third approach has been to survey breast tumor cell lines for genetic 
alterations of specific proto-oncogenes. The N-ras proto-oncogene has been 
shown to be amplified in the MCF-7 breast tumor cell line [16]. Similarly, 
c-myc is amplified in the SKBR-3 cell line [17] and in tumors induced in nude 
mice by the SW6B-S breast tumor cell lines [18]. Amplification of another 
proto-oncogene c-erb B-2, which is related to the epidermal growth factor 
receptor c-erb B proto-oncogene, has been reported in a primary breast 
tumor [19]. A serious drawback of this approach in most cases is our inability 
to distinguish between genetic alterations that have been selected during 
passage in tissue culture and those that occurred in the parental tumor. 

This chapter summarizes the status of another strategy that is aimed at 
determining, at a molecular level, those genetic alterations in primary breast 
tumor DNA that have a statistically significant correlation with aspects of the 
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patient's history, characteristics of the tumor, or the patient's prognosis. As a 
starting point, we and others have begun to examine the genetic integrity of 
cellular proto-oncogenes in primary breast tumors. The aim of this type of 
study is 2-fold: (1) to identify mutations that frequently occur in primary 
breast tumors and are thus candidates for further experimental studies and 
(2) to attempt to develop molecular markers that are clinically useful in the 
management of the disease. 

2. Involvement of proto-oncogenes in breast cancer 

There is a large body of circumstantial evidence that implicates protoonco­
genes in the genesis of tumors [20, 21], In general, alterations of the ras and 
myc proto-oncogene families appear to occur frequently in human tumors. 
The types of alterations encountered in these and other protooncogenes in­
clude point mutations, amplification, rearrangement, and deletion or inser­
tion of genetic material. A systematic analysis of protooncogenes in primary 
breast tumor DNA has revealed that amplification of the c-myc, int-2, and 
c-erb B-2 genes frequently occurs in different subsets of tumors. 

2.1 Amplification and Rearrangement of c-myc 

Amplified c-myc proto-oncogene was detected mostly in cell lines derived 
from various cancers [22, 23]. These cell lines include human colon carcinoma 
COLO 320 [24], promyelocytic leukemia HL-60 [25], several human neuro­
blastomas [26] and small cell lung carcinomas [27], and a breast carcinoma 
[17]. Amplification of c-myc and L-myc is frequently observed in highly 
malignant cell lines derived from variants of small cell lung carcinomas [28]. 
A more compelling correlation between alteration of c-myc and breast cancer 
is provided by two strains of transgenic mice carrying a MMTV/c-myc fusion 
gene [29]. These mice develop a high incidence of mammary adenocarcino­
mas, suggesting that constitutional deregulation of c-myc might contribute to 
the development of breast cancer. 

A study of the c-myc locus in primary breast tumor DNAs from 121 patients 
revealed two types of genetic alterations [30]. In 32% of the tumors, there 
was a 2- to IS-fold amplification of the gene (Figure lA). The amplification 
was very likely specific for c-myc because the comas proto-oncogene, also 
located on chromosome 8, was not amplified [31]. In five other tumors, a 
rearrangement of c-myc was detected (Figure lA). Further analysis of one of 
these DNAs indicated that the breakpoint could be near the 3' end of c-myc 
exon 3. Current efforts are focused on the isolation of recombinant DNA 
clones containing the breakpoint to further characterize the nature of this 
genetic lesion and determine its effect on c-myc expression. 

Amplification of the c-myc proto-oncogene was also reported in another 
study of primary breast tumors where 2 of the 10 tumors examined were 
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found to contain a 3- to 8-fold amplification of c-myc [32]. In the study of 
Escot et at. [30], genetic alteration of c-myc had a significant correlation 
(P < 0.02) with tumors from patients ;::::51 years of age. The patients compris­
ing this group were either postmenopausal, had a previous hysterectomy (25-
30 years of age), or were males, suggesting that there may be a link between 
their hormonal milieu and selection for deregulation of c-myc expression. 

Amplification of c-myc and also of other proto-oncogenes is generally asso­
ciated with enhanced levels of gene expression. Slamon et al. [33], using 
dot blot analysis of RNA from primary breast tumors, noted the frequent 
expression of c-myc RNA. In our study of 14 breast tumor RNAs by Northern 
blot analysis (Figure 2), 10 were found to express high levels of c-myc RNA 
[30]. However, only 6 of the 10 tumors contained an amplified c-myc gene. It 
seemed possible that the other four tumors contained mutations outside the 
restriction fragments examined or contained small undetected mutations that 
promote c-myc RNA expression. A similar phenomenon has been observed 
in primary colon carcinomas in which c-myc appears unaltered, but the tumor 
expresses high levels of c-myc RNA [34]. One difficulty in evaluating gene 
expression in total RNA extracted from primary breast tumors is the variable 
extent of cellular heterogeneity. To circumvent this problem, we have exa­
mined c-myc expression at the cellular level in frozen sections of breast tumors 
by use of the RNA:RNA in situ hybridization technique [35]. Postive c-myc 
hybridization signals were associated with carcinoma cells in all cases, includ­
ing tumors with no apparent alteration of the c-myc locus. High levels of 
c-myc expression were observed in four of seven tumors that contained an 
amplified c-myc. Moreover, high levels of c-myc RNA were also detected in 
two of nine cases that had an apparently normal c-myc locus but comparatively 
low cellularity. In addition to carcinoma cells, dense clusters of infiltrating 
lymphocytes present in three tumors contained c-myc RNA. These results, 
taken together, suggest: (1) the extent and frequency of c-myc amplification 
has probably been underestimated because of heterogeneous cellularity; (2) 
c-myc amplification is related to high level expression, but other unknown 
factors may also playa role; and (3) c-myc RNA in total RNA from biopsy 
samples may be contributed by infiltrating lymphocytes. 

Figure I. Amplification and/or rearrangement of c-myc, inl-2, and c-crb B-2 in primary hreast 
tumor DNAs. DNA (10 [tg) from tumors and/or lymphocytes was restricted with HilldIIl (A), 
Bam HI (B), or EcoRI (C). (A) DNAs from tumors 295 (2-fold amplification), 20 (o-fold 
amplification), 213 (> IO-fold amplification), and 290 (rearrangement) and corresponding 
lymphocytes (except tumor 213) were hyhridized first with the c-myc prohe (pRyc 7.4) and then 
the ~ globin probe (CHB19). (B) DNAs from tumors 89 (2-fold amplification), 231 (5-fold 
amplification), 238 (5-fold amplification), and 271 (lo-fold amplification) and corresponding 
lymphocytes (except for tumors 231 and 23H) were hyhridized first with illl-2 prohe (SS-O) and 
then the c-H-ras-I prohe (177). (C) DNAs from tumors 218 (5-fold amplification), 201 (5-fold 
amplification), 120 (no amplification), 237 (> 15-fold amplification), 112 (no amplification), and 
115 (> IS-fold amplification) and the corresponding lymphocytes to tumor 218 were hyhridized 
first with the c-erb B-2 probe (MAC 117) and then the 13 globin probe (CHBI9). 
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Figure 2. mRNA expression of the three ras genes and c-myc in primary human breast tumors 
and human tissue cluture cell lines. Polyadenylated RNA (4 [lg) was analyzed by Northern 
blotting. RNA blots were hybridized with c-H-ras-l (A), N-ras (exons 1 and 2) (B), K-ras-2 (C), 
and c-myc (pRyc 7.4) (0). Each of the blots were then hybridized with the actin probe. (A) The 
RNAs were from tumors 87, 114,292, 68,368,361,307 , 375, and 377 (lanes a-D; the bladder 
carcinoma cell line T24 and breast tumor cell lines T47-0 and MCF-7 (lanes k-m). (B) RNAs 
were from tumors 368 (lane a) and 361 (lane b) and cell lines T47-0 (lane c) and MCF-7 (lane d). 
(C) RNAs were from tumors 368 (lane a) and 361 (lane b) and cell lines MCF-7 (lane c) and 
colon carcinoma LS-174 (lane d). (0) RNAs were from tumors 305, 307, 87, 293, 239,121,182, 
and 114 (lanes a-h, respectively) and cell lines T47-0 (lane i) and MCF-7 (lane D. 
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2.2 Amplification of the int-2 Locus 

The study of experimentally induced mammary tumors has focused, in part, 
on high-incidence strains of mice infected with the mouse mammary tumor 
virus (MMTV) [36, 37], which acts as an insertional mutagen in infected tissue 
[38]. Recent studies have identified three cellular genetic loci (designated 
int-1, int-2, and int-3), located on different mouse chromosomes, which are 
frequently occupied by an MMTV genome in mammary tumor DNA [39-41]. 
One consequence of viral insertion at these loci is the activation of expression 
of an adjacent cellular gene. Normally int-1 and int-2 are only expressed 
during embryonic development [42-44]. The frequency with which these 
genes are activated in MMTV -induced tumors suggests that their expression 
plays a role in mammary tumorigenesis. In the BR-6 mouse strain, activation 
of int-2 expression by MMTV appears to occur early in mammary tumor 
development [45]. In addition, in vitro studies of the biological activity of the 
recombinant int-1 gene shows that it confers certain characteristics of the 
malignant phenotype on tissue culture cells [46, 47]. 

These considerations have led us to investigate whether the human homo­
logues of the int genes are genetically altered in primary human breast tumors 
[48]. Recombinant clones of human DNA containing int-2-related sequences 
have recently been obtained and shown to be located on human chromosome 
11q13 [49]. A survey of 110 primary infiltrating ductal carcinoma DNAs 
showed a 2- to 15-fold amplification of the int-2 locus in 18 tumor DNAs 
(Figure 1B). In each of these cases, other loci on chromosome Up were not 
amplified, indicating that the amplification was not a result of polyploidy. 
Examination of the patient's history, the characteristics of the tumor, and the 
patient's prognosis showed that amplification of int-2 had a significant asso­
ciation (P < 2 x 10-6) with the patients who subsequently developed a distal 
metastasis. Although, at the present time, we have no information on the 
spectrum of normal human tissues in which int-2 is expressed nor the effect of 
amplification on its expression, it seems probable that genetic alteration of 
this gene in murine and human breast tumors is more than coincidence. 

2.3 Amplification of c-erb B-2 

The oncogene neu was originally identified in chemically induced neuro­
glioblastomas of rat [50]. Nucleotide sequence analysis showed it to be related 
to the c-erb B proto-oncogene that encodes the epidermal growth factor 
receptor [51]. The human homologue has been independently identified by 
several laboratories and has been designated either HER-2 or c-erb B-2 [19, 
53, 54]. The c-erb B-2 proto-oncogene is located on chromosome 17q21-22 
[55]. Amplification of this gene has been detected in a primary human breast 
tumor cell line [19], a gastric carcinoma cell line (MKN-7), and a primary 
salivary gland adenocarcinoma [54]. 

In a study of 103 primary breast carcinomas, Slamon et al. [56], found that 
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18% of the breast tumors contained a 2- to >20-fold amplification of c-erb B-
2. Statistical analysis of the data did not show a significant association (P < 
0.11) between amplification of c-erb B-2 and patients with greater than three 
involved axillary lymph nodes. Siamon et al., then performed a similar analysis 
on 86 primary breast tumors from patients with one or more involved lymph 
nodes who had been followed post-surgery for 24-86 months. Amplification 
of c-erb B-2 was found in 40% of these tumors and there was an association 
(P < 0.06) between patients with greater than three involved lymph nodes 
and amplification of the gene. When the results of the two studies were com­
bined, the association was highly significant (P < 0.002). Moreover, a highly 
statistically significant association was found between the degree of gene 
amplification and the time until relapse (P < 0.0001) as well as survival 
(P < 0.0011). This observation has a precedence. In neuroblastoma, a 
similar correlation was found between the level of amplification of N-myc 
and very aggressive form of tumors [57]. 

Recently, Ali et al. [58,59] and van de Vijver et al. [60], have independently 
examined c-erb B-2 in separate panels of primary breast tumor DNAs. In our 
study, we found 12 of 122 tumor DNAs (10%) in which c-erb B-2 was amplified 
2- to > l5-fold (Figure lC). In five of these tumor DNAs, the gene was 
amplified 2- to 5-fold, in another 5 tumors 6- to 15-fold, and in two tumors 
> l5-fold (Figure lC). Van de Vijver et at. [59], examined 95 primary breast 
tumor DNAs and found 2- to 5-fold amplification of c-erb B-2 in 15 tumors. 
Another proto-oncogene, c-erb A-I, is located very near c-erb B-2 on chro­
mosome 17q2l [61]. Previously, a survey of 84 of the primary breast tumor 
DNAs used in the present study for genetic alterations of c-erb A-I found no 
evidence for amplification or rearrangement of this gene [62]. However, van 
de Vijver et al. [59], have found that 6 of 10 tumors containing an amplified 
c-erb B-2 were also amplified for c-erb A-I. No tumors were found to be 
amplified for c-erb A-I alone. To distinguish between amplification of c-erb 
B-2 and increased copy number of chromosome 17, another marker, the p53 
tumor-associated gene located on 17p [62, 63], was examined. There was no 
evidence for the amplification of this gene [58-60], suggesting that the ampli­
fication of c-erb B-2 is not a function of ploidy. It was also shown that ampli­
fication of c-erb B-2 was associated with increased levels of c-erb B-2 RNA 
but not c-erb A-I RNA [59], suggesting that amplification of c-erb A-I is a 
fortuitous event due to its close proximity to c-erb B-2. 

One important aspect in which our study [58] and that of van de Vijver 
et at. [59], differs from Slam on et al. [56], is that in neither study was there a 
significant association between amplification of c-erb B-2 and lymph node 
status of the patient. In addition, the patients in our study have been moni­
tored for a median follow-up period of 53 months (4-113 months) post­
surgery for disease status. At the present time, 39 of the 122 patients have 
had a local recurrence or have developed a distal metastasis. Among the 12 
patients whose tumor DNA contained an amplified c-erb B-2, only 2 have 
had either a local recurrence or distal metastasis. Thus, amplification of c-erb 
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B-2 does not appear in this study to represent a significant indicator of the 
patient's prognosis. Statistical analysis of the distribution of other clinical 
parameters also shows no association between c-erb B-2 amplification and the 
histopathological grade, the estrogen/progesterone receptor status of the 
tumor, or the age/menopausal status of the patient. Clearly, additional studies 
are warranted to clarify these issues and to attempt to confirm the potentially 
exciting findings of Slamon et al. [56]. 

2.4 Rare alleles of c-H-ras-J and breast cancer patients 

The c-H-ras-1 proto-oncogene is distinguished by several restriction fragment 
length polymorphisms (RFLP) due to the variable tandem reiteration (VTR) 
of a 28-base pair (bp) sequence located 3' to the last coding exon [64]. Kron­
tiris et at. [65], initially reported that leukocyte and tumor DNAs from pa­
tients with a variety of different malignancies, as well as tumor-derived cell 
lines, contain a high frequency of rare c-H-ras-1 alleles not found in unaffected 
populations. Lidereau et at. [66], compared the c-H-ras-1 allele frequency in 
104 breast cancer patients with that of 56 unaffected individuals with no 
familial history of breast cancer. In the combined populations, four common 
(6.5,7.0,7.6, and 8.0 kb) and 16 rare (5.9 to 8.7 kb) alleles were observed in 
BamHI-digested lymphocyte or tumor DNA. The distribution of these alleles 
differed significantly (P < 0.001) between the two populations. In the un­
affected population, the four common alleles represented 91 % of the total 
alleles, whereas in the breast cancer population they represented only 59% of 
the total. This difference resulted from a significant decrease in the 6.5-kb 
(P < 0.001) and 8.0-kb (P < 0.02) common alleles accompanied with an 
increased frequency of rare alleles in breast cancer patients. In fact, the 
6.3-kb rare allele had a significant (P < 0.05) association with breast cancer 
patients. The high frequency of rare alleles in the breast cancer patients was 
also associated with a significantly higher frequency of genotypes composed 
of two rare alleles (P < 0.001) in this population compared with the unaffected 
population. 

At the present time, little is known about the molecular and biological 
consequences of the high frequency of rare c-H-ras-l alleles in breast cancer 
patients. In this context, Krontiris et al. [65], have claimed that deletion of the 
VTR in the EJ ras oncogene decreases its transforming potential 5- to 10-fold. 
This suggests that the VTR affects the regulation of c-H-ras-I expression. 
Horan Hand et ai. [67], have shown by immunohistochemical techniques that 
60% of the primary breast tumors express ras p21. It has been shown by 
Northern blot analysis that primary breast tumors express primarily c-H-ras 
RNA and that this expression is not associated with amplification or re­
arrangement of the gene [68, 69]. Using immunohistochemical techniques, 
Lidereau et at. [70], assayed paraffin sections of 104 breast tumors from 
patients whose c-H-ras-l genotype had previously been determined. The 
results showed a significant association between ras p21 expression and (1) 
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patients with two rare alleles or one common and one rare allele (P < 0.037) 
and (2) postmenopausal patients with two rare alleles (P < 0.05). In a separ­
ate study, Ohuchi et al. [71], also found higher levels of ras p21 expression in 
breast tumors associated with postmenopausal or nulliparous patients. In 
spite of these correlations, the relationship between expression and c-H-ras-l 
genotype is complex. For instance, while some tumors that are homozygous 
for a particular allele express ras p21, other tumors homozygous for the same 
alleles do not. Moreover, there is no correlation between the size of the VTR 
and ras p21 expression. This suggests that, although the VTR in certain rare 
alleles may contribute to aberrant expression of c-H-ras-l, other factors are 
also involved. Further studies designed to determine the manner in which the 
VTR regulates c-H-ras-J expression may provide further insight into this 
phenomenon. 

Another unresolved issue is whether the high frequency of rare alleles 
observed by Krontiris [65] is a generalized phenomenon associated with 
cancer patients per se or is associated with specific types of cancer. Several 
recent studies have begun to address this question. Theillet et al. [72], exa­
mined 32 colon adenocarcinoma patients at c-H-ras-l and found a significant 
(P < 0.05) increase in the frequency of rare alleles. Heighway et al. [73] 
compared c-H-ras-l in 132 lung carcinoma patients and 104 normal individuals. 
They found a significant increase in the frequency of the 6-kb common allele 
of c-H-ras-l in non-small cell lung carcinoma patients compared with small 
cell lung carcinoma patients (P < 0.004) or controls (P < 0.05). Similar 
analysis of c-H-ras-l in patients with myodysplasia [74] and melanoma [75] has 
failed, however, to reveal differences in the allele frequency from that ob­
served in normal populations. Taken together, these data suggest that the 
high frequency of rare c-H-ras-I alleles may be associated with specific types 
of cancer. 

3. Possible recessive mutations in breast cancer 

The idea that germinal mutations predispose to hereditary cancers emerged 
from the study of pediatric tumors. The presence of the germline mutations 
does not by itself give rise to a malignant phenotype in a heterozygous state. 
Evolution of tumor requires a 'second hit' [76], which is mostly achieved by 
an effective loss of the normal allele, thereby unmasking the original recessive 
mutation. In the nonhereditary form of these cancers, both of these events 
are believed to be somatic in origin. 

The identification and mapping of recessive mutations and normal cellular 
sequences that might possibly include regulatory genes with suppressor func­
tions have been greatly facilitated by RFLP analysis. Using this and other 
techniques, researchers have detected chromosomal deletions in several 
pediatric malignancies, such as retinoblastoma, hepatoblastoma, rhabdomyo­
sarcoma, and Wilms' tumor [77-84], as well as in adult cancers. For instance, 
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deletion of normal cellular sequences on chromosomes 11, 22, and 2 has 
been detected in bladder carcinoma [85], acoustic neuroma [86], and uveal 
melanoma [87], respectively. Other candidates for genetic predisposing muta­
tions may be cancers with hereditary elements [88], such as polyposis of the 
colon, colon carcinoma, neurofibromatosis, familial meningioma, familial 
medullary carcinoma of thyroid, and breast carcinoma, just to name a few. 

3.1 Delection of sequences on chromosome 11 in primary breast tumors 

Allelic loss of the c-H-ras-1 gene located on chromosome 11p15 has been 
reported in pediatric malignancies [80-84], including hepatoblastoma, rhab­
domyosarcoma, and Wilms' tumor, as welJ as in adult bladder carcinoma 
[85]. In a survey of 104 breast cancer patients, deletions of a c-H-ras-l alJele 
(Figure 3) was detected in 27% of the tumor DNAs of patients constitutionalJy 
heterozygous at this locus [68]. Statistical analysis showed a significant asso­
ciation between allele loss and histopathological grade III tumors (P < 0.02), 
estrogen and/or progesterone receptor-negative tumors (P < 0.01), and sub­
sequent development of distal metastasis (P < 0.05). 

To determine the extent of deletion on chromosome 11 in these tumors, 
four other markers (y globin, PTH, calcitonin, and catalase) on 11p and the 
int-2 locus on 11q were examined in matched sets of lymphocyte and tumor 
DNAs [89]. RFLP analyses using these polymorphic markers demonstrated 
that the deletions in breast tumors included, in addition to the c-H -ras-l 
locus, several other loci on chromosome 11. Also, the deletions were of 
variable length and lacked any apparent common breakpoint at either end 
(Figure 4). However, the region of chromosome IIp that might be critical in 
these tumors was suggested by the genotypes of the tumors from patients 180 
and 223. Patient 180 was constitutionally heterozygous at c-H-ras-l locus, the 
y globin locus of the ~ globin cluster, and the PTH locus. The tumor DNA 
from this patient was reduced to homozygosity at the c-H-ras-1 and y globin 
loci, but not at the PTH locus. Conversely, the tumor DNA from patient 223 
had lost one PTH allele but maintained heterozygosity at the y globin locus. 

The maintenance of heterozygosity at the PTH locus in the tumor DNA 
of patient 180 and at the calcitonin locus in the tumor DNA of another 
patient (408) with deletions proximal to these loci suggests that a putative 
breast tumor locus is different from the WGAR (Wilms' tumor, aniridia, 
genitourinary malformation, and mental retardation) locus which has been 
mapped between the catalase and the ~ subunit of follicle-stimulating hormone 
[90-93]. Clearly, an expanded study of additional tumors is warranted to 
focus on further characterization of the region between the 13 globin and PTH 
loci. 

Taken together, 20 of 99 tumor DNAs examined in our studies [68, 89] 
exhibited deletions of various markers on chromosome IIp. These deletions 
were found to have a significant association with histopathological grade III 
(P < 0.006), estrogen (P < 0.02), and progesterone (P < 0.002) receptor-
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Figure 3. A schematic representation of the deletions on the short arm of chromosome 11 in 
breast cancer patients. The order and distance between the markers on chromosome 11 p arc 
according to the recombination percentages listed in human gene mapping 8 (HGM8) [129]. 
Numbers between genetic loci refer to recombination percentages or distances in centimorgans. 
Vertical lines mark the beginning or end of the deletion at a heterozygous locus. Broken lines 
indicate that the markers were either not informative (catalase in patients 86 and 315; y-globin 
and PTH in patient 408) or not done (covering the region between catalase and centromere and 
the region between c-H-ras-l and telomere), and therefore, the deletion could theoretically 
extend beyond these loci. Patient 223 was homozygous for the c-H-ras-l and catalase loci, but 
the densitometric scanning of the autoradiogram suggested that the deletion region did not in­
clude the catalase locus in this patient. 

negative tumors. Other studies have shown that patients with progesterone 
receptor negative tumors respond poorly to adjuvant endocrine therapy [94]. 
Consistent with this poor prognosis is the significant association (P < 0.05) 
between chromosome IIp deletions and patients who later develop distal 
metastasis. 

The development of homo- or hemizygosity of certain regions of different 
chromosomes appears to be an important mechanism contributing to tumor 
development. How do tumor cells achieve loss of constitutional hetero­
zygosity of certain genes? Several abnormal somatic segregation events might 
bring about homozygosity, including: (1) mitotic recombination between a 
particular locus and the centromere; (2) mitotic nondisjunction with the loss 
of one chromosomal homologue and in some cases reduplication of the other 
chromosome; (3) interstitial deletions; (4) gene conversion [77, 95, 96]. Evi­
dence for some of these mechanisms, especially mitotic nondisjunction fol­
lowed by reduplication, has been observed in pediatric malignancies [77, 
80-84]. In the case of the primary breast tumors, a comparison of the hybridi­
zation signals of the remaining allele in tumor DNA with that in lymphocyte 
DNA is consistent with reduction to homozygosity by deletions of portions of 
chromosome 11. The tumor from patient 253 represented one exception. In 
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Figure 4. Allelic loss of c-H-ras-l in primary breast tumor DNAs. DNAs were restricted by 
BamHI and analyzed by the Southern blot technique. (A) DNAs were from tumors 53, 86, 105, 
166, 169, 174, 180, 182, 239, 253, and 315 (lanes a-k, respectively). (B) Matched sets of tumor 
and lymphocyte DNAs, respectively, were from patients 166 (lanes a and b), 253 (lanes c and d), 
295 (lanes e and f), and 86 (lanes g and h). 

this tumor DNA, one allele each of c-H-ras-l and y globin on IIp and int-2 on 
llq was lost, suggesting the loss of an entire chromosomal homologue. 

The deletion of cellular sequences could be a nonspecific event, as it 
appears to occur at several loci throughout the tumor genome in melanoma 
cell lines [97]. It could thus reflect a generalized instability of the genome in 
these tumor cell lines. However, in several other tumors, including bladder 
carcinoma, acoustic neuroma, and uveal melanoma [85-87], reduction to 
homozygosity appears to be specific for loci on particular chromosomes. 
In our study of primary breast tumors, we have examined seven markers 
located on six different chromosomes for evidence of allele loss in the tumor 
DNAs containing a chromosome IIp deletion. We have found only two 
tumors with an additional deletion of either c-erb A-2 (chromosome 3) or 
c-myb (chromosome 6). 
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The deletion of sequences on chromosome 11 occurring in breast cancer 
and other malignancies of epithelial origin suggests the presence of regulatory 
gene(s) with possible 'suppressor' functions on this chromosome [98, 99]. 
Various somatic cell hybrid experiments have provided evidence that impli­
cates sequences on the short arm of chromosome 11 in the suppression 
of tumorigenicity of HeLa cells, a cell line of epithelial origin [100, 101]. 
Although we have not presently determined whether the chromosome IIp 
deletions in primary breast tumors are associated with the activation of a 
cellular gene expression or the loss of a suppressor gene, or both, this should 
represent a focus for future work. 

4. Conclusions and caveats 

Table 1 summarizes the genetic alterations that have been detected in primary 
breast tumors and the clinical parameters with which they are associated. The 
most frequent mutations (10-34% of the tumor DNAs) involve c-mye, int-2, 
and c-erb B-2 proto-oncogenes and c-H-ras-l and other genes on chromosome 
IIp. In addition, mutations have been identified less frequently at the c-erb 
A-I (5%), c-erb B (2%), and c-myb «1%) loci. No mutations have been 
detected at the c-K-ras-2, N-ras, N-mye, c-sis, c-mos, and met loci. Some of 

Table 1. Frequent mutations associated with primary breast tumors 

Gene or 
chromosome Mutation 

c-myc amplification/ 
rearrangement 

int-2 amplification 
c-erb B-2 amplification 

chromosome IIp deletion 

c-erb A-I 
c-erb B 
c-myb 

"Slamon et al. [56]. 
b van de Vijver et al. [60]. 
cAli et al. [58, 59]. 

Frequency of 
mutation (%) 

34 

16 
28" 

6 
2 
<1 

Association with 
clinical parameters 

patients >51 years 
of age 

distal metastasis 
>3 affected lymph 

nodes 
ER-negative tumors 
PR-negative tumors 
survival 
relapse 
none 
none 
histopathological 

grade III tumors 
PR-negative tumors 
distal metastasis 
none 
none 
none 

Pvalues 

<0.02 

<0.001 
<0.002 

<0.05 
<0.06 
<0.0011 
<0.0001 

<0.006 

<0.002 
<0.05 
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these alterations seem to have significant association with one or more clinical 
parameters and therefore could be of potential prognostic value. There are 
some limitations, however. One problem is the variation in frequency of 
specific mutations observed by different laboratories (Table 1). The variable 
amount of adjacent normal stroma in the surgical specimen and the cellular 
heterogeneity of the breast tumors could partly be responsible for these dis­
crepancies and could have profound effects on: (1) the apparent frequency of 
mutations, (2) the apparent copy number of an amplified gene, and (3) statis­
tical correlations between the frequency of the mutation and clinical para­
meters. Thus, to accurately compare tumor samples within a study or studies 
undertaken by different laboratories, it may be necessary to develop criteria 
to quantitatively assess the tumor cellularity in the biopsy material used for 
DNA or RNA extraction. 

Another major inconsistency between the results of Slamon et at. [56] and 
those of ours [58, 59] is the lack of association between the copy number of c­
erb B-2 and the number of positive lymph nodes or the disease-free and over­
all survival periods. Further studies on an expanded number of tumors by 
several laboratories are warranted to determine the effects of various fac­
tors, including inadvertant sampling errors due to differences in geographical 
location, genetic background, and dietary factors, and to more firmly estab­
lish the clinical usefulness of these markers. 

The search for molecular genetic alterations in breast carcinoma has just 
begun. The number of the genetic abnormalities in breast tumors would 
very likely increase as more proto-oncogenes and other genetic lesions are 
analyzed. In view of the extensive genetic heterogeneity of human breast 
neoplasia, this is not surprising. In fact, many human diseases are probably 
caused by one of several genes under the given circumstances. The extent of 
genetic diversity in breast carcinoma is reminiscent of that observed in other 
inherited disorders, such as xeroderma pigmentosum (nine loci) [102], ataxia 
telangiectasia (five loci) [103], and cockayne syndrome (three loci) [104]. 
Conversely, there is also evidence for the existence of shared chromosomal 
lesions for a variety of related cancers. The carriers of the retinoblastoma 
locus have several hundred-fold increased potential for the development of 
osteosarcoma [105, 106]. Similarly, a common loss of heterozygosity of genes 
on band p13 on chromosome 11 in several embryonal malignancies, including 
Wilms' tumor, rhabdomyosarcoma, hepatoblastoma, and adrenal carcinoma 
[80], suggests that these genes might be closely linked. About 5-10% of 
breast cancers seem to have a genetic element in their etiology [107]. Genetic 
epidemiologic studies have indicated a high incidence of breast cancer in 
some families. In members of these high risk families, endometrial carcinomas 
and other soft tissue sarcomas and brain tumors are also found quite frequently 
[108, 109]. It has also been reported that mothers of children with osteo­
sarcoma and chondrosarcoma are at 3-fold excess risk of developing breast 
cancer [110]. 

The idea of shared chromosomal lesions for related cancers implies the 
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presence of one locus playing a pleiotropic role in developing various ma­
lignancies. This could happen, for example, by controlled stage-specific and! 
or tissue-specific expression of a particular gene. One could also envision a 
large multigene complex being responsible for many cancers. It is then con­
ceivable that different overlapping deletions on that chromosome involving 
different genes may give rise to one or the other type of cancer. 

In breast carcinoma, approximately 20% of tumors were found to have lost 
alleles of several genes on the short arm of chromosome 11. At a molecular 
level, how might deletions of chromosome 11p contribute to the evolution of 
the tumor? One possibility is that a deletion can bring the regulation of a 
celIular gene under new cis-acting regulatory elements in a manner similar to 
that observed with translocations or insertions of foreign genetic material. 
Such a phenomenon has been observed with c-myb in chromosome 6q­
leukemias and lymphomas [111]. An alternative possibility is the unmasking 
of the pre-existing germinal or somatic recessive mutations, thus contributing 
to the origin of breast tumors. 

The amplification of one of the three proto-oncogenes (c-myc, c-erb B-2, 
and int-2) and deletions on chromsome 11 occur usually in different subsets of 
breast tumors. However, there were a few tumors (approximately 5%) that 
had multiple genetic lesions (i.e., amplification of more than one proto­
oncogene or deletion of sequences on chromosome 11 p together with ampli­
fication of one or more proto-oncogene). The clinicopathological parameters 
of such tumors were not very different from other tumors with single muta­
tions. Therefore, the significance of multiple genetic lesions occuring simul­
taneously in a single tumor is not clear at present. 

FUTURE PROSPECTS 

The focus of future studies will be on the characterization of these recently 
discovered molecular alterations (listed in Table 1) in breast tumors. Some of 
these areas include structural and functional characterization of the amplified 
and rearranged oncogenes in primary breast tumors. The transforming poten­
tial of c-erb B-2, like c-H-ras, was attributed to point mutations that cause 
substitution of a single amino acid in the transmembrane domain of the 185-
kDa protein that displays tyrosine protein kinase activity [112]. The cloning 
and nucleotide analysis of the amplified c-erb B-2 sequence from primary 
breast tumors, with and without lymph node involvement, might shed some 
light on the role of this proto-oncogene in tumors that apparently have dif­
ferent biological behaviors. 

Only a fraction of the known proto-oncogenes have been examined in 
primary breast tumor DNA. In addition, due to the complexity of factors 
contributing to breast tumor growth and development, it seems probable that 
other cellular genes (i.e., growth factors and hormone receptors) will be 
found to be frequently altered in tumor DNA. In this regard, analysis of the 
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c-erb A family of proto-oncogenes may prove informative. This family is 
composed of at least five cellular genes, located on chromosomes 3 and 17, 
which are related to the avian v-erb A oncogene [60, 113, 114]. Recently, it 
has been reported that the thyroid hormone receptor is the gene product of 
one of the members of the c-erb A gene family [114, 115]. Similarly, the 
vitamin D3 receptor has been found to have homology with the members of 
this super gene family [116]. All of these receptors are located in the cell 
nucleus and are believed to modulate gene expression at the level of tran­
scription [117]. The effect of the estrogen and progesterone receptors on 
breast tumor growth and their association with patient prognosis is well estab­
lished. Several studies have suggested that thyroid hormone may also pro­
foundly affect the course of breast tumor growth in rodents and perhaps 
humans [118]. Based on these considerations, it seems reasonable to speculate 
that genetically altered members of the c-erb A family may be found in 
primary breast tumor DNA. 

The current studies have focused primarily on advanced, moderately to 
poorly differentiated ductal carcinomas. These tumors represent a late stage 
in the development of the disease. Although this histiotype is the most 
common, others are recognized [1]. In addition, we do not know whether the 
mutations that have been detected are associated with the initial stages of 
malignant transformation or are positively selected during later stages in 
the evolution of the disease. The recent development of techniques that lead 
to the recovery of high molecular weight DNA from formalin-fixed tissue 
specimens embedded in paraffin [119] should provide an additional resource 
to obtain adequate samples of rare histiotypes, early tumors, and tumors from 
patients with inheritable breast cancer. Moreover, the vast archives of tumor 
specimens in pathology departments throughout the world could be used 
in retrospective studies to determine the prognostic significance of specific 
genetic mutations. 

Approximately 5-10% of breast cancers have a genetic etiology and seem 
to cluster in families [107-109]. Linkage analysis of large pedigrees by use of 
polymorphic genetic markers on chromosome 11 might provide useful infor­
mation and help following the segregation of the disease with reference to a 
particular gene in families. Also, the significance of the rare c-H-ras-1 allele 
can be determined by studies of breast cancer families. 

The deletion of sequences on the short arm of chromosome 11 suggests 
that cryptic recessive mutations in the genes with possible regulatory functions 
might underlie the development of at least a subset of breast tumors. Even 
if the importance of the region between the globin and PTH loci is born 
out by analysis of a large number of tumors, identification of the putative 
gene( s) will not be an easy task because of the substantial genetic distance 
involved. The recently developed techniques of pulsed field gel electrophoresis 
[120-122] in combination with chromosome 'jumping' [122-125] may make 
our search for these abstract diseased genes over long stretches of human 
genomic DNA a little more practical. Other limitations in the study of breast 
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neoplasms and many other human diseases have been their unknown bio­
chemical nature and a lack of suitable functional assays. The approach of 
'reverse genetics' [126] may provide a better understanding of the diseased 
genes once they are identified. In this regard, it would be interesting to see if 
the introduction of the recently cloned retinoblastoma gene [127, 128] would 
revert the malignant phenotype of the tumor cells in culture. In case of the 
breast neoplasm, given the diversity of the disease, it may not be that simple. 

In summary, abnormalities of at least four and maybe more proto­
oncogenes exist in breast tumors. There is also suggestive evidence for the 
presence of recessive oncogenes. A molecular understanding of human breast 
neoplasia, a disease with very diversified biological traits and genetic hetero­
geneity, represents a challenge and also provides a possible model system 
to understand the involvement of dominant proto-oncogenes and tumor 
suppressor genes and their possible interaction in this human cancer. 
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3. Different mechanisms are responsible for oncogene 
activation in human mammary neoplasia 

Matthias H. Kraus, Pier Paolo Di Fiore, Jacalyn H. Pierce, and 
Stuart A. Aaronson 

1. Introduction 

Investigations of genetic alterations associated with neoplasia have identified 
a limited set of cellular genes, termed proto-oncogenes, that are highly con­
served in vertebrate evolution. Acute transforming retroviruses have sub­
stituted viral genes essential for replication with these discrete segments of 
host genetic information. When incorporated within the retroviral genome, 
such transduced sequences acquire the ability to induce neoplastic trans­
formation as viral oncogenes, an observation that initially linked these genes 
to the neoplastic process [1, 2]. 

The analysis of their encoded transforming protein products has pro­
vided important insights into the physiological role of oncogenes and proto­
oncogenes in malignant and normal cells. Certain oncogenes share such 
properties as enzymatic activities, subcellular location, or sequence homo­
logies and thus can be classified according to biological functions of their 
gene products [3-5]. The first class is represented by the v-sis oncogene, 
whose gene product is closely related to a growth factor polypeptide. A 
second class comprises genes encoding protein kinases. Their gene products 
phosphorylate tyrosine, serine, or threonine residues in proteins, the majority 
possessing the first activity. All of these transforming protein share significant 
amino acid sequence similarities and are located in the cytoplasm or plasma 
membrane. The v-erbB and v-fms oncogenes are related to growth factor 
receptors. Receptors for a number of other growth factors and hormones 
appear to be protein kinases, suggesting that additional relationships between 
known oncogenes and receptor molecules are likely to be discovered. The 
homology of certain proto-oncogenes with effector molecules of growth regu­
lation has established the importance of proto-oncogene products for normal 
cellular growth. 

Another major class comprises the ras genes, which encode closely related 
proteins with molecular weights of 21 kd. Ras p21 proteins bind guanine 
nucleotides, and catalyze the hydrolysis of GTP. Although the functions of 
ras proto-oncogenes remain to be elucidated, there is evidence that normal 
ras-encoded p21 may be part of a second messenger system for signal trans-
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duction in the cytoplasm of the cell by virtue of the associated GTP binding 
and GTPase activity. A fourth class of viral oncogenes encode proteins located 
in the cell nucleus. Some of these nuclear oncogene products have been found 
to bind double-stranded DNA and are thus suspected of influencing tran­
scriptional regulation. 

In human malignancies and experimentally-induced animal tumors, evi­
dence has emerged that some of the very same cellular genes which have 
given rise to retroviral one genes (v-one) can be activated as cellular trans­
forming genes (c-one) , completely independent of retroviral transduction. 
Mechanisms by which proto-oncogenes become activated in human tumors 
include point mutations, DNA rearrangement, promoter insertion, and gene 
amplification. These alterations commonly result in elevated mRNA and 
protein levels or expression of a structurally altered proto-oncogene product 
[6]. 

This chapter focuses on different mechanisms by which proto-oncogenes 
can become activated in human mammary tumor cells including somatic 
activation of a cellular ras gene by point mutation and overexpression of a 
novel erbB-related growth factor receptor-like gene, erbB-2, in the presence 
or absence of gene amplification. Expression of such activated oncogene 
products in cultured assay cells demonstrated that each mechanism indepen­
dently suffices to confer the neoplastic phenotype to NIH/3T3 fibroblasts. 

2. Cellular transforming genes in human tumors 

The development of DNA-mediated gene transfer techniques has provided 
an approach for the detection of cellular transforming genes. DNA, from a 
variety of human tumors and tumor cell lines subjected to transfection analysis 
in NIH/3T3 cells, induces focal transformation of this contact-inhibited 
murine cell line. A number of oncogenes have been detected by this approach. 
Those most often detected have been members of the ras gene family com­
prised of three highly conserved genes, designated H-ras, K-ras and N-ras. 
The H-ras and K-ras genes have been initially identified as viral oncogenes, 
while N-ras thus far has eluded capture by a retrovirus. The availability of 
molecular clones of the normal and activated alleles of human ras proto­
oncogenes has made it possible to determine the molecular mechanisms 
responsible for the malignant conversion of such genes. The genetic lesions 
responsible for activation of cellular ras genes in tumors have been localized 
primarily to single base changes at codons 12 and 61 [1, 6]. 

The frequency at which cellular ras oncogenes have been observed varies 
but appears at least in part to be dependent on the type of tumor analyzed 
(Table 1). As many as 30-50% of colon and lung carcinomas have been 
reported to contain activated K-ras oncogenes, whereas activated N-ras alleles 
have been observed at highest frequency in a wide variety of hematopoietic 
malignancies. N-ras oncogenes have been detected in >50 of acute myelog-



Table 1. Detection of ras oncogenes in human tumors 

Tumor source 

Carcinoma 
(lung, gastrointestinal, 
genitourinary) 

Sarcoma 
(fibrosarcoma, 
rhabdomyosarcoma) 

Hematopoietic 
(AML, CML, ALL, CLL) 

Percent positive 

10-30 

-10 

10-50 

51 

ras oncogene activated 
H-ras K-ras N-ras 

4/12 6/12 2/12 

0/2 0/2 2/2 

0/9 119 8/9 

enous leukemias analyzed and at lower frequencies in other human tumors of 
hematopoietic origin [7-10]. 

3. Ras oncogenes in human mammary neoplasia 

To investigate the role of such genes in human mammary neoplasia, we 
initially analyzed DNAs of mammary tumor cell lines and tissues for trans­
forming activity upon transfection onto NIH/3T3 cells. Analysis of a large 
series of human mammary tumors and tumor cell lines revealed that among 
21 tumors analyzed, only DNA of a carcinosarcoma cell line, HS578T, scored 
positive in the NIH/3T3 focus-forming assay [11]. These findings established 
that ras oncogenes are detectable in the NIH/3T3 transfection assay at only 
relatively low frequency in human mammary tumors. However, the detection 
and molecular cloning of an H-ras-related oncogene from the HS578T cell 
line, derived from a rare human mammary tumor possessing histopathologic 
features of both carcinoma and sarcoma, has initially demonstrated that ras 
gene activation can occur in human mammary tumor cells. 

4. Activated H-ras oncogene in HS578T mammary carcinosarcoma cells 

The oncogene activated in HS578T carcinosarcoma cells was identified by 
Southern blot analysis as a homolog of the human H-ras proto-oncogene 
[11]. To directly establish its mechanism of activation, we cloned the HS578T 
transforming DNA sequence from a primary transfectant. To map the posi­
tion of the genetic lesion in the HS578T oncogene leading to its malignant 
activation, recombinant molecules of the HS578T oncogene and the normal 
human H-ras proto-oncogene were constructed and assayed in transfection. 
By this analysis, replacement of first coding exon sequences in the H-ras 
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proto-oncogene with homologous sequences of the HS578T oncogene re­
sulted in transforming activity of 3T3 cells, mapping the activating lesion of 
the HS578T oncogene to its first coding exon. Nucleotide sequence analysis in 
this region revealed that the HS578T oncogene and the human H-ras proto­
oncogene differed at a single base within codon 12. The change of a G to an A 
resulted in a substitution of aspartic acid for glycine at position 12 in the 
coding sequence (Figure 1). 

5. Somatic activation and selection of the HS578T oncogene 

It is of critical importance to establish the relevance of an oncogene activated 
in a human tumor to the neoplastic process. Indirect evidence in support of 
this relationship derives from the close homology of human ras oncogenes to 
ras oncogenes present in retroviruses that induce a variety of malignancies in 
vivo. The G -c> A base substitution at codon 12 conferred a restriction poly­
morphism for Msp I1Hpa II on the activated H-ras oncogene in HS578T. By 
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Figure I. Identification of the lesion that led to activation of the HS578T oncogene. Restriction 
maps of the A HS578T oncogene and the H-ras proto-oncogene show homologous cleavage sites 
for various enzymes. The hybrid plasmid pBK-I was constructed by replacing the 0.69-kbp BstE 
II1Kpn I fragment in pBC, a plasmid contaning the 5.6-kbp BamH IICla I fragment of the human 
H-ras proto-oncogene, by the corresponding domain of the HS578T oncogene (hatched box). 
After removing the 1.6-kbp BstE II fragment of pBC, this plasmid was ligated with 0.69-kbp 
BstE II1Kpn I fragment of A HS578T and the 0.88-kbp Kpn IIBstE II fragment of the H-ras proto­
oncogene. Transfection analysis was carried out by addition of 0.001-1.0 mg of cloned DNA per 
plate. The nucleotide and predicted amino acid sequences of the first exon are compared for the 
HS578T oncogene and the human H-ras proto-oncogene. A single base change (guanine to 
adenine) and the consequent amino acid change (glycine to aspartic acid) are boxed. ffu, Focus 
forming unit. 
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molecular genetic analysis we demonstrated the lack of this substitution in 
alleles present in normal cells from the same patient (Figure 2). These results 
established that the mutation activating HS578T oncogene was the result of a 
somatic event selected for within the tumor [11]. 

To ascertain the importance of this selection process to the tumor itself, we 
biologically cloned individual tumor cells from a mass population of HS578T 
breast carcinosarcoma cells. All tumor cell clones analyzed contained the 
activated allele as demonstrated by the presence of a 411 bp restriction frag­
ment following Msp I digestion and Southern blot analysis using a probe 
specific for this region of human H-ras gene locus. Some clones possessed, 
whereas others appeared to lack, the faster migrating 355 bp DNA fragment 
characteristic of the normal H-ras allele (Figure 2). Taken together, these 
findings suggest a powerful selective advantage for tumor cells possessing 

bp 

495~ 

392~ 

341~ 

abc d e 9 h k m n 

Figure 2. Somatic activation and selection of the HS578T oncogene. The Msp TlHpa II restriction 
sensitivity at position 12 of H-ras was analyzed in HS578T mammary carcinosarcoma cells (lane 
d), HS578 Sst normal mammary cells derived from the same patient (lane c), and 10 single-cell­
derived cell clones of HS578T (lanes e-n) . Human placenta (lane a) and T24 bladder carcinoma 
DNA (lane b) represent controls for normal position 12 and position 12-mutated human H-ras 
alleles, respectively. <p x 174 replicative form DNA digested with Hinc II was coelectrophoresed 
as molecular size standards (labeled in bp). 
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the H-ras oncogene. As such, these findings implied that activation of the 
oncogene very likely contributed to, rather than represented a consequence 
of the neoplastic process [11]. 

6. Increased proto-oncogene expression in human tumors 

Other mechanisms including gene amplification, mutations in regulatory 
sequences, and DNA rearrangement, can result in the altered expression 
of a proto-oncogene product [6]. Evidence for the differential expression of 
oncogenes in human tumors was initially obtained by probing mRNAs from 
human cell lines and tumor tissues with cloned retroviral oncogene sequences 
[12]. High levels of transcripts related to the v-myc oncogene were observed 
in several tumor cell lines. In the cell line HL 60, a high level of myc transcript 
was shown to be associated with gene amplification of the human c-myc 
proto-oncogene [13]. Similarly, c-myc gene amplification results in abundance 
of c-myc mRNA in a colon carcinoma [14]. More recently, a high percentage 
of human lung carcinoma cell lines have been shown to contain amplified 
c-myc DNA [15]. Many tumor cells containing amplified genes often dis­
play abnormal karyotypic markers such as homogeneously staining regions 
(HSRs), double minutes (OMs) and abnormally banded regions (ABRs). In 
several instances, amplified myc DNA sequences have been found to be asso­
ciated with such cytogenetic abnormalities [14, 16]. 

Additional members of the myc gene family have been identified in the 
human genome by finding their related sequences sufficiently amplified in 
particular tumors to allow detection. This approach facilitated the detection 
of N-myc gene amplification in human neuroblastomas [17, 18] and L-myc in 
human lung tumors [19]. In the case of human neuroblastomas the frequently 
observed N-myc gene amplification is associated with a progressed clinical 
disease course [20]. 

7. Identification of a novel EGF receptor-related gene amplified in a human 
mammary adenocarcinoma 

In a further approach to identify activated oncogenes in human mammary 
neoplasia, we searched for oncogene-related sequences amplified in such 
tumors. We subjected DNAs of mammary tumor cell lines and tissues to 
Southern blot analysis utilizing v-erbB as a probe [21]. We did so due to the 
homology of erbB to the EGF receptor [22] and the observation that certain 
mammary tumor cell lines exhibit high EGF binding levels, comparable to 
those observed in the epidermoid carcinoma cell line A431, which displays 
EGF receptor gene amplification and rearrangement [23, 24]. In an effort to 
identify genes that might be candidates for new receptor coding sequences of 
this gene family, we employed hybridization conditions of moderate stringency 
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under which proto-oncogenes related to other viral oncogenes of the tyrosine 
kinase family did not hybridize (data not shown). Thus any gene detected 
might be expected to have a closer relationship to v-erbB than to other 
members of the typrosine kinase family. 

DNA prepared from tissue of a human mammary carcinoma, MAC117, 
showed a pattern of hybridization (Figure 3A) differing both from that ob­
served with DNA of normal human placenta and the A431 squamous-cell 
carcinoma line. In A431 DNA, we observed four EcoR I fragments that had 
increased signal intensities compared to those of corresponding fragments in 
placenta DNA (Figure 3A). In contrast, MAC117 DNA contained a 6-kilobase 
pair (kbp) fragment, which appeared to be amplified compared to corre­
sponding fragments observed in both A431 and placenta DNAs (Figure 3A). 
These findings were consistent with the possibility that the MAC117 tumor 
contained an amplified DNA sequence related to, but distinct from, the 
cellular erbB proto-oncogene [21]. 

To define its structure, we undertook the molecular cloning of the 6-kbp 
EcoR I fragment and we determined its nucleotide sequence in the region 
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Figure 3. Detection of v-erb (panel A) and pMACl17-specific (panel B) gene fragments in 
normal human placenta, A431 cells, or human mammary carcinoma MAC117. 
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most homologous to v-erbB. This sequence contained two regions of nucleo­
tide sequence homology to v-erbB separated by 122 nucleotides. These regions 
shared 69% nucleotide sequence identity with both the v-erbB and the human 
EGF receptor gene. The predicted amino acid sequence (Figure 4) was 85% 
homologous to two regions that are contiguous in the EGF receptor sequence 
[23]. Furthermore, the two putative coding regions were each flanked by the 
AG and GT dinucleotides which are known to border the exons of eukaryotic 
genes. All of these findings argue strongly that the sequence represents two 
exons, separated by an intron, of a gene related to but distinct from the 
v-erbB/EGF receptorgene. 

By comparison of the predicted amino acid sequence of the clones desig­
nated pMAC117 with corresponding sequences of several members of the 
tyrosine kinase family, the most striking homology was observed with the 
human EGF receptor and v-erbB. However, we observed 42% to 52% homo­
logy with the predicted amino acid sequences of other tyrosine kinase encoding 
genes as well. In fact, at 25% of the positions, there was identity among each 
of the sequences analyzed. All of these findings placed the pMAC117 coding 
sequence within the tyrosine kinase gene family (Figure 4). 

The availability of cloned probes of the gene made it possible to investigate 
its expression in a variety of cell types. The probe detected a single 5-kb 
transcript in A431 cells (Figure 4). Under the stringent conditions of hybridi­
zation utilized, this probe did not detect any of the three RNA species recog­
nized by EGF receptor complementary DNA. Thus, the gene, designated 
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Figure 4. (Left) Comparison of the putative encoded amino acid sequence in pMACl17 with 
known tyrosine kinase sequence. Black regions represent homologous amino acids. Differing 
amino acid residues are shown in one letter code. Amino acid positions conserved in all 
sequences are denoted by (*). the tyrosine homologous to that autophosphorylated by the v-src 
protein is shown by an arrow. The v-ab! sequence contains a tyrosine residue in this region 
displaced by two positions. The amino acid sequences of human EGF receptor, v-erbB, v-src, 
v-ab!, v-fms, and human insulin receptor were aligned by the computer program described [50]. 
The homology observed with the predicted amino acid sequences of v-yes and v-fes was 51 % and 
48%, respectively. (Right) Detection of distinct messenger RNA species derived from the 
pMAC1l7 gene and the human EGF receptor gene. 
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erbB-2, represented a new functional gene within the tyrosine kinase family, 
closely related to, but distinct from the gene encoding the EGF receptor (21). 

8. Overexpression of the erbB-2 gene in human mammary tumor cell lines by 
different molecular mechanisms 

The initial identification of erbB-2 gene amplification in tissue from a primary 
mammary adenocarcinoma (MAC 117) suggested the possibility that erbB-2 
overexpression might contribute to neoplastic growth in this tumor type. To 
assess the role of erbB-2 in human mammary neoplasia we compared mRNAs 
of 16 mammary tumor cell lines to normal human fibroblasts, M413, and a 
human mammary epithelial cell line, HBLlOO [25]. Increased expression 
of an apparently normal size 5-kb transcript was detected in 8 of 16 tumor 
cell lines, when total cellular RNA was subjected to Northern blot analysis 
(Figure 5). An aberrantly sized erbB-2 mRNA was not detected in any of the 
cell lines analyzed [25]. 

To quantitate more precisely the amount of erbB-2 transcript in eight 
mammary tumor cell lines which overexpress erbB-2, serial 2-fold dilutions of 
total cellular RNA were subjected to dot blot analysis using human ~ action 
as a control for the amount of RNA applied to the nitrocellulose filters [25]. 
The highest levels of erbB-2 mRNA, which ranged from 64- to 128-fold over 
that of our controls, were observed in the cell lines MDA-MB453, SK-BR-3, 
MDA-MB361 and BT474. Moreover, erbB-2 mRNA levels were increased 
4- to 8-fold in four cell lines including BT483, MDA-MB175, ZR-75-30 and 
ZR-75-1 (Table 2). 

To investigate alterations of the erbB-2 gene associated with its over­
expression, we examined the erbB-2 gene locus by Southern blot analysis, in 
these cell lines. The normal restriction pattern was detected in all DNA 
samples tested, indicating that gross rearrangements in the proximity of the 
erbB-2 coding region did not occur in these cell lines. When compared with 
normal human fibroblast DNA, the erbB-2 specific restriction fragments 
appeared amplified in several cell lines including SK-BR-3, BT474 and MDA­
MB361 [25]. 

Quantitation of erbB-2 gene copy number was accomplished using DNA 
dot-blot analysis. These studies revealed a 4- to 8-fold erbB-2 gene amplifica­
tion in SK-BR-3 and BT474 relative to normal human DNA and a 2- to 4-fold 
erbB-2 gene amplification in the MDA-MB453 and MDA-MB361 cell lines. 
Thus, gene amplification was associated with overexpression in the four 
tumor cell lines with the highest levels of erbB-2 mRNA (Table 2). In contrast, 
gene amplification could not be detected by Southern blot analysis or DNA 
dot-blot analysis in four tumor cell lines in which the erbB-2 transcript was 
increased to intermediate levels [25]. 

In chemically induced rat neuroblastomas, a point mutation within the 
transmembrane domain activates neu, the rat homologue of erbB-2 to ac-
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Figure 5. Overexpression of erbB-2 in human mammary tumor cell lines. Northern hlot analysis. 
Total cellular RNA (10 fLg) of mammary tumor cell lines, normal human fibroblasts M413 and 
HBLIOO was hybridized with a human erbB-2 cDNA prohe. M413 and HBLIOO cells contain 
erbB-2 specific mRNA detectable after longer autoradiographic exposures. RNA amounts were 
standardized by rehyhridization of the same filter with a human B actin probe. 

quire transforming activity in the NIH/3T3 transfection assay [26]. The lack 
of transforming activity in the NIH/3T3 focus forming assay of a large group 
of mammary tumors and tumor cell lines [11], including those which exhi­
bited erbB-2 amplification and/or overexpression in the absence of aberrant 
transcript size suggested that a structurally normal erbB-2 coding sequence 
was overexpressed in some human mammary tumor cell lines [25]. 

9. The erbB-2 gene is a potent oncogene when overexpressed in NIH/3T3 cells 

To directly assess the effects of erbB-2 overexpression on cell growth pro­
perties, we undertook the isolation of cDNA clones comprising the entire 
human erbB-2 coding sequence. A series of overlapping cDNA clones were 
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Table 2. Overexpression and gene amplification of erbB-2 in human mammary neoplasia 

Source 

M413 
HBLIOO 
MCF-7 
SK-BR-3 
BT474 
MDA-MB361 
MDA-MB453 
ZR-75-1 
ZR-75-30 
MDA-MB175 
BT483 

Overexpression of mRNA" 

128 
128 
64 
64 
8 
4 
8 
8 

"Overexpression above normal fibroblast and HBLIOO. 

Gene amplification 

4-8 
4-8 
2-4 
2 

<I 
1 
<I 

isolated from normal human fibroblast and MCF-7 cDNA libraries utilizing 
fragments from the previously described human genomic erbB-2 clones as 
probes [25]. A full-length normal human erbB-2 clone was assembled from 
overlapping clones [27]. By sequence analysis the coding sequence was found 
to be identical to previously published normal erbB-2 coding sequences 
except for a few conservative substitutions [27-29]. 

Expression vectors based on the transcriptional initiation sequences of 
either the Moloney murine leukemia virus long terminal repeat (MuL V LTR) 
or the SV 40 early promoter were constructed in an attempt to express the 
erbB-2 cDNA at different levels in NIH/3T3 cells (Figure 6) [30]. Because of 
the presence of the MuLV donor splice site close to the 5' LTR [31], we 
engineered one of the LTR-based vector (L TR-lIerbB-2 to contain an 
acceptor splice site immediately upstream of the translation initiation codon 
of the erbB-2 coding sequence (Figure 6). This vector was constructed in 
order to ensure correct splicing of the message even if a cryptic splice acceptor 
site were present within the erbB-2 open reading frame. In the SV40-based 
expression vector (SV40IerbB-2) the erbB-2 coding sequence replaced the 
neomycin-resistance gene of pSV2/neo [32] (Figure 6). 

To assess the biologic activity of our human erbB-2 vectors, we transfected 
NIH/3T3 cells with serial dilutions of each DNA. As shown in Table 3, both 
LTR-lIerbB-2 and LTR-2IerbB-2 DNAs induced transformed foci at high 
efficiencies of 4.1 x 104 and 2.0 x 104 focus-forming units per picomole of 
DNA (ffu/pM), respectively. In striking contrast, the SV401erbB-2 construct 
failed to induce any detectable morphological alteration of NIH/3T3 cells 
transfected under identical assay conditions (Table 3). Since the SV401erbB-2 
construct lacked transforming activity, these results demonstrated that the 
higher levels of erbB-2 expression under L TR influence correlated with its 
ability to exert transforming activity. 

To compare the growth properties of NIH/3T3 cells transfected by these 
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Figure 6. Construction of expression vectors for the human erbB-2 eDNA. A Nco I-Mst II 
fragment encompassing the entire erbB-2 open reading frame was cloned under the transcrip­
tional control of either the SV40 early promoter or MuLV LTR. Symbols:~, erbA-erbB 
intergeneic region of pAEVl1 containing the 3' splice acceptor site; N, Nco I; Sp, SphI; M, Mst 
II; St, Stu I; H, Hind III, Sm, Sma I; P, Pst I; B, Bam HI; X, Xho I. Sites indicated in 
parentheses were not reconstituted after the cloning procedures. 

Table 3. Transformed phenotype of erbB-2 transfectants 

Specific Colony-forming Cell number 
DNA transforming efficiency in required for 50% 
transfectanta activitl (ffu/pM) agar (%)' tumor incidence" 

L TR-lIerbB-2 4.1 x 104 45 103 

SV40/erbB-2 <10" <0.01 >106 

LTR/erbB 5.0 x 102 20 5 X 104 

LTR/ras 3.6 x 104 35 103 

pSV2/gpt <10° <0.01 >106 

a All transfectants were isolated from plates which received I fAg cloned DNA and were selected 
by their ability to grow in the presence of killer HAT medium [52]. 
bFocus-forming units were adjusted to ffu/pM of cloned DNA added based on the relative 
molecular weights of the respective plasmids. 
CCells were plated at IO-fold serial dilutions in 0.33% soft agar medium containing 10% calf 
serum. Visible colonies comprising> 100 cells were scored at 14 days. 
dNFR nude mice were inoculated subcutaneously with each cell line. Ten mice were tested at ccll 
concentrations ranging from 10" to 103 cells/mouse. Tumor formation was monitored at least 
twice weekly for up to 30 days. 
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genes, we analyzed the transfectants for anchorage-independent growth in 
culture, a property of many transformed cells. The colony-forming efficiency 
of a LTR-lIerbB-2 transformant was very high and comparable to that of cells 
transformed by LTR-driven v-H-ras and v-erbB (Table 3). Moreover, the 
LTR-lIerbB-2 transfectants were as malignant in vivo as cells transformed 
by the highly potent v-H-ras oncogene and 50-fold more tumorigenic than 
cells transfected with v-erbB. In contrast, SV401erbB-2 transfectants failed to 
display anchorage-independent growth in vitro and did not grow as tumors in 
nude mice even when 106 cells were injected (Table 3). 

While the predicted erbB-2 protein bears structural similarity to the EGF 
receptor, there is evidence that EGF is not the ligand for the erbB-2 product 
[33, 34]. In fact, the normal ligand for this receptor-like protein has yet to be 
identified. If present in serum, this ligand might be responsible for stimulating 
the overexpressed erbB-2 product and triggering its transforming ability. To 
address this possibility, we investigated whether erbB-2 transformed cells 
maintained their altered phenotype when cultured in medium lacking serum 
[27]. NIH/3T3 cells grow as a contact-inhibited monolayer in a chemically 
defined medium which contains EGF, fibroblast growth factor (FGF), and 
insulin (W. Taylor, O. Segatto, S.A. Aaronson, unpublished). These growth 
factors_have_been_excluded asopssible exo!!§nous li!@nd for the erbB-2 ~ne 
product [33, 34]. In this medium, LTR-lIerbB-2-transfected cells continued 
to exhibit a stable transformed phenotype by growing as foci of densely 
packed cells. These findings demonstrate that neither EGF nor any factors 
present in serum are required for maintaining the transformed phenotype of 
NIH/3T3 cells overexpressing erbB-2. 

10. Human mammary tumors with amplified erbB-2 genes express the 
erbB-2 protein at high levels comparable to LTR/erbB-2 NIH/3T3 
transformants 

In order to assess the relevance of erbB-2 protein levels inducing in vitro 
transformation for erbB-2 overexpression in mammary neoplasia, we sought 
to compare the level of overexpression of the erbB-2-encoded 185 kd protein 
in human mammary tumor cell lines possessing amplified erbB-2 genes with 
that of NIH/3T3 cells transformed by the erbB-2 coding sequence [27]. An 
anti-erbB-2 peptide serum detected several discrete protein species ranging in 
size from 150 to 185 kD in extracts of MDA-MB361 and SK-BR-3 mammary 
tumor cell lines, as well as LTRlerbB-2 NIH/3T3 transformants (Figure 7). 
The relative levels of the 185-kD erbB-2 product were similar in each of the 
cell lines and markedly elevated over that expressed by MCF-7 cells, where 
the 185 kD erbB-2 protein was not detectable under these assay conditions 
(Figure 7). Thus, human mammary tumor cells which overexpressed the 
erbB-2 gene demonstrated levels of the erbB-2 gene product capable of induc­
ing malignant transformation in a model system. 
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11. Implications 

While knowledge about the chain of events leading a normal cell along the 
pathway to malignancy is incomplete, there is considerable evidence that 
activated oncogenes often subvert the pathways by which growth factors 
commonly stimulate cell proliferation. The continued search for activated 
oncogenes in mammary tumors will hopefully help to identify genes within 
these pathways and as in the case of erbB-2 provide important targets for 
the development of better diagnostic and therapeutic approaches to this 
malignancy. 
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Oncogenes activated by structural alteration of their coding sequence are 
detectable in a wide variety of human malignancies [1, 6]. Although these 
mechanisms can account for proto-oncogene activation in human mammary 
cancer thus far only at low frequency, the observation of a somatically acti­
vated H-ras allele selected for in every HS578T tumor cell suggests a causative 
role of an activated H-ras gene in the development of this tumor. 

There is considerable evidence that genes encoding growth factor receptors 
can be activated as transforming genes by structural alterations in their coding 
sequences [23, 26, 35-42]. For example, the neu gene, chemically activated 
by a point mutation in the coding sequence for its transmembrane domain 
[26], was initially detected by its ability to induce foci upon DNA transfection 
of NIH/3T3 cells [43]. To date, transforming genes encoding growth factor 
receptors have not been detected in human tumors by this approach. Instead, 
abnormalities involving growth factor receptors in human malignancies 
appear most commonly to involve their overexpression as reported for EGF 
receptor or erbB-2 genes in a significant fraction of human epithelial ma­
lignancies [21, 25, 44-50]. 

Our studies show that the human erbB-2 gene can be activated as an 
oncogene by its overexpression in NIH/3T3 cells. The level of the erbB-2 
product was shown to be critical in determining its transforming ability. Our 
results further indicate that a ligand in serum is not required for transforming 
activity of the overexpressed erbB-2 product. In fact, transfected NIH/3T3 
cells overexpressing the erbB-2 product were still capable of altered growth in 
chemically defined medium supplemented with EGF, FGF and insulin, which 
have been excluded as exogenous ligands for this receptor-like protein. As 
the ligand for the erbB-2 protein has yet to be identified, it is not possible to 
exclude the possibility that erbB-2 transformed cells themselves might produce 
the ligand for the erbB-2 receptor protein. Alternatively, an increased number 
of receptors may cause transformation either by raising the level of constitutive 
tyrosine kinase activity to a threshhold required for growth stimulation or by 
facilitating receptor-receptor interactions that may be a prerequisite for their 
activation. 

Our in vitro observations are paralleled by in vivo findings that a number of 
human mammary tumors and tumor cell lines display overexpression of the 
erbB-2 gene. In addition, we demonstrated that the levels at which the erbB-2 
protein is capable of inducing an in vitro transformation are comparable to 
those detected in naturally occurring tumors exhibiting erbB-2 overexpression. 
Recently, an inverse correlation of erbB-2 gene amplification and disease­
free survival has been reported in breast cancer patients, suggesting a pre­
dictive role of erbB-2 gene amplification in an aggressive disease course in 
human mammary neoplasia [51]. Taken together, all these observations es­
tablish a mechanistic basis for growth factor receptor gene amplification 
and over-expression as representing a causal driving force in the clonal evolu­
tion of a tumor cell rather than being an incidental consequence of tumori­
genesIs. 
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4. Identification of oncogenes in breast tumors and 
their effects on growth and differentiation 
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R. Ball, E. Reichmann, C. Sh6enberger, and A.C. Andres 

1. Introduction 

The mammary gland is a complex structure of parenchymal and stromal cells. 
It consists of a system of branching ducts of epithelial and myoepithelial 
cells embedded in adipose stroma. The epithelial cells of the mammary ducts 
proliferate and differentiate under the hormonal influence of pregnancy [1, 
2]. They form lobuloalveolar structures in which centrally located secretory 
cells synthesize the constituents of milk during lactation. Morphological, 
topographical and functional criteria can be used to classify the parenchymal 
cells [3, 4]. Myoepithelial cells are myofilament-containing, contractile cells 
located along the basement membrane. Epithelial cells are constituted by 
ductal and alveolar luminal cells. The epithelial cells are in close proximity to 
fibroblasts and adipocytes, and it has been proposed that the interaction of 
different cell types is important for hormonal responsiveness of growth and 
differentiation [5, 6]. Multiple steroid and polypeptide hormones cooperate 
in lobuloalveolar differentiation and induction of milk component synthesis. 
Estrogen and progesterone are required, together with prolactin, placental 
lactogen and possibly chorionic gonadotropin, for alveolar development [1, 
3]. Thyroid hormone and adrenal steroids enhance the formation of lobules. 
Insulin, hydrocortisone and prolactin induce the expression of casein syn­
thesis [7]. The complexity of cell-cell interactions is compounded by the 
diverse hormonal stimuli and only a concerted view will allow a description 
of cell growth, differentiation and neoplastic disease of breast tissue [8]. 

We have used the methods of molecular and cellular biology and genetics 
to gain insights into the hormonal regulation of mammary epithelial develop­
ment and aberrations induced by activated oncogenes. We also investigated 
the possibility that malignant transformation of epithelial cells in vivo is 
caused by the activation of oncogenes. For these purposes we used two ex­
perimental strategies: 1) DNA from breast tumor cells was transfected into 
sensitive indicator cells which signalled the transfer of an activated oncogene 
and allowed a molecular characterization, and 2) cloned oncogenes were 
introduced into mammary epithelial cells in vitro or tissue specifically ex­
pressed in transgenic mice. The effects on transformation and differentia-

M.E. Lippmall and R.B. Dickson (eds.), Breast Callcer: Cellular and Molecular Biology. ISBN 978-1-4612-8975-3 
© 1988 Kluwer Academic Publishers, BostonlDordrechtlLondon. All rights reserved. 
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tion markers were monitored. We observed that activated, dominantly acting 
oncogenes are present in established mammary carcinoma cells as well as in 
primary tumor cells. At least three oncogenes could be associated with the 
human tumor cells. Introduction of oncogenes into mammary epithelial cells 
in vitro causes severe interference with the cellular physiology. Growth and 
differentiation parameters are affected and the hormonal responsiveness is 
impaired. These processes are concentration dependent with respect to the 
oncogene product p21-ras. Corresponding effects could be observed in vivo 
when oncogene expression was targeted by promoter recombination in trans­
genic mice. Interference with normal cell differentiation and predisposition to 
tumor development are the consequences of the activated oncogene products. 
We can conclude that activated oncogenes are found in mammary carcinoma 
cells and very likely contribute to the process of tumorigenesis. The intro­
duction of oncogenes and expression in mammary epithelial cells, however, 
suggests that single oncogene activation is not a sufficient prerequisite for 
transformation and that a concerted effect of several genetic alterations is 
responsible for breast cancer in vivo. 

2. Oncogene identification in human breast tumor cells 

Three lines of evidence are being used to correlate the etiology of human 
tumors with the occurrence of activated oncogenes: (1) Human tumor cell 
DNA can be transfected into non-transformed mouse cells and the transfer of 
a dominantly acting human oncogene can be monitored by the emergence of 
transformed cell clones [9, 10, 11, 12]; (2) Amplified proto-oncogene se­
quences are found in a large percentage of certain human tumors [l3]; and (3) 
Consistent chromosomal translocations are observed in certain leukemias and 
proto-oncogene sequences have been identified at the chromosomal break­
points [14]. All three points might indicate that slightly altered gene products 
or the deregulated expression of proto-oncogene products are instrumental in 
the transformation process [15, 16]. We have applied the first two principles 
(genomic transfection procedures and screening of tumor DNA with cloned 
oncogene probes) to the study of human breast cancer cells. We could 
identify at least three distinct oncogenes in DNA of primary and established 
carcinoma cells. 

In order to detect the presence of a dominantly acting oncogene in cells of 
primary tumor tissue, genomic DNA was extracted from a metastasis of a 
breast cancer patient (HM347). Genomic DNA was cotransfected with the 
selectable marker plasmid, pSV2-neo, into NIH 3T3 mouse fibroblasts. G418 
selection yielded several thousand individually transfected cell clones. These 
transfected cells were pooled and expanded into mass culture. 106 G418-
resistant cells were injected into nude mice and tumor growth at the site of 
injection was monitored [17]. Tumors were obtained 2 to 5 weeks after in­
jection of NIH 3T3 cells transfected with HM347 DNA. Second and third 
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Figure I. Human DNA sequences present in transformed NIH 3T3 cells. DNA from the human 
breast cancer metastasis HM 347 was extracted and cotransfected with the pSV2neo resistance 
plasmid into NIH 3T3 cells. The G418 resistant cells were selected , pooled and grown into mass 
culture. The transfected cells were injected into nude mice and tumors appeared at the site of 
injection after about two weeks. The primary (1 0) tumor DNA was extracted and cotransfected 
into NIH 3T3 cells to yield secondary tumors (2°) after injection into nude mice. The procedure 
was repeated with secondary tumor DNA to yield tertiary (3°) tumors. DNA of 1°, 2° or 3° tumors 
or of NIH 3T3 cells was digested with BamHI, electrophoresed and blotted on a nitrocellulose 
filter. The blots were hybridized to nick-translated total human DNA to visualize highly 
repetitive human sequences. The pattern of human sequences becomes simpler going from 1° to 
2° and 3° tumors, indicating the transfer of a few, distinct restriction fragments carrying a 
dominantly acting oncogene . a , band c denote individually derived tumor DNAs. 
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rounds of transfection into NIH 3T3 cells were carried out using the genomic 
DNA of the nude mouse tumors. The presence of human DNA sequences in 
the transfected NIH 3T3 cells can be visualized by hybridization of filter 
bound nude mouse tumor DNA to radioactive human DNA.·If total human 
DNA is used as a probe the repetitive sequences present in transfected NIH 
3T3 cells become apparent in the DNA blotting procedure. Figure 1 shows 
the presence of human DNA sequences in primary, secondary and tertiary 
nude mouse tumor cells. The primary nude mouse tumor cells represent the 
clonal outgrowth of the single NIH 3T3 cell which has acquired a dominantly 
acting human oncogene in the transfection of the HM347 DNA. Because 
individual, transfected NIH 3T3 cells acquire a few thousand kb of exogenous 
dqnor DNA, a rather complex pattern of human DNA sequences is repre­
sented by the restriction fragments identified by human repetitive DNA in 
lane 1. The complexity of the pattern is markedly reduced in secondary (lanes 
2-4) and tertiary (lanes 5-10) nude mouse tumors. The majority of the 
human sequences are lost. The addition of the hybridizing fragments in ter­
tiary tumors shows that about 25 kb of DNA remain associated with tumori­
genic cells. The tertiary tumor DNA was cloned into a A gene library and 
three Bam Hl restriction fragments (6, 9 and 13 kb) were molecularly isolated 
using a probe of repetitive human DNA. The molecular clones were analyzed 
for sequence homologies with 10 cellular and 14 viral oncogenes and none 
were found. This experimental strategy thus led to the isolation of a new 
oncogene, potentially involved in the etiology of human breast tumors or 
their metastasis. 

Using a similar experimental approach, a dominantly acting oncogene was 
detected in the genomic DNA of the human breast carcinoma cell line MDA­
MB231. The presence of the human K-ras gene was detected in the tumori­
genic NIH 3T3 cells transfected with the genomic DNA of MDA-MB231. 
Hybridisation of synthetic oligonucleotides to in vitro amplified K-ras se­
quences of MDA-MB231 DNA showed a specific mutation in codon 13. A 
guanosine to adenosine transition at the second position of codon 13 results in 
the code for aspartic acid instead of glycine. Codon 13 codes for glycine in all 
members of the human proto-ras gene family and transforming mutations 
have been found in position 13 of the N-ras gene (glycine to aspartic acid) and 
the H -ras gene (glycine to serine). It is therefore reasonable to assume that 
the glycine to aspartic acid mutation of the K-ras gene is responsible for the 
transformation of the MDA-MB231 cell line [18]. An activated H-ras onco­
gene was previously detected in the carcinosarcoma line HS578T [19]. 

We have also used cloned oncogene probes to detect gene amplifications in 
primary human breast cancer cell DNA. The c-mas gene and the EGF 
receptor gene probes did not yield evidence for amplification in about 50 
DNA samples which were analyzed. Our studies showed, however, that 23% 
(12/51) of human breast tumor DNAs contain multiple copies of the c-erbB-2 
gene. Normal breast DNA from the same cancer patients was tested in some 
cases and the amplification was shown to be specific for tumor cells. This gene 
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shares sequence homoiogy with members of the tyrosine kinase gene family. 
Its protein structure is similar to the EGF receptor and it has been suggested 
that it might function as a growth factor receptor [20]. The correlation 
between c-erhB2 gene amplification and protein expression was investigated. 
Paraffin sections of tumor material from the same patients were screened for 
c-erhB-2 protein using an anti-peptide antibody [21]. Our results suggest that 
with the exception of one, the tumors exhibiting amplified DNA sequences all 
stained positively with the c-erhB-2 antibody. No staining was detected in 
normal breast tissue. In addition, other tumors which do not contain extra 
gene copies also reacted positively with the antibody. Altogether, of the 38 
tumors evaluated for c-erhB-2 expression, 24 expressed the c-erhB-2 protein. 
The high expression of c-erhB-2 seems to correlate with an unfavorable 
prognosis for early relapse. These results suggest that over-expression of the 
c-erbB-2 gene may be involved in human breast cancer development [22, 23, 
24,25]. 

3. The H-ras oncogene product affects primary and established mouse 
mammary epithelial cells in a concentration dependent manner 

Three members of the ras gene family have been discovered in the mam­
malian genome (H-ras-1, K-ras-2 and N-ras) [26]. These genes code for highly 
related proteins of21 kd (p 21). The proteins bind guanine nucleotides, exhibit 
GTPase activity and are associated with the plasma membrane. Their se­
quence analysis revealed homologies to G proteins and they may participate 
in the transduction of signals across the cellular membrane. The ras genes 
have been called proto-oncogenes, since mutations in their coding sequences 
result in their activation, i.e., confer transforming potential to the p21 gene 
products. Skin tumors [26] and mammary carcinomas [27] induced by car­
cinogens often show activation of the H-ras proto-oncogene. Over a third of 
the human colorectal cancers exhibit ras gene mutations [28, 29]. To investi­
gate the role of the H-ras oncogene in mammary carcinogenesis we intro­
duced it experimentally into primary and established mammary epithelial 
cells. We observed the phenotypic effects of p21 v-ras expression on various 
transformation parameters. 

The advantages offered by retroviral gene transfer were exploited. Recom­
bination of the v-ras oncogene into the pZIPneoSV(X) vector and transfec­
tion into \112 cells results in a retrovirus (pZSR) which can simultaneously 
transduce a selectable marker gene (neo = G418 resistance) and an activated 
oncogene [30]. At the same time gene transfer efficiency is much higher than 
can be achieved by calcium phosphate DNA coprecipitation. Primary cultures 
of mouse mammary epithelial cells were infected with pZSR virus. The 
infected cells were initially selected for G418 resistance. A very small fraction 
of the cells (about 0.01%) yielded proliferating colonies. No colonies were 
detected in cells infected with the pZIPneoSV(X) virus or in uninfected 
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cultures. The cell clones exhibited an epithelial morphology and expressed 
cytokeratins. These cells are highly tumorigenic and grow anchorage indepen­
dently (Table 1). Very high levels of the viral transcript encoding p21 virus 
were found in the transformed primary cells. We assume that the very high 
expression of p21 virus is required for the transformation and might partly 
explain the low frequency of cell clones observed after G4I8 selection. In 
addition to the very high expression levels, additional genetic changes might 
be required for the establishment and transformation of the primary epithelial 
cells 31. Primary mammary epithelial cells have been infected by SV40 virus 
[32, 33, 34] and multiple phenotypes have been observed. 

The observation of very high levels of p2I v-ras in primary ccll transforma­
tion caused us to investigate concentration effects on transformation para­
meters in an established epithelial cell line. A single cell clone (NOGS) was 
selected by limiting dilution from the NMuMG line. This clone has a normal 
cuboidal epithelial morphology, does not grow in soft agar and is non­
tumorigenic. Its karyotype analysis shows that these cells are almost diploid, 
containing 42 chromosomes (trisomies in chromosomes 8 and 11). NOG8 
cells were infected with pZSR virus and independent cell clones resistant to 
G4I8 were selected. Clones with different cellular morphologies were de­
tected and three clones (NOG8/SR3, NOG8/SRI and NOG8/SR2) were an­
alyzed in detail (Table 1). Clone NOG8/SR3 has a normal morphology, not 
distinguishable from NOG8 cells or cells infected with the pZIPneoSV(X) 
virus. Increasing morphological transformation, i.e., growth to higher cell 
density, refractile appearance and cell shape, were observed in the cell clones 
NOG8/SRI and NOG8/SR2. These morphological parameters were parallel­
ed by the extent of p21 v-ras expression. The highly transformed clone 
NOG8/SR2 expresses 30-fold more viral RNA than the normal-looking clone 
NOG8/SR3. The clone NOGS/SRI with a moderately transformed mor­
phology expresses 8 times more pZSR RNA than NOGS/SR3. Similar ratios 
of expression were found for the p21 v-ras gene product (Table 1). 

Other indicators of the transformed phenotype, such as anchorage inde­
pendent growth and tumorigenicity, were shown to be proportional to the 
extent of p2I v-ras expression. The correlation between tumorigenicity and 
the p21 v-ras dosage is particularly well documented in clone NOG8/SRI. 
This clone is tumorigenic with a latency of 6 to 7 weeks. The resulting tumor 
cells probably reflect a selection of clonal variants. Their expression of p21 v­
ras is increased four-fold over the parental NOG8/SRI cells (Table 1). The 
high p2I v-ras expression level might be a prerequisite for tumor formation. 
We have used the levels of mRNA expression and enzyme activity of 
ornithine decarboxylase (ODC) as an additional transformation parameter. 
ODC is expressed in the G 1 phase of the cell cycle and is a sensitive indicator 
of the cellular growth state [35]. NOG8 cells were found to drastically reduce 
their ODC activity when they reach confluence (Table 1). ODC mRNA and 
enzyme activity was measured in pZSR virus infected cells to examine the 
effects of p21 v-ras dosage. Measurements were carried out at different cell 
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densities. ODe mRNA levels were elevated 3-, 11- and 20-fold in NOG8/SR3, 
NOG8/SRI and NOG8/SR2 cells when compared to uninfected cells at low 
cell density. The enzyme activity of ODe was determined at low and high cell 
densities. NOG8 and NOG8/SR3 cells with a normal morphology show a 15-
to 18-fold decrease in ODe activity when they reach high density. NOG8/SRI 
celis, moderately transformed, show a 9- to lO-fold decrease in dense culture. 
The highly transformed NOGS/SR2 cells only decrease their ODe activity 
two-fold upon reaching confluence. Similar observations were made with 
pZSR virus transformed NIH 3T3 cells (Table 1). These experiments show 
that an additional level can be identified which is crucial in the transformation 
of epithelial cells when compared to fibroblasts. In all NIH 3T3 cells which 
have acquired a ras oncogene and which express it, the fully transformed 
phenotype was observed [31]. Epithelial cells seem to exhibit a threshold, 
i.e., a certain concentration of oncogene product has to be present before a 
phenotype is observed and gradual changes occur with increasing oncogene 
expression. This dosage requirement might buffer the effects of oncogene 
activation in vivo. 

4. Oncogene expression interferes with in vitro differentiation and hormonal 
responsiveness of cultured mouse mammary epithelial cells 

Oncogene transfer studies, in which different classes of oncogenes and their 
influence on differentiation parameters are evaluated, provide insights into 
their role in the transformation process. In the context of breast tumor studies 
it is most desirable to test oncogenes which have been detected in tumors by 
introduction into normal mammary epithelial cells. We have studied three 
classes of oncogenes and have assayed their biological effects upon growth 
and differentiation in vitro. In addition to the ras oncogene, which has been 
detected in two breast cancer cell lines [18, 19], we studied the myc oncogene 
which has been shown to be amplified in a mammary carcinoma cell line [36] 
and in about one-third of primary breast cancer cells [37]. Targeted c-myc 
expression predisposes transgenic mice to mammary cancer [38, 39]. The fgr 
oncogene which represents the most prevalent family of oncogenes, those 
related to tyrosine specific protcin kinascs [40]. Two cell lines (COMMA-1 0 
and IM-2) were chosen as representative cell lines in these studies. 

The COMMA-IO cell line [41, 42] is a spontaneously immortalized cell 
line derived from the BALB/c mouse mammary epithelium. It was non­
tumorigenic, had a normal karyotype, expressed cytokeratins, repopulated 
the cleared mammary fat pad with ductal epithelium and could be induced by 
lactogenic hormones to produce the beta-casein milk protein. Since the 
COMMA-IO cell line was heterogeneous and rapidly progressed to tumori­
genicity during culture [42], the cell line was cloned by transfection with the 
hygromycin B resistance plasmid, pY3 [42]. Clone 14 (HC14) was chosen for 
further study [44]. HC14 was non-tumorigenic in nude mice, did not show 
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anchorage independent growth, and expressed cytokeratins detected by the 
monoclonal antibody LE61 [45]. HC14 could also be induced to differentiate 
further by lactogenic hormones to produce beta-casein. Clone HC14 
appeared to be the most suitable clone for studying the effect of the intro­
duction of oncogenes upon the growth and differentiation of mammary 
epithelial cells. 

V-fgr was introduced into HC14 by transfection of a proviral copy of the 
Gardner-Rasheed feline sarcoma virus [40] and cells selected by tumorigenic­
ity in nude mice. The viral H-ras coding sequence [46] was cloned into the 
pZIPneoSV(X) plasmid [30] to generate pZIP-she-ras [31]. pMMCV-neo [47, 
48] contained the v-myc oncogene from the avian retrovirus OKlO inserted 
upstream of a bacterial neo gene within a ML V based retrovirus vector 
pMV4-neo. Both pZIP-she-ras and pMMCV-neo were used to transfect '¥-2 
cells [49] to produce recombinant murine retroviruses free of helper virus. 
Pools of HC14 cells infected with the v-H-ras or v-myc virus were produced. 

The presence of mutant proviral copies of the three oncogenes within 
HC14 cells was demonstrated by DNA blot analysis. Expression of the 
oncogenes was confirmed. The p21 ras protein was detected by protein blot 
analysis. The 4.8 kb spliced v-myc transcript was detected in a RNA blot 
analysis. The p70gag-actin-/gr fusion protein was revealed by a kinase reaction 
after immuno-precipitation with anti-gag antibodies. The fusion protein 
possessed mainly phosphotyrosine residues and produced a five-fold increase 
in total cellular phosphotyrosine. 

The effects of the oncogenes upon the growth and differentiation were 
studied. Only v-fgr produced a change in morphology of the HC14 cells in 
culture. All oncogene-containing HC14 cells retained density inhibition of 
growth. No change in growth factor requirements could be detected. The 
oncogenes induced anchorage independent growth in soft agar with low effi­
ciency (Table 2) compared to transformation of fibroblasts with the same con­
structs. Tumorigenicity of the oncogene-containing HC14 cells was tested by 
subcutaneous injection into nude mice. V-fgr or v-H-ras expressing cells gave 
rise to tumors with short latencies. Introduction of v-myc did not result in 
tumorigenicity (Table 2). 

The effect of the oncogenes upon parameters specific to mammary 
epithelial cells was assayed. Unlike the parent cell line, COMMA-ID, no 
clone was able to repopulate the cleared mammary fat pad [41]. No in vivo 
assays could be performed. Instead, the branching growth within rat tail 
collagen was used as an in vitro analogue of the three-dimensional growth of 
mammary epithelium [50, 51]. Clone HC14 cells show 3-D branching growth 
in hydrated collagen gel, as does v-H-ras transformed HCI4. However, v-myc 
or v-fgr transformed HC14 cells grew as tight clusters of cells in collagen 
(Table 2). Thus, v-myc and v-fgr disturbed the growth behavior within an arti­
ficial basement membrane matrix. 

The effects of oncogenes upon tissue specific gene expression and differ­
entiation were examined. The 33AlO antigen [52] is expressed in highly dif-
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Table 2. Effects of oncogenes on growth and differentiation of HCI4 

HCI4 containing:-

No SVX 
construct control v-H-ras v-myc v-fgr 

a) Growth in soft agar 0 0 0.43 0.16 0.69 
b) Tumorigenicity 017 0/2 112 (3 w) 0/2 5/5 (I w) 
c) Branching growth in 

collagen + + + 
d) % LE61 + cells 90% 80% 80% 20% 0% 
e) Beta-casein induction 15 0 0 196 0 

a) % cells forming colonies in 0.378% agar at 3 weeks. 
b) No. of tumours/no. of mice injected (tumor latency in weeks). 
c) Protocol according to Yang et al., 1980. 
d) % cells staining with LE61 monoclonal anti-keratin antibody. 
e) No. of cells staining with anti-casein antibodies per 2,000 screened after 5 d induction with 

lactogenic hormones. 

ferentiated mammary epithelial cells and its expression in HC14 cells was 
unaffected by the oncogenes. Cytokeratins were detected in HC14 by indirect 
immunoflourescence using the LE61 monoclonal antibody (Table 2). The 
number of stained cells was partially reduced by v-myc and no cytokeratin 
staining was detected after introduction of v-fgr. Detergent insoluble cyto­
skeletal proteins were analyzed by two-dimensional gel electrophoresis [53]. 
Most of them were no longer observed after transformation by v-fgr. One 
remaining protein, most likely vimentin, was detected with increased in­
tensity. Alteration of expression of these epithelium specific intermediate 
filaments after transformation has been previously reported [54, 55]. 

Terminal differentiation could be induced in HC14 by culturing on plastic 
dishes with the combination of lactogenic hormones, dexamethasone, insulin 
and prolactin for five days. We used polyclonal rabbit anti-mouse casein 
antisera capable of detecting alpha, beta and gamma caseins in mouse milk 
[56]. Only beta-casein was observed in a protein blot assay of hormone in­
duced HC14 cells. The ~ casein remained intracellular and no secretion was 
observed. The absence of secretion has been reported for cells grown on a 
plastic substrate [57]. Unlike primary cultures of mammary epithelial cells, 
HC14 did not show increased induction of beta-casein upon co-culture with 
converted 3T3-Ll adipocytes when compared to culture on plastic [6]. 

The effect of the introduced oncogenes upon the induction of beta-casein 
was examined (Table 2). One percent of HC14 could be stained with anti­
casein antibodies after lactogenic hormone stimulation. This frequency was 
elevated ten-fold in HC14 cells containing v-myc. No stained cells were 
detected in v-fgr or v-H-ras transformed HC14. However, the control virus 
vectors ZIPneoSV(X) or MV4-neo also abolished the low level of casein 
induction. It appears that the recombinant retroviral vectors had an inhibitory 
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effect of their own. RNA blot analysis with a probe from a mouse beta-casein 
cDNA clone [58] was carried out. Transformation of HC14 by v-myc was 
shown to increase the lactogenic hormone induction of beta casein mRNA. 
Protein blot analysis demonstrated that approximately 59-fold more beta­
casein protein was induced in the v-myc transformed cells than in HC14. V­
myc could be altering the hormonal dependence of beta-casein induction. All 
possible combinations of the three lactogenic hormones were tested and the 
synergistic action of all three was found to be required for the induction of 
beta-casein in HC14 and v-myc transformed HC14 (Table 3). The response of 
mammary epithelial cells in vitro is known to be dependent upon the matrix 
used in culture. It is possible that v-myc could be acting by substituting for 
some tissue organization required specifically for milk protein expression. 

These results suggest that the expression of v-myc somehow promotes the 
differentiation of HC14. Constitutive myc expression was previously found to 
inhibit differentiation [59, 60, 61] and endogenous c-myc expression is usually 
inhibited during induced cell differentiation [62, 63]. However, myc expres­
sion does not always preclude differentiation [64, 65]. 

Although targets of action of the myc oncogene are not known, there are 
many examples in which myc alters the cellular response to hormones [66, 67, 
68, 69]. In addition, v-mas and v-H-ras have been shown to interfere with 
glucocorticoid hormone dependent gene transcription [70]. 

We have shown that the introduction of three different oncogenes, v-myc, 
v-H-ras and v-fgr, into a single cloned mouse mammary epithelial cell line, 
HC14, produces three different sets of alterations of growth and differentia­
tion of these cells. myc is known to be involved in the control of growth and 
differentiation. In the case of mammary epithelial cells, this appears to in­
volve at least a change in responsiveness to lactogenic hormones. 

A second cell line was used for the studies of oncogene effects on 
mammary epithelial differentiation. We established anew, spontaneously­
immortalized mammary epithelial cell line which is derived from normal 
mammary epithelium of mid-pregnant BALB/c mice. This cell line, designa-

Table 3. Lactogenic hormone dependence of beta-casein induction in HC14 is unaltered by 
v-myc transformation 

Hormone additional 
Cells None D P DI DP IP DIP 

HC14 Oh) 0 0 0 0 0 0 5 
HC14 with 

v-myc 0 0 0 0 0 0 3 54 
COMMA-lD 

cell line 0 0 0 0 0 0 4 265 

a)D = 1O-6 M dexamethasone, I = 5 [tg/ml bovine insulin, P = 5 [tg/ml ovine prolactin. 5 days of 
induction. 
h) Casein + cells/2,OOO, detected by indirect immunofluorescence with rabbit anti-casein antisera. 
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ted IM-2, and its subline, LU-l, form three-dimensional duct- and endbud­
like structures in monolayer cultures, and show extensive dome formation at 
high density (Figure 2). When parental IM-2 or LU-I cells were exposed to 
the lactogenic hormones hydrocortisone, insulin and prolactin, they synthe­
size large amounts of j3-casein, a marker for functional differentiation. 

Immunocytochemical methods revealed that casein-synthesizing cells were 
strictly confined to the three-dimensional ductal structures . The monoclonal 
antibody, LE61 [45], specifically reacts with cytokeratins of the luminal, 
secretory type of mammary epithelial cells. We showed that cells within the 
duct-like structures stained positively in immunofluorescence experiments 
with this particular type of cytokeratin antibody. The pattern of cytokeratin 
polypeptides resolved by two-dimensional gel electrophoresis was essentially 
identical in IM-2 cells and in freshly cultured primary mammary epithelial 
cells. The typical cytokeratins usually expressed in the mammary epithelium 
of the mouse could be detected in the detergent high salt insoluble fraction of 
the IM-2 cell lysate. Laminin, a component of the basal lamina, was synthe­
sized and secreted only upon formation of the ductal structures. 

Figure 2. Morphogenic potential of an established mammary epithelial cell line derived from 
mid-pregnant Balb/c mice. LU-l cells were cultured in DMEM supplemented with 10% FCS, 
5 [lg/ml insulin and 10 ng/ml EGF. By 3 days after plating the cells reached confluency and by 8 
days duct-like structures and domes were fully developed. The photograph illustrates duct-like 
structures originating from a dome. At least 2 different cell types are required in order to cause 
the branching network of duct-like structures which when exposed to hydrocortisone (5 [lg/ml) 
within three days shows maximal levels of i3 casein expression . 
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In contrast to cultures of primary mammary epithelial cells described previ­
ously, IM-2 cells are not dependent upon a collageneous substratum for in­
ducibility of casein synthesis. The B-casein protein, as was shown by protein 
blot analysis, is strongly expressed 24 hours after lactogenic hormone induc­
tion. A maximal level of expression is reached after three days and remains 
constant for at least seven days. The B-casein mRNA could be shown three 
hours after hormone addition by RNA blot analysis. 

The IM-2 line is a heterogeneous cell population consisting of at least two 
different cell types. We have derived single cell clones from the IM-2 line. No 
single cell clone was inducible by lactogenic hormones to synthesize B-casein. 
Two morphologically different cell clones were co-cultured to reconstitute a 
cell population in which lactogenic hormone dependent casein synthesis could 
be demonstrated. These cells organized into duct-like structures at high cell 
density. The casein-synthesizing cells were strictly confined to the duct-like 
structures. We suggest that the cell-cell contact of the two distinct cell types 
may be a prerequisite for the synthesis and secretion of basement membrane 
components allowing the luminal secretory epithelial cells to become respon­
sive to lactogenic hormones. This may explain why IM-2 cells may be induced 
to differentiate to produce milk proteins in the absence of exogenously added 
matrix components, which were previously considered essential [71, 72, 73]. 

We also investigated the influence of viral oncogenes (v-H-ras and v-myc) 
on the hormonally induced differentiation of IM-2 cells. We introduced the 
oncogenes into IM-2 cells via retroviral vectors containing the neomycin 
resistance gene. Our experiments with single cell clones derived from the 1M-
2 cell line had indicated that they are unresponsive to lactogenic hormones. 
For this reason we pooled the virally infected G418-resistant cell colonies. 
Populations of the G418-resistant infected cells were tested for their response 
to lactogenic hormones. Cells infected with a retrovirus expressing only the 
neomycin resistance gene without an oncogene are inducible for B-casein 
synthesis. They show the typical pattern of histodifferentiation and dome 
formation following lactogenic hormone treatment. The amount of casein 
made is comparable to that detected in the original IM-2 line. The intro­
duction of the myc oncogene did not change this phenotypic pattern. Popula­
tions infected with a retroviral construct encoding both neomycin resistance 
and the ras oncogene could be shown to express the p21 oncogene product. 
These cells become highly tumorigenic in both BALB/c and nude mice. They 
exhibited neither casein synthesis nor morphological histodifferentiation and 
dome formation following hormone treatment. It could be demonstrated that 
transformed populations expressing the ras oncogene synthesized two 
additional cytokeratin proteins not detected in the normal counterparts. 

From this data we conclude that the IM-2 line, although immortalized, still 
exhibits relatively "normal" differentiation properties in vitro. IM-2 repre­
sents a cell culture system suitable for the investigation of the influence of 
hormones, basement membrane components and oncogene products on the 
growth and differentiation of mouse mammary epithelial cells and might be 
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useful in the study of the mechanism of synergistic action of lactogenic 
hormones at the gene level. 

The introduction and expression of the v-H-ras oncogene rendered IM-2 
cells highly tumorigenic and clearly interfered with the functional and mor­
phological differentiation of these cells, while v-myc expression had no 
obvious effects on the differentiation of IM-2 cells. 

5. The effect of the ras and the myc genes in vivo: oncogene expression 
directed by a milk protein gene promoter in transgenic mice 

In vivo and in vitro transformation studies indicate that tumorigenesis is a 
multistep process. The establishment of cell lines and their malignant trans­
formation are two processes that can be distinguished in in vitro studies. In 
vivo different cell types interact and genes and mutations may be crucial for 
tumorigenesis which are difficult to detect in vitro. During the past few years 
the method of establishing transgenic mice has been developed [74]. Foreign 
genes are injected into the male pronucleus of fertilized mouse eggs. The 
injected eggs are reimplanted into pseudo-pregnant foster mothers to deve­
lop. Usually the DNA integrates randomly into the host genome before the 
first cell division and is equally segregated to all daughter cells. Therefore, the 
foreign gene will be inherited to the progeny in a Mendelian fashion. 

The information responsible for cell type-specific gene expression is often 
located in the surroundings of the gene promoter. Recombination of these 
regulatory sequences has generally been sufficient to target gene expression 
in transgenic mice [75]. This raises the possibility of analyzing the effect of an 
experimentally introduced oncogene in a particular cell type in vivo by 
coupling the oncogene to a tissue-specific promoter. Our interest in transfor­
mation of mammary epithelial cells led us to study the effect of the activated 
H-ras and the myc oncogenes on this particular cell type in vivo [39, 76]. To 
target the expression to the mammary epithelial cells, the oncogenes were 
subjected to the control of the murine they acidic protein (Wap) gene pro­
moter. The Wap is one of the major whey proteins in the milk of rodents and 
it is synthesized under the influence of lactogenic hormones in mammary epi­
thelial cells during late pregnancy and lactation [7]. The expression of the ras 
or the myc oncogene directed by the Wap promoter in transgenic mice offers 
an opportunity to compare the effect of two different oncogenes on the same 
cell type in vivo. 

To direct the expression of ras or myc oncogenes to the mammary epithel­
ial cells in transgenic mice, we isolated the control region of the Wap gene as 
a 2.5 kb restriction fragment, including the RNA cap site, the promoter 
region and putative 5' regulatory sequences [77]. The chimeric Wap-ras 
oncogene was constructed by linking this 2.5 kb Wap control region to the 
coding part of the human activated H-ras oncogene which was originally 
isolated from a human bladder carcinoma cell line [78]. 
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The hybrid Wap-ras gene was purified from vector sequences and the 
linear 7.4 kb fragment was introduced into the germ line of C57 B 116 x SJL 
mice by microinjection into the male pronucleus of fertilized eggs. 560 eggs 
were injected with approximately 200 copies each of the Wap-ras hybrid gene 
and subsequently reimplanted into pseUdo-pregnant recipient mice. Seventy­
one mice were born and analyzed for the presence of the Wap-ras DNA. 

A corresponding approach was chosen to obtain transgenic mice expres­
sing the WAP-myc hybrid oncogene. We recombined a 4.8 kb DNA fragment 
containing the second and third exons [79] of the mouse cellular myc gene 
with the Wap control region. The resulting 7.4 kb hybrid construct was used 
for microinjection. From 297 reimplanted eggs 45 mice were born. 

In the offspring resulting from injected eggs the presence of the transgene 
was demonstrated in five Wap-ras and four Wap-myc mice (Table 4). These 
transgenic mice were backcrossed to wild type mice and the transmission of 
the transgene to the offspring in a Mendelian fashion typical for autosomal 
genes was confirmed in all but one of the lines. For line 69 we obtained only 
male transgenic mice despite a normal ratio of male and female progeny. This 
inheritance suggests that the hybrid gene is integrated into the Y chromo­
some. 

The transgenic lines which have stably integrated either the Wap-ras or the 
Wap-myc gene were analyzed for chimeric gene expression. The expression 
patterns of all transgenic lines are summarized in Table 4. The hormone­
dependent transgene expression was found in two lines of the Wap-ras strain 
and in three lines of the Wap-myc strain. In these lines, transgene expression 
in mammary glands was restricted to late pregnancy and lactation and parallels 
the expression of the endogenous Wap gene. This indicates that the 2.5 kb 5' 
Wap sequence conferred hormone-dependence on either transgenic myc or 
ras expression. Analysis of RNA extracted from different tissues other than 
the mammary gland during lactation revealed that hormonally controlled ex­
pression of the Wap-myc gene is strictly confined to the mammary gland. In 
Wap-ras expressing females from lines 3 and 58 hormone dependent trans­
gene expression was also found in the brain. In three lines the gene was silent. 

The transgenic line with the W AP-ras gene integrated in the Y chromo­
some (line 69) expressed the chimeric gene constitutively in the parotid gland. 
This expression is peculiar to line 69. It has been shown that tissue-specific ex­
pression of introduced genes can be influenced by the integration site [80]. 
Thus we presume a correlation between integration and parotid expression of 
the trans gene in line 69. 

The tissue-specific expression of the transgenes allow us to investigate the 
phenotypic consequences of the presence of oncogene products in these 
animals. Initially all animals were morphologically normal and healthy. Only 
after a latency of 7 -11 months tumor formation was observed in part of the 
animals (Table 4). There is a remarkable difference in tumor incidence de­
pending on whether the ras or the myc oncogene is expressed in the mam­
mary epithelial cells. From the Wap-ras expressing females only founder 
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female 58 developed bilateral tumors in the second pair of mammery glands. 
As summarized in Table 4, Wap-myc expressing females from all three trans­
genic lines develop mammary adenocarcinomas with an incidence of about 
80%. Females of line 21 are now approaching the age to develop tumors. 

The low tumor incidence in the females of lines 3 and 58 may be a conse­
quence of the defined expression period of the Wap-ras gene. Histological 
examination of mammary glands from these females under different hor­
monal conditions revealed a reduced differentiation of the mammary epithel­
ium and sometimes neoplastic lesions during pregnancy and lactation. After 
lactation the mammary gland in these lines shows a completely normal 
morphology. The ras oncogene expression has effects on the differentiation 
and transformation of the epithelial cells but is not able to overcome the deve­
lopmental control. The cells undergo their normal fate of involution after 
lactation. In line 69, where the Wap-ras integrated into the Y chromosome 
and is expressed constitutively in the parotid gland, most of the males develop 
adenocarcinomas of the parotids. This shows that also ras expression pre­
disposes epithelial cells to transformation in vivo. The histological examina­
tion revealed that all tumors, in the Wap-ras or in the Wap-myc transgenic 
mice, were surrounded by normal tissue also expressing the transgenes. The 
clonal origin of the tumors and the long latency suggests that the expression of 
one oncogene is not sufficient to transform epithelial cells in vivo. Addi­
tional genetic or epigenetic events have to be postulated for tumor formation. 
However, in nontransgenic control animals no tumors were observed and in 
the transgenic mice tumors arose only in those tissues where the transgene 
was already expressed. This suggests that the oncogene expression is a pre­
disposing factor for the tumor formation in vivo. 

Provided that the expression of the transgene was involved in the trans­
formation, its expression should be detected in the tumors. In Figure 3, the 
expression of the Wap-ras gene in the parotid adenocarcinomas and in normal 
parotis of males ofline 69 is shown in a RNase protection assay. In this assay, 
isolated cytoplasmatic RNA is hybridized to an in vitro transcribed, radio­
labelled anti-sense RNA probe of a defined size. Specific RNA will form 
double-stranded hybrids with the probe which are protected from digestion 
during the subsequent RNase treatment [81]. After gel separation, auto­
radiography reveals a band corresponding to the size of the protected 
fragment indicative of the specific RNA. For Wap-ras RNA we expect a pro­
tected fragment of 143 nucleotides. Compared to the abundancy in normal 
parotids (lane 2), Wap-ras transcripts are highly increased in the tumors (lane 
1 & 3). This increase in abundancy was consistently found in all parotid 
tumors and was also observed in the two mammary tumors of founder female 
58. This increase ofWap-ras RNA could be due to a more homogenous popu­
lation of Wap-ras expressing cells in the tumors compared to normal tissue. 
Alternatively, the higher abundancy directly reflect an increased expression 
of the transgene in the transformed cells. 

To distinguish between these two possibilities we performed in situ hybrid-
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izations. This method allows the localization and quantification of specific 
transcripts in tissue sections. Essentially, we followed the method described 
by [82] . Thin sections of 6 [lM were cut from tissues frozen in liquid nitrogen 
and were fixed in 4% paraformaldehyde. To make the cells more accessible to 
the probe, the sections were subjected to a limited proteinase K treatment. 
Subsequently, they were hybridized to a 32P-labelled probe specific for the 
human H-ras gene. Since this probe does not crossreact with endogenous 
murine ras RNA , we expect to detect only transcripts derived from the Wap­
ras transgene. After autoradiography the hybridized probe is visualized as 
black silver grains over the tissue sections which are counter-stained with 
hematoxilin-eosin. 

Figure 4a shows the histology of normal parotids. The secretory alveoli are 
embedded in stromal tissue and can clearly be distinguished from the ducts. 
The histology of the parotid adenocarcinomas (Figure 4b) shows the epithel­
ial tumor cells surrounded by stromal tissue. Hybridization of the ras probe to 
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E 

Figure 4. In situ detection of WAP-ras RNA in normal and tumor tissue of males of line 69. 
A: Paraffin section of normal parotids. The secretory alveoli are indicated by an arrow. B: 
Paraffin section of a parotid adenocarcinoma. Epithelial structures are indicated by an arrow. 
(Magnification 400x). 
The frozen sections (C-H) were hybridized to a 32P-labelled probe specific for exon 1 of the 
activated human H-ras gene (600 nucleotides) . C: Normal parotis of a transgenic male of line 69. 
D: Submaxillary gland from the same animal. E: Parotids of a nontransgenic control animal. 
F: Tumor tissue from a male of line 69. G: Normal parotis of a male from line 69. H: Parotid 
tumor of the same individual. (Magnification 1,600x). 

normal parotis (Figure 4c) revealed a weak signal over the acinar cells of the 
gland. No silver grains were detected over the stromal or ductal structures. 
Neither in the submaxillary gland of a male from line 69 nor in parotid glands 
of non transgenic control animals a specific reaction of the ras probe was 
found (Figure 4d & e). These results are consistent with the results obtained 
in RNase protection assay. The transgene is expressed in the secretory 
alveolar cells of the parotis in males of line 69. The analysis of tumor tissue 
(Figure 4f) reveals hybridization of the ras probe to the epithelial cells and not 
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to the stromal cells of the tumor. Compared to the normal parotis of the 
same individual (Figure 4g), the silver grains are much more abundant on the 
epithelial cells of the tumor (Figure 4h). We counted on the average 0.83 
(± 0.5) grains per acinar cell of the parotids and 4.85 (± 0.7) gains per 
epithelial tumor cell. The higher density of silver grains over the tumor cells 
indicates that these cells contain higher levels of of Wap-ras RNA than the 
untransformed acinar cells in the normal parotids of the same individual. 

The result contained by in situ hybridization revealed that the transforma­
tion involves the secretory epithelial cells already expressing the transgene 
and is accompanied by its increased expression. We argued above that ex­
pression of the Wap-ras gene is not sufficient for transformation in vivo. In 
this experimental system an additional event increasing the level of Wap-ras 
expression might have been the critical factor for transformation. 

Although the expression of the ras and the myc oncogene in transgenic 
females is regulated identically, the ras oncogene is not able to cause tumor 
formation in the mammary epithelium whereas the myc oncogene is highly 
efficient in the transformation of these cells. The high incidence of mammary 
gland tumors in the Wap-myc expressing line indicates a different mechanism 
of oncogene action. Analysis of the expression of the Wap-myc gene revealed 
its constitutive expression in the tumors. In addition to the Wap-myc gene, 
the expression of th endogenous Wap and ~-casein gene was found to be in­
dependent from lactogenic hormones in the tumors. This constitutive expres­
sion was found in all mammary adenocarcinomas of females from all three 
Wap-myc lines and was maintained even after transplanting the tumors into 
virgin nude mice. This suggests that Wap-myc induced transformation results 
in the escape of milk protein genes from their regulation physiologically 
exerted by the lactogenic hormones. The abrogation of the milk protein genes 
from the hormonal control was not observed in the tumors of the Wap-ras 
bearing female 58 and supports the different action of ras and myc in 
mammary epithelial cells. In contrast to ras, Wap-myc expression may be able 
to overcome the hormonal control of the mammary epithelial cells. Targeting 
myc expression to the lymphatic compartement of transgenic mice [83] 
revealed that the transgene expression favored proliferation over maturation 
of the pre-B cells [84]. From this population lymphomas of monoclonal origin 
arose. Similarly, myc expression in differentiating mammary epithelial cells 
may, at least in some cells, result in a block of differentiation endowing the 
cells with proliferative capacities and the ability to produce differentiation 
specific products. The inhibition of terminal differentiation uncouples them 
from the normal control ultimately leading to their involution. The tumors 
might arise from the cells persisting after lactation. 

The main difference between the effects of the ras and the myc oncogene 
observed in transgenic mice are emphasized by the different ability to inter­
fere with the strict hormonal control of the mammary epithelium. By crossing 
Wap-ras and Wap-myc mice we established a supertransgenic line bearing 
both, the ras and the myc oncogene. This line will allow us to investigate if the 
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two different mechanisms of oncogene action are able to cooperate in trans­
formation of mammary epithelial cells in vivo. The tumor incidence will 
reveal if after abrogated from the hormonal control by myc, the ras oncogene 
exerts its transforming potential on this particular cell type. 

6. Conclusions 

The activation of oncogenes as a trigger for tumorigenesis has been a fruitful 
concept and has contributed important new experimental procedures to the 
study of cancer [16]. A number of fundamental questions are under inves­
tigation in many laboratories: 1) Are there consistently involved oncogenes 
which are responsible for a particular type of tumor; 2) Are there cooperative 
modes of action of mutations in different genes; 3) Are oncogenes interfering 
with growth and differentiation in ways other than transformation; 4) Can 
oncogenes or their functions be utilized in diagnosis and treatment of cancer? 
Although many of these questions are far from being answered, interesting 
new leads are being pursued. The study of breast cancer has provided insights 
into the complexity of the oncogene interactions and a few conclusions can be 
drawn. 

Oncogene expression studies in breast tumor tissues or functional onco­
gene assays using genomic DNA have shown that different oncogenes can be 
involved in the disease. Members of the ras gene family, the c-myc oncogene, 
the EGF receptor gene [85] and the c-erhB-2 oncogene have been found. 
Considering the different cellular localizations of the oncoproteins encoded 
by these genes and the different subcellular localizations, it is likely that 
different mechanisms of transformation must be involved. Not only the acti­
vation of the oncogenes but also their expression levels contribute to the 
transformed phenotype. Transformation parameters can be observed in vitro 
and they are proportional to the concentration of certain oncoproteins. We 
could furthermore observe that oncogenes can cause effects short of transfor­
mation. They can influence the growth parameters and the hormonal respon­
siveness of mammary epithelial cells in vitro and in vivo. The effects are 
specific and different for individual oncogenes. 

The different effects of oncogenes on different cell types brings us back to 
the complexity of the mammary epithelium. Cell-cell, cell-substratum and 
cell-hormone interactions all contribute to the function of the gland. It is con­
ceivable that these networks of interactions are influenced at very different 
points. Oncogene transformation could interfere with, for instance, the syn­
thesis of growth factors [86], the synthesis of the basement membrane or the 
hormonal responsiveness of epithelial cells. Cells might be blocked at dif­
ferent stages of differentiation, or sUbpopulations of proliferating cells might 
be expanded and become susceptible to transformation. The usefulness for 
diagnostic and therapeutical purposes will very much depend on insights 
gained into the function of the oncoproteins. Important leads can be expec-
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ted, especially from proteins located on the cell surface and accessible to ex­
ternally administered drugs [87]. 
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5. Epidermal growth factor receptors 
in human breast cancer 

Adrian L. Harris, and Stewart Nicholson 

1. Isolation of Epidermal Growth Factor (EGF) 

Epidermal Growth Factor (EGF) is a small (6045 Dalton) protein that stim­
ulates cell proliferation in both cell culture systems and in intact animals. 
EGF was first isolated from the submaxillary gland of the mouse by Cohen in 
1962 [1]. Extracts of the gland when injected into newborn animals induced 
precocious eyelid opening and incisor eruption. At the time, Cohen was 
involved in research on Nerve Growth Factor but realized the potential im­
portance of a substance with such profound biological effects. The biological 
response to injection of extracts of the submaxillary gland was due to a stim­
ulation of epidermal growth and keratinization. The factor responsible 
for these effects was named Epidermal Growth Factor. The mouse EGF 
molecule contains 53 amino acid residues [2] and has disulphide bonds 
between cysteine residues 5 and 20, 14 and 31, 33 and 42, producing three 
disulphide loops in the secondary structure [3]. Mouse EGF is produced 
from a much larger precursor molecular of 130,000 Daltons [4]. In the mid 
1970s, EGF was detected [5] and isolated from human urine [6]. In 1975 
Gregory demonstrated that human EGF was equivalent to urogastrone, a 
hormone capable of inhibiting gastric acid secretion. Mouse EGF and uro­
gastrone (Uro-EGF) share a 70% homology but are antigenically distinct as 
shown by radioimmunoassay [7]. They are, however, interchangeable in 
radio ligand assays and growth stimulatory experiments. Several reviews are 
available which detail the various biological and chemical aspects of EGF 
[8, 9]. 

2. Distribution of EGF in human tissues 

EGF is found in human tissues, including Brunner's glands of the duodenum, 
the anterior pituitary, certain cells in the bone marrow, the skin and its 
appendages, the kidney and male genital tract and it is secreted in milk 
[10-13]. Large quantities of EGF are found in human urine and are probably 
the result of secretion by renal tubular cells. A 4,700 nucleotide sequence 

M. E. Lippman and R. B. Dickson (eds.). Breast Cancer: Cellular and Molecular Biology. ISBN 978-1-4612-8975-3 

© 1988 Kluwer Academic Publishers, BostonlDordrechtl London. All rights reserved. 



94 

messenger RNA has been found in kidney which codes for a large molecular 
weight precursor of EGF-prepro-EGF [14]. Prepro-EGF consists of around 
1,200 amino acids and part of it is similar to the EGF receptor. It is possible 
that prepro-EGF is the source of urinary EGF that is released by a pro­
cessing enzyme on the plasma membrane of the renal tubular cell [15]. 

Recent studies have also shown a high concentration of EGF in human 
prostatic secretion (up to 280 ng/ml) [16]. However, EGF was not identified 
in prostatic tissue and the authors proposed that the prostate-like the breast 
-concentrates EGF from serum. Significantly lower concentrations of EGF 
were found in the prostatic secretion of patients with benign hyperplasia 
than in controls. The concentration of EGF in urine is about 30 ng/ml and be­
tween 50 !!g to 60 !!g of EGF are excreted in the urine daily [17]. The con­
centration in milk is between 20 ng/ml-90 ng/ml and in saliva between 2 ng/ml 
to 17 ng/m!. Serum concentrations of EGF are between 130 pg/ml and 160 
pglml but it is not clear if these increase during pregnancy or lactation [18, 
19]. 

3. Effects of EGF 

The first demonstration of the effect of EGF on epithelial cell proliferation 
was made using fragments of skin derived from chick embryos in an organ 
culture system [20]. Subsequently, the mitogenic effects of EGF have been 
demonstrated in a wide variety of cell types, both in culture and in vivo. EGF 
enhances a cascade of cellular events including: stimulation of amino acid 
transport, enhanced turnover of phosphatidyl inositol, extensive ruffling of 
the plasma membrane, enhanced bulk endocytosis, activation of glycolysis, 
induction of ornithine decarboxylase, activation of RNA and protein syn­
thesis, activation of synthesis of extracellular macromolecules and initiation 
of DNA synthesis and cell replication [9, 21]. 

The physiological role of EGF has not yet been clarified. In addition to its 
effects on the newborn mouse, it induces maturation of the foetal lung [22] 
and may playa role in the normal regeneration of the epithelial surfaces of 
the gut and urinary tract. For instance, EGF given intravenously to an infant 
with microvillous atrophy was recently reported to result in increaed crypt cell 
proliferation [23]. 

4. EGF receptors 

The biological effects of EGF are mediated through high affinity binding to 
specific cell membrane receptors. The receptor is an integral membrane pro­
tein of 170,000 daltons [24]. It is a glycoprotein having approximately 130,000 
daltons of protein and a considerable amount of N-linked carbohydrate. Re-
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cently a high degree of homology has been shown to sequences of the V -erb B 
transforming protein of the avian erythroblastosis virus [25]. Comparison 
with v-erb B structure suggests that the EGF receptor has a cytoplasmic 
domain of approximately 60,000 daltons (542 amino acids), a short trans­
membrane sequence, and a large external domain of 100,000 daltons (621 
amino acids) that is not present in the v-erb B protein. The EGF receptor has 
no subunit structure and the binding site for EGF on the extracellular portion 
and an EGF-activated tyrosine kinase activity on the intracellular (cytoplas­
mic) portion are located in separate domains of a single polypeptide chain 
[24, 26]. 

The EGF receptor gene has been mapped to human chromosome 7 in the 
p13-pll region [27]. Chromosome analysis of A431 epidermoid carcinoma 
cells, which possess a very high number of EGF receptors, and are hence an 
extremely useful tool in EGF receptor research, has shown that these cells 
contain two copies of chromosome 7 [28]. 

Another oncogene (neu) has been identified in rat glioblastoma and a 
gastric carcinoma cell line which is closely related in amino acid sequence to c­
erb-B and the EGF receptor but which does not cross-react with antibodies 
raised against the EGF receptor [29]. It has been proposed that this oncogene 
protein is the receptor for an as yet unidentified growth factor. It has been 
shown to be amplified in approximately 40% of patients with breast cancer 
and positive lymph nodes [30]. 

5. Tyrosine kinases 

Binding of EGF to the external domain of the receptor initiates the tyrosinase 
specific protein kinase activity intrinsic to the cytoplasmic domain. This 
reaction requires energy in the form of A TP [21]. Several lines of evidence 
point to the protein kinase activity being intrinsic to the receptor [26]. EGF 
stimulated protein phorphorylation at tyrosine residues leads to autophos­
phorylation of the receptor as well as acting on exogenous substrates [31]. 
The EGF receptor, and in particular its internal domain, is related to certain 
transforming proteins both in structure and function. The cytoplasmic domain 
shares 95% homology with the erb-B transforming protein of avian erythro­
blastosis virus [25, 32]. Of all transforming proteins known, 30% have tyro­
sine kinase activity (src, yes, fps, fes, fos, abl, fgs) [33, 34]. Phosphotyrosine 
represents usually less than 0.03% of the total phosphoaminoacids in the non­
transformed cell but increases approximately 30-fold in transformed cells 
[35]. This property is also shared with other receptors for growth promoting 
factors such as PDGF, insulin and somatomedin C [33]. 

The EGF receptor and pp60 src, the oncogene of the Rous sarcoma virus, 
phosphorylate a Mr 36,000 normal cellular protein at the same site [36]. They 
may stimulate cell growth through the same pathway. One substrate has re­
cently been described for the EGF receptor. Cohen has described in A43l 
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cells a 35,000d soluble protein which, in the presence of calcium, is phos­
phorylated on tyrosine residues when EGF binds to its receptor. Large 
amounts of this protein have been found in lung and placenta and it is homo­
logous to lipocortin [37-39]. 

6. Receptor clustering and second messengers within the cell 

Following the interaction of EGF and its receptor, growth factor-receptor 
complexes are formed and internalized (down-regulation) [40]. This is a 
complex process beginning with the clustering of growth factor-receptor com­
plexes in indentations of the plasma membrane followed by endocytic inter­
nalisation, followed by rapid degradation within lysosomes. EGF has a 
marked effect on the rate of degradation of its receptor. With diploid human 
fibroblasts, the half life of the receptor has been shown to be approximately 
10 hours in the absence of EGF but when EGF is added to the medium, the 
half life was reduced to about one hour [41]. Similar experiments using A431 
cells revealed a reduction in half life from 20 to 7 hours [42]. The internalised 
EGFr remains capable of tyrosine phosphorylation and may be able to in­
teract at sites on the nuclear scaffold [43] and cytoskeletal elements [44]. 

Binding of PDGF has been found to activate phosphoinositidase C which 
hydrolyzes phosphoinositol-4,5-biphosphate to D-inositol-1,4,5-tris-phos­
phate and 1,2-diacylglycerol [45]. The former leads to release of calcium ions 
stored in the endoplasmic reticulum-a process which also occurs in cells ex­
pressing activated oncogenes [46]. The latter activates protein kinase C. In­
creases in intracellular calcium occurring after exposure to other growth 
factors may not be mediated by this mechanism, however. It has been shown 
recently that, after exposure to EGF, the increase in intracellular calcium is 
due to opening of a voltage-independent calcium channel in the cell mem­
brane [47]. EGF can increase phospho inositol triphosphate levels in A431 
cells, but this does not occur in most cell types stimulated by EGF. 

Protein kinase C (PKC) phosphorylates proteins mainly on serine and 
threonine residues. The stimulation of PKC by phorbol esters results in the 
phosphorylation of the EGF receptor on serine and threonine residues and 
decreases the affinity for EGF [48, 49]. This provides a mechanism by which 
one growth factor can modulate the activity of another. These modulations of 
EGFr number or affinity show the problem of trying to interpret the signi­
ficance of a given level of expression in any particular tumour. 

7. Transforming growth factors 

Transforming growth factors are polypeptide hormones capable of inducing 
anchorage-independent growth of nontransformed cells in vitro [50]. There 
are two major subgroups of transforming growth factor, the TGF-alpha (or 
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TGF-1) and B TGF [51]. TGF-a binds to the EGFr. Mary transformed cells 
produce TGF-alpha and this has been shown to interact with EGF receptors 
in radioreceptor assays and bears considerable sequence homology of EGF 
[52]. The TGF alpha polypeptide contains 50 amino acid residues compared 
with the 53 of EGF, with homologies to either mouse or human EGF at 19 
positions (approx. 40%). Homologies are most preserved in the relative posi­
tioning of the 6 cysteine residues that form disulphide bonds and within the 
first disulphide loop, resides 6-20 of the mouse EGF structure, where homol­
ogy is approximately 60%, TGF-alpha is more homologous to EGF than any 
of the several EGF-like peptides in the large EGF gene [53, 54]. TGF-alpha 
mimics most, if not all, of the actions of EGF including receptor autophos­
phorylation, receptor down-regulation, stimulation of cell growth, and pro­
motion of precocious tooth eruption and eyelid opening [55-61]. 

8. EGF effects in normal breast 

In recent years, there has been much interest in the possible role of EGF in 
breast cancer. This interest dates back to some observations in animals. EGF 
has been shown to promote both normal and malignant mammary growth in 
rodents [62]. EGF stimulates proliferation of mouse mammary epithelial cells 
[63-66], and is necessary for lobulo-alveolar development of mouse mam­
mary gland in organ culture [64]. Recent studies also indicate that EGF 
plays a physiological role in the development of the mouse mammary gland 
during pregnancy [67]. Certain strains of mice, such as C3H, have a high in­
cidence of mammary tumors and development of these is related to a virus 
which is transmitted to the suckling infants in the milk [68, 69]. In the mouse, 
the only important site of EGF production is in the submandibular salivary 
gland as shown by Cohen's early work. Surgical removal of this gland in these 
C3H mice before the age of 22 weeks almost abolished spontaneous tumori­
genesis, but if the sialoadenectomized animals were subsequently given EGF, 
spontaneous tumorigenesis was restored [70]. 

9. EGF and EGF receptors in human breast cancer cell lines 

EGF is known to stimulate proliferation of human breast cancer cells in 
culture [71-73]. In human breast cancer cell lines there is a reciprocal re­
lationship of EGFr to oestrogen receptors (ER). The ER-positive cell lines 
have lower EGFr concentrations than ER-negative lines. However, EGF 
stimulates the growth of those with the lowest number of EGFr [74]. The 
affinity of the receptors for EGF is higher in the ER-positive cell lines [75]. It 
has therefore been suggested that there is an interaction between protein 
kinase C and the EGFr in the lines expressing the highest amounts of recep­
tor, such that there is a decrease in affinity for EGF. It is possible that 
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another growth factor is interacting with protein kinase C, modulating EGFr 
[76]. 

This demonstrates the problem of interpreting EGFr on tumors in vivo, 
since expression of the receptor does not necessarily correlate with response 
to EGF or growth factor-a. 

Recent work by Lippman's group [77] has shown that oestrogen-stimulated 
growth is mediated via autocrine secretion of TGF-a and points to the impor­
tance of EGFr for response to steroid hormone therapy. Progestins can also 
regulate EGFr expression and increase EGFr 2-3-fold in the T47D cell lines 
[78]. Conversely, phosphorylation of the progesterone receptor may occur as 
a result of binding of EGF [78, 79]. EGF caused a decrease in amount of pro­
gesterone binding to its receptor in the breast cancer cell line T47D. In vivo, 
oestrogens stimulate an increase in EGFr on uterine membranes in rats [80]. 
There are therefore complex interactions between steroids and EGFr in 
vitro which are relevant to interpretation of EGFr measurements in human 
tumors. 

10. EGF receptor in human breast cancer 

The study of the EGF receptor in human breast cancer has been of major 
interest. The most widely used method of receptor identification has been a 
radio ligand assay in which 125I-labelled EGF is incubated with membranes 
prepared from both primary and metastatic tumors alone and in the pre­
sence of a large excess of unlabelled EGF, the difference in binding under 
these two conditions representing specific binding [81]. Minor differences in 
methodology exist between the groups who have published in this field but 
some important and consistent observations can be made. High affinity 
binding specific for EGF is present on between 30-50% of primary breast 
tumors [82-84], with levels of between 1-120 fmol/mg receptor protein 
deduced usually by Scatchard analysis of binding data. 

However, there is no general agreement of a clinically significant level. The 
three original publications all analyzed oestrogen receptor levels by the 
dextran-coated charcoal method, and one group also analysed progesterone 
receptor levels [84]. Two groups arbitrarily chose a cut-off point of 1 fmol/mg 
membrane protein [83, 84] but in our department a higher level was used [82]. 

11. Measurement ofEGF receptor in human breast cancer 

Freshly collected tumor is stored in blocks of 0.5 x 0.5 x 1 cm in cold 
sucrose/glycerol buffer medium and stored at -20°C [85]. The tumor mem­
branes are prepared by homogenization in 10 mM Tris HCl/50 mM NaCl, 
pH 7.4, and then centrifugation at 800 g. The supernatant is then centrifuged 
at 100,000 g for 35 minutes and the membrane pellet can be stored at -70°e. 
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Figure 1. Association time course for r l20 EGF binding to primary breast cancer membranes. 

EGF is labelled by the iodogen method to a specific activity of approx. 
80-130 !1Ci/ug. 

In ligand binding assays, lOO-fold excess EGF is used to determine non­
specific binding. Time-course studies showed equilibration with binding sites 
by 60 minutes at 26°C (Figure 1). Scatchard analyses were carried out in 2 
ways. Firstly, a fixed concentration of 0.3 nM EGF was used and increasing 
concentrations of unlabelled EGF. Alternatively, increasing concentrations 

. of labelled EGF can be used. A direct comparison of the methods on the 
same tumors shows that the second method is better for defining more pre­
cisely the affinity of high affinity sites, but both give similar results for 
receptor density of the high affinity sites (Figures 2, 3). 

In contrast to other studies, we find the majority of tumors exhibiting high 
affinity sites have curvilinear rather than straight line Scatchard plots. Occa­
sionally some tumors show only one site, but the biological significance of this 
is not clear (Figure 4). 

In our earlier series, we used the method with increasing unlabelled EGF, 
but now use the second method. There is no difference in distribution of total 
amount of specifically bound EGF but the Kd range is lower (0.17 -1.0 nM v. 
0.6-2.9 nM). The displacement method can yield a direct estimate of Kd by 
the concentration of unlabelled EGF required to displace the labelled EGF 
by 50%. However, this will be a combination of both high and low affinity 
sites, leading to a slightly lower estimate of affinity. We have used the amount 
of receptor for comparative purposes and this does not differ with the 2 
methods. 

In an initial screen of a tumor, we carry out a 2 point assay in triplicate. 
Initially this used 0.6 nM labelled EGF, in order to identify particularly the 
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Figure 2. Scatchard analysis of EGF binding to primary breast cancer membranes using 
increasing concentrations of unlabelled EGF. 
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Figure 3. Scatchard analysis of EGF hinding to primary hreast cancer memhrances using 
increasing concentrations of labelled EGF. 

high affinity site. More recently, this has been increased to 1 nM to increase 
the sensitivity of the assay. 

The criteria used for the interpretation of these assays is crucial. At a 1251 
EGF concentration of 1 nM in a volume of 400 fll and a protein concentra-
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Figure 4. Scatchard analysis of EGF binding to primary breast cancer membranes: only one class 
of binding site is detectable. 

tion of 100 [tg, specific binding of 0.2S% represents a receptor concentration 
of 10 fm/mg membrane protein. In addition to this criterion of positivity, we 
apply a simple statistical test to the result. An unpaired T test between the 
three figures for total binding and the three for nonspecific binding is per­
formed and if the difference reaches the 9S% confidence limit (p < O.OS), and 
specific binding is> 0.2S% (equivalent to 10 fm/mg), then the tumor is con­
sidered positive for EGFr. This is based on the reliability of counting with the 
specific activity of EGF we use routinely. 

12. Normal human tissue distribution of EGF receptor 

Using immunohistological techniques and a monoclonal antibody to the 
EGFr, Gusterson et ai. [86] surveyed the localization of EGFr. It was present 
in a wide range of tissues. EGFr were detected on the undifferentiated basal 
cells of stratified epithelia and other proliferating cells of adnexial struc­
tures. Levels were also detectable on non-proliferating cells and the ducts of 
bronchial glands, hepatocytes, bile ducts, and breast ducts. Therefore EGFr 
in normal tissues are not necessarily a marker for growth and they may have 
many other physiological effects in differentiated cells. Real et al. [87] also 
found wide distribution of EGFr with different antibodies, including epithel­
ium and glands in the oesophagus, stomach, small bowel and large bowel. 
Alveoli, smooth muscle, endothelium and nerve fibres were positive for 
EGFr. If any selective targeting to tumors via EGFr is planned, it is essential 
that the tumor express EGFr to a much higher level than these normal tissues. 
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13. Relationship of EGFr to estrogen receptor 

In our studies, we measured "nuclear" and "cytoplasmic" receptor in all 
primary tumors [82]. Although it is clear that ER is nuclear in location, there 
is a more easily extractable component, the "cytoplasmic receptor". In analy­
ses we included tumors with either type of ER positivity as ER positive. 

EGF receptor was detected in the range of 10-187 fmol/mg membrane 
protein. Two binding sites were identified by Scatchard analysis, the higher 
affinity having a Kd range of 0.17 - 2. 9 nM. Steady state binding was reached 
in 1 hour at 26°C and was similar to that observed at 37°C. In 228 primary 
tumors, there was a striking inverse correlation of EGFr with ER (Table 1) 
(p < 0.0001). For the purposes of statistical analysis, EGF binding < 10 fmoll 
mg membrane proteins was considered to be EGFr negative and ER binding 
< 5 fmollmg cytosol protein was ER negative. The ER negative tumors can 
thus be split into two groups, those which are EGFr +ve and those which are 
EGFr -ve. 

The ligand binding results were compared with semiquantitative grading 
of EGFr by immunohistochemistry and there was a significant correlation 
(Table 2) [82]. EGFr measured by ligand binding is more sensitive than im­
munochemistry, accounting for EGFr +ve tumors that are negative in histo­
chemistry. These results suggest that endogenous ligands are not interfering 
with the EGFr assay, since EGFR I, antibody reacts with a peptide external 
domain of the EGFr and does not interfere with the binding site for EGF [88]. 

Failure to demonstrate EGFr on the majority of ER positive tumors con­
trasts with in vitro work on the MCF7 (ER positive) human breast cancer cell 
line. They express a low level of EGFr, are stimulated to grow by EGF and 
produce TGF alpha [89]. It is possible that low levels of EGFr in vivo in ER 
positive tumors are further down-regulated by TGF alpha and hence not de­
tectable by ligand binding studies. There is, however, a good correlation of 
immunohistochemical demonstration of EGFr with ligand binding so high 
surface levels of EGFr occupied by locally secreted TGF alpha would not 
account for the EGFr negative tumors. 

Autophosphorylation of EGFr and immunoprecipitation of labelled recep­
tor appears to be more sensitive than ligand binding (results in preparation) 

Table 1. EGFr in primary breast carcinoma 

ER + 

+ 

12 
68 

80 

EGFr 

86 
62 

148 

98 
130 

228 



Table 2. Relation between immunohistochemical and radioligand epidermal growth factor 
receptor assays 

Radioligand 
assay 

EGFr 

+ 

+ 

21 
2 

23 

Specificity of immunochemistry 91 %. 
Sensitivity of immunohistochemistry 81 %. 

Immunohistochemical assay 
EGFr 

5 
20 

25 

103 

Total 

26 
22 

48 

and receptor detected by this method may therefore be present in ER positive 
tumors. Nevertheless, quantitative ligand binding does separate a group of 
patients with poor prognosis (see later). 

14. Correlation of EGF receptors with differentiation, size of tumour and 
lymph nodes 

To correlate EGFr with other prognostic variables, Bloom and Richardson 
grading was carried out on 108 primary tumors (Table 3) [90]. EGFr were cor­
related with poorly differentiated tumors. The inverse correlation of EGFr 
with ER also occurred in regional lymph node metastases, 3 ER +ve meta­
stases were EGFr -ve and 10 EGFr +ve metastases were ER -ve (p < 0.02). 
No EGFr +ve metastases arose from primary tumors that were EGFr -ve. 

There was also a correlation of EGFr with increasing tumor size (Table 4). 
There were more EGFr +ve tumors in patients with involved regional lymph 
nodes (Table 5). To assess serial changes in EGFr status, we are now using 
fluorescence activated cell sorting of needle aspirates stained with EGFR I 
antibody. 

Table 3. Bloom and Richardson grading v. EGF receptor 

EGFr + 

p < 0.002. 

2 
10 

12 

II 

11 
25 

36 

III 

32 
28 

60 

45 
63 

108 
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Table 4. Relation between size of tumor and epidermal growth factor receptor state 

Size (cm) 

<2 2.1-3.5 3.6-5 

Epidermal growth factor receptors: 
Positive 8 22 7 
Negative 21 28 9 

Total 29 50 16 
Ppsitive for epidermal growth factor 

receptors (% ) 28 44 44 

A 2 for logit-linear trend in proportions = 3.97 with 1 df; p = 0.046. 

Table 5. Lymph node status and EGFr status 

Nodes clear 
Nodes involved 

EGFr+ 

8 
25 

15. Are these abnormal EGF receptors? 

>5 

8 
5 

13 

62 

Total 

45 
63 

108 

EGFr-

18 
20 

Both the monoclonal antibody and EGF ligand studies only detect the 
external domain of the receptor, but do not give information on the activity 
of the receptor. Therefore, immunoprecipitation studies were carried out to 
detect autophosphorylation of the EGFr. Membranes were incubated with or 
without 100 nM unlabelled EG F and 32 A TP and the labelled receptor preci­
pitated with EGFR i antibody after solubilization. Autoradiography showed 
that EGFr were functional and that in some cases EGFr undetectable by 
ligand binding or immunochemistry could be detected by enhancement of 
autophosphorylation with EGF. However, for prognostic purposes and cor­
relation with other variables, ligand binding results have been used. 

None of these methods would detect EGFr analogous to erb-B, which 
lacks the external domain and shows much less autophosphorylation than 
EGFr. We therefore used a polyclonal antibody raised to a synthetic peptide 
homologous to a region of the internal EGFr domain (gift of Dr W. Gullick). 
42 primary tumors were studied and the particular immunochemical pattern 
that would show an erb-B-type protein would be negative staining with 
EGFR i but positive staining with the internal antibody. The control for the 
internal antibody consisted of preincubation with the synthetic peptide to 
which it was raised. Only 2 tumors showed this pattern and they were also 
EGFr negative by ligand binding. Unfortunately, there was insufficient mater­
ial, for molecular biological studies-so this remains to be confirmed. How-



105 

ever, it is clear that this is not a common finding in breast cancer «5% of 
cases). 

16. Proportion of EGF receptor positive tumors 

Two other groups have confirmed the reciprocal relationship of EGFr to ER, 
although in the case of Fitzpatrick et al. [84] the results did not reach signi­
ficance. Their EGFr values ranged from 1-121 fmol/mg membrane protein in 
137 tumors. Perez et al. [83] found a range of 1-64 fmol/mg membrane 
protein and a significant inverse relationship in 95 human breast cancers. The 
Kd mean was 3.7 X 10-9 M, and in pooled samples Fitzpatrick et al. found a 
value of 2 nM. Thus a total of 460 breast tumors have been described with 
good agreement of Kd and binding capacity. However, the cut-off point for 
correlating EGFr with other variables is different in each series-for ex­
ample, Fitzpatrick et al. [84] had a background binding of 54% to membrane 
filters used to separate bound from free EGF. They considered specific bind­
ing greater than 15% of total binding minus filter binding to be EGFr +ve. 
They probably estimated tumors to be EGFr +ve which we would not have 
done on statistical grounds. Thus, they found 48% of tumors were positive 
and we found 35% positive. Perez et al. [83] found 42% of tumors positive but 
did not describe how they decided on EGFr +ve status, or what their back­
ground non-specific binding was. 

Since we have shown a highly significant association of EGFr status with 
ER -ve and poorly differentiated tumors, it would appear that our definition 
of EGFr +ve can be justified on the usefulness of the clinical correlation as 
well as the grounds of analysis of counting reliability. 

17. Prognostic significancce ofEGF receptors 

The prognostic significance of EGFr status as defined above has now been 
analyzed on the first 135 patients followed prospectively [91]. As expected, 
there is a slower relapse initially with ER +ve tumours but by three years 
from first diagnosis, the relapse-free survival (RFS) curves come together 
again. Nevertheless, the curves for RFS and overall survival (OS) are both 
significantly different for ER +ve and ER -ve tumors. 

Of particular interest is the result for ER -ve tumours stratified by EGFr 
status (Figure 5). There is a highly significant difference in OS as well as RFS, 
with EGFr +ve patients having a much higher mortality. RFS is 76% vs. 39% 
at 3 years and OS is 82% vs. 41% (Figure 6). The difference between ER 
+ve tumors and ER -ve EGFr -ve tumors is not significant. Thus the early 
separation of survival curves for ER -ve and ER +ve tumors can be accoun­
ted for by the rapid demise of ER -ve EGFr +ve patients, and the coming 
together of the survival curves is related to the better prognosis of ER -ve 
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Figure 5. Recurrence-free survival for EGFr positive and negative tumors stratified by ER 
status. 

EGFr -ve patients. These results provide an explanation for a major con­
troversy in the literature on the effect of ER status on RFS. Studies following 
patients for over 5 years generally do not show a significant effect on RFS, but 
those analyzing at 1-2 years do. An early relapsing, poor prognosis sub­
group would account for these results. We have defined such a subgroup by 
EGFr status. 

There are other known prognostic factors such as tumor size and Bloom 
and Richardson grading, so we analyzed these factors in our patients. There 
was no significant separation of survival (OS or RFS) using these criteria. 
Stratifying for these variables, EGFr +ve tumours always had the worst sur­
vival. Positive lymph node status and ER -ve tumors were associated with 
worse survival, but the EGFr +ve tumors within a subgroup always had worse 
survival than the EGFr -ve tumors. 

The separation of a poor prognostic subgroup in a relatively low number of 
patients followed up for 3 years suggests that EGFr status is a powerful dis­
criminator and could be used for prospective trials of adjuvant therapy. The 
expression of EGFr and poor prognosis suggests that the initial hypothesis 
that tumors expressing higher EGFr could be more responsive to endogenous 
growth factors is correct. This therefore provides new therapeutic options for 
this group of patients. 
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18. The association of EGF receptor and estrogen receptor with membrane­
bound tissue plasminogen activator and urokinase 

To try and relate the expression of EGFr to other biological variables asso­
ciated with aggressive tumor behavior, we investigated plasminogen activa­
tors in the primary tumor membranes. Plasminogen activators (PA) are 
serine protease enzymes which initiate extracellular proteolysis by cleaving 
plasminogen to yield the active protease plasmin. The PAs are involved in 
numerous physiological processes in which proteolysis is featured, such as 
tissue remodelling, regression of breast. There is a large amount of evidence 
that the PAs are also involved in tumor invasion and metastasis [92]. 

Two types of PA are described, namely tissue plasminogen activator 
(PA) and urokinase (uP A). They differ not only in molecular weight and im­
munologically but also in their function and it is known that they are pro­
ducts of separate genes [93]. Tissue plasminogen activator depends upon the 
presence of fibrin to achieve efficient activation of plasminogen and so it is 
considered to be the main PA involved in fibrinolysis. Urokinase has no fibrin 
dependence and it is associated with the regulation of extracellular proteolysis 
[92]. Both types of P A have been identified in cancers. 

The regulation of P A secretion is influenced by hormones in several cancer 
cell lines. Oestradiol stimulates PA secretion in MCF-7 [94], ZR75-1 [95] 
and UCT Br-l [96] breast cancer cell lines and epidermal growth factor 



108 

(EGF) stimulates PA secretion in HeLa [97] and A431 [98] cells. An asso­
ciation between P A activity and ER concentration has been identified in 
human breast tumors [99] but no work so far exists concerning the relation­
ship between EGF receptor and PA activity in human tumors. 

Plasminogen activators are strongly bound to cells, although they are also 
found in solution in many body fluids. The membrane bound form may be of 
more significance than the soluble, since it would block enzyme activity 
around the tumor. Inhibitors do not block bound urokinase. A membrane 
receptor for uP A was described recently which binds uP A to the external sur­
face of the cell in active form [100]. We have demonstrated that this receptor 
is present in breast cancers [101]. 

Because of in vitro evidence of hormonal regulation of different types of 
PA, and because membrane bound PA may be of most biological relevance, 
we have investigated the occurrence of membrane associated PAin 43 breast 
cancers and have studied its relationship to both ER and EGF receptor status. 

The PA assay used fibrin as substrate to ensure that tPA activity was not 
underestimated and antibodies to uP A and tP A were used to quench the 
activity of each P A type so that they could be measured separately. 

Plasminogen activators were measured by the fibrin plate method and the 
two types were distinguished using antibodies to UK and tPA to quench the 
reaction. Membranes were prepared for EGFr assay and PA assays as de­
scribed earlier. The majority of P A activity resided in the membrane frac­
tion, the membrane: cytosol PA activity ranging from 10-300: 1. The total PA 
activity did not differ significantly between ER +ve and ER -ve tumors 
(Figure 7). However, the tP A levels were significantly higher in ER positive 
tumours (Figure 7) and the % of total PA that was UK was lower in ER +ve 
tumors. 

Tumors were divided further into ER + EGFr-, ER - EGFr+ and ER­
EGFr- groups. While there was no significant difference in total PA and UK 
between any group and another, tPA was significantly lower in ER - EGFr+ 
tumors (Table 6). The ER-EGFr- tumors did not differ significantly from 
ER+EGFr- tumors. Therefore ER status alone was not the major deter­
minant of tPA but lack of ER plus the presence of EGFr was associated with 
low tPA levels. 

The membrane bound form of PA appears to be important. Jones et al. 
demonstrated that cell associated P A but not secreted P A was correlated to 
tumorigenicity in osteosarcoma cells. Cell bound PAis not neutralized by 
naturally occurring inhibitors [103] and plasmin production may thereby be 
localized to the vicinity of the cell. 

Urokinase is secreted as a single chain proenzyme which binds to specific 
UK membrane receptors upon release [104]. It can subsequently be activated 
at the receptor. We have demonstrated the presence of uP A receptors in 
breast cancers which link active uP A to the cell membrane through the 
inactive chain [101]. Excess pro-uPA remains in the extracellular fluid in solu­
tion where it may be activated and neutralized. There is little data available 
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Figure 7. Total plasminogen activator, tissue plasminogen activator and urokinase in primary 
breast cancer membranes stratified by ER status. 

Table 6. 

n ER EGFr Total PA 

3 + + 1948 
12 + 2005 
10 + 1034 
18 1030 

Log mean P A actiyity min uP A mg protein -I. 
'p = 0.003. 
tp = 0.0004. 

tPA uPA %uPA 

777 255 7 
1132* 625 49';' 
140' 826 87' 
384 475 55 

concerning the release of tP A from cancer cells and its binding to cell com­
ponents, although tPA is strongly bound to cells and its molecule has homo­
logous regions to those of uP A which mediate binding to its receptor [104, 
105]. 

Although many studies have shown P A to be associated with the plasma 
membrane in cell cultures [92], none have so far examined membrane asso­
ciated PA in human tumors. Ng et al. [106] used a rat mammary adenocar­
cinoma model to show that membrane from lung metastases contained twice 
as much P A activity as membrane from primary growths, although the re­
spective cytosols contained similar activities. They suggested that membrane 
bound PA was greater in cells possessing a tendency to metastasize. 
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Our present results are consistent with the findings of Duffy et al. [99] who 
demonstrated a correlation between tPA and ER. ER negative tumors pos­
sessed lower tPA activity than ER positive tumors. Higher tPA levels in ER 
positive tumors might be expected also, since oestrogens are known to sti­
mulate tPA but not uP A secretion in the cell line MCF-7 [107]. The lack of 
tPA appears to be associated with an aggressive group of tumors and it is 
possible that EGFr have a role in suppressing tP A secretion. Alternatively, 
they may be independent features in the phenotype of these tumors. Thorsen 
postulated that tumor cells arrested in the circulation by microthrombi might 
free themselves if they were able to secrete PA [108]. Since tPA is mostly 
concerned with fibrinolysis, this is one mechanism by which lack of tP A may 
contribute to a more aggressive phenotype. 

19. Relevance ofEGF receptor to Malignant Behavior and Gene 
amplification 

The role of EGFr in malignant behavior almost certainly depends on which 
tumor type is considered and the mechanisms associated with EGFr 
expreSSIOn. 

In tumors where genomic rearrangements or gene amplification for EGFr 
can be demonstrated, it is plausible that EGFr expression is primarily in­
volved in the malignant transformation-i.e. a genetic event. Such tumors 
include several types of squamous carcinoma (e.g. head and neck, lung, 
vulva) [109, 110, 111, 112] and gliomas. These tumors may have greatly in­
creased EGFr expression and also abnormal mRNA transcripts in some 
cases. Human breast cancer EGFr amplification is unusual [30]. 

However, functional expression of the full length cDNA clone for EGFr in 
rodent cell lines does not lead to transformation [113] although this may be 
because of insufficiently elevated expression. It may also be essential for cells 
to secrete TGF-a in an autocrine manner and receptor expression per se may 
not lead to enhanced proliferation. However, in the presence of EGF, the 
human EGF receptor proto-oncogene does transform NIH3T3 cells. 

20. Cooperation between oncogenes and growth factors 

The tumorigenic conversion of primary embryo fibroblasts requires at least 2 
cooperating oncogenes. Transformation of cells by viruses such as Kirsten 
and Moloney murine sarcoma viruses (which carry ras and mas oncogenes) 
causes secretion of growth factors. Stern et al. [115] and Balk et al. [116] in­
vestigated whether certain oncogenes would alter the responsiveness of cells 
to exogenously supplied growth factors. Cells transfected with the myc gene 
become much more sensitive to the effects of EGF on stimulating anchorage 
independent growth. Myc transfected cells did not produce more TGF-a-like 
factors than control cells. 
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In contrast, ras transfected cells secreted growth factors but did not 
respond to exogenous EGF. EGF receptors were barely detectable in the ras 
transfected cells. These results were interpreted as showing downregulation 
of receptors due to autocrine stimulation by the secreted growth factors. 
There was no increase in EGFr in the myc transfected cells, suggesting that 
the myc may amplify the effects of autocrine stimulation. Cooperation 
between myc and ras may therefore occur from growth factor production 
induced by ras and increased responsiveness due to myc. This hypothesis 
provides a key role for normally expressed EGFr in the action of these cyto­
plasmic and nuclear oncogenes. 

21. Relation to tumor stage and differentiation 

Although EGFr is homologous to the erb-B oncogene, we have shown in 
breast cancer that the receptor is essentially normal in ligand binding and 
functional properties, in contrast to erb-B which lacks the external ligand 
binding domain. Also, erb-B leads to erthroleukemia in chickens, whereas 
the EGFr is expressed in epithelial malignancies. 

EGFr was related to tumor stage and differentiation, suggesting that it is 
not a directly acting transforming gene. Our interpretation is therefore that 
concomitant increased expression of EGFr modifies the biological behavior 
but is not per se related to transformation. It is possible that phenotypic selec­
tion occurred so that cells showing marginally more EGFr than others had a 
survival advantage and eventually dominated the tumor, but we did not see 
foci of EGFr positive cells immunochemically. 

Since basal epithelial cells express EGFr (although not to the extent in the 
positive tumors), EGFr expression may just correlate with the stage of dif­
ferentiation at which malignant cells are arrested. However, although there is 
a correlation of EGFr with poor differentiation, well differentiated tumors 
can also show high EGFr expression (see Table 3). 

In the very early stages of carcinoma growth, if EGF receptor expression 
was increased as part of an abnormally activated genetic program, in addition 
to the direct transforming events, then the results we observed may occur. As 
an early event in the life of the carcinoma, there would be relatively little 
heterogeneity in tumor staining. Also EGFr could be expressed at any stage 
of differentiation but it may be more likely to be further activated at stages 
where it was already expressed (i.e. early basal layers of epithelia, less well 
differentiated cells). Interaction with other oncogenes are particularly likely 
to modify behavior. 

22. Amplified EGF receptors 

The differential expression of EGFr on malignant compared with normal 
cells, or the amplification of sensitivity to TGF-a are potential therapeutic 
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targets. Gross increases in EGFr as in squamous cancers and gliomas provide 
targets for monoclonal antibodies and hence the very high number of recep­
tors will be critical for differential toxicity. The internalization of EGFr on 
stimulation by growth factors still occurs in cells with amplified EGFr (e.g. 
A431), hence drugs covalently linked to EGF or TGF-a could be selectively 
concentrated and released intracellularly. 

However, cell lines with very high EGFr expression are not usually stimu­
lated by EGF and can be inhibited by EGF (see earlier section). These types 
of cancer may not be suitable for EGF or TGF-a antagonists, since there are 
much high levels of tyrosine kinase activity independent of growth factor 
stimulation. 

23. Normal EGF receptors 

Although apparently normal EGFr are overexpressed relative to the sur­
rounding normal tissues in some common epithelial cancers, the basal epithel­
iallayers also express EGFr. There is still a larger amount of EGFr in a tumor 
compared with an equal volume of normal epithelial tissue, so selectivity 
could be obtained with antibodies to EGFr or drugs linked to EGF. 

A more attractive approach may be to use peptide antagonists as described 
by Todaro's group [117]. This is particularly so if the tumor has been "sensit­
ized" to EGFr stimulation, as discussed above for the myc oncogene. Then a 
highly selective antiproliferative effect may be obtained. Another approach 
could be to immunize a patient against his own TGF-a if these factors are not 
essential growth factors for normal adult tissue growth. The Na+K+ ATPase 
stimulated by EGF is another potential target for inhibition by analogues of 
amiloride [118]. The EGFr is occupied by dioxin, which provides a possible 
lead compound for simple non-peptide growth factor receptor antagonists 
[119]. 

In normal cell lines, high levels of EGF can be growth inhibitory and in 
sheep EGF inhibits hair growth, allowing wool to be sheared by the hand 
[120]. Therefore high levels of EGF by infusion or subcutaneous release may 
be inhibitory to tumour growth. Alternatively, low doses of EGF to stimulate 
tumor proliferation prior to chemotherapy or radiotherapy could be tried, 
similar to oestrogen priming in breast cancer. 

24. Conclusion 

These results show the importance of applying the fundamental knowledge on 
oncogenes developed from molecular biology to the clinical situation. The 
oncogenes may interact very differently in common human epithelial malig­
nancies-as shown for EGFr. EGFr are of prognostic significance in some 
tumor types and it may therefore be desirable to measure EGFr on primary 
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human tumors routinely. An approach to this would be to use monoclonal 
antibodies that reacted with EGFr in paraffin fixed sections. Since EGFr also 
provide a therapeutic target, measurement of EGFr may become important 
in selecting patients for appropriate therapy. 
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6. Control of human breast cancer by estrogen, growth 
factors, and oncogenes 

Robert 'B. Dickson and Marc E. Lippman 

1. Introduction: the central role of estrogen in endocrine control of 
breast cancer 

Cellular mechanisms of control of cancer proliferation have received con­
siderable attention. In particular, recent studies have provided unifying links 
among growth factors [1], their receptors, and oncogene products. Neoplastic 
growth of leukemia, prostate carcinoma, endometrial carcinoma, and breast 
carcinoma has long been recognized to be under endocrine control by steroid 
hormones. Of particular note are the observations that receptors for estro­
gens, glucocorticoids, vitamin D metabolites, and progestins contain amino 
acid sequences that are highly homologous to the erb A oncogene (Chapter 
by G. Stack, et ai., this volume). 

Breast cancer has been known for many years to be growth stimulated by 
estrogenic hormones and growth inhibited by antiestrogenic compounds in 
about 1/3 of clinical cases of metastatic disease [2]. The proportion of primary 
(nonmetastatic) breast cancers that are hormone dependent is unknown, 
but almost certainly larger. Breast cancer occurs in women who have never 
had functional ovaries with only 1 % of the frequency of that of women with 
intact ovaries. In addition, normal mammary tissue responds to increases in 
estrogens at puberty. Thus, estrogens appear to have a stimulatory role in 
both normal and neoplastic breast epithelium. Estrogenic hormones may 
play multiple roles in neoplastic progression of breast cancer as carcinogens, 
permissive, promotional and tumor growth inducing agents. Though still con­
troversial, several recent studies have shown that cyclical estrogens plus pro­
gestins in the form of oral contraceptives do not significantly enhance the 
risk of breast cancer when taken by adults [3]. Thus, it would appear likely 
that any effect of estrogen on early stages of breast tumorigenesis would occur 
shortly after or prior to puberty. Alternatively, such artificial ovulatory cycles 
may have different consequences from cycles in which hormones are secreted. 
An estrogenic component of neoplastic growth control would appear to be 
a remnant of a normal mechanism of mammary epithelial proliferation 
and differentiation during puberty (and possibly fetal development). While 
estrogens are mitogens for both normal and malignant breast epithelium, the 
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hypothalamus-pituitary axis is indirectly in control of ovarian estrogen secre­
tion by virtue of GnRH and gonadotropin stimulation [4]. In addition, the 
pituitary gland (or other organs) may also secrete other direct or indirect 
acting mitogens [5]. Elsewhere in this volume, R.P. Shiu, et al. summarize 
some recent literature concerning identification of these mitogens. As pointed 
out in the chapters (this volume) on murine model systems, estogen can control 
breast tumor growth by inducing pituitary synthesis and secretion of prolactin. 
Sirbasku has employed the term 'estromedin' for other analogous, but still 
hypothetical, estrogen induced, endocrine acting mitogens [6]. It has also been 
proposed by other investigators that estrogen acts by allowing breast cancers to 
overcome growth inhibitory agents in their environment [7, 8]. These inhi­
bitory compounds could be serum derived, produced by the cancer itself, or 
produced by nearby tissues. This review will, however, concentrate primarily 
on the estrogen-induced biochemical events which are associated with direct 
stimulation of proliferation of human breast cancer cell lines in vitro and in 
vivo. This type of approach in studies of hormonal control of breast cancer 
has proceeded over the past few years in number of laboratories using cell 
lines usually derived from pleural or ascites fluids of patients (Table 1). 
Several such estrogen responsive lines exist including MCF-7, T47D, MDA­
MB-134, ZR-75-1, PMC42 and CAMA-l [9-24], the best characterized of 
these being MCF-7 [9]. MCF-7 has an absolute requirement for estrogenic 
stimulation to form tumors in the athymic (nude) mouse model in vivo [14]. 
Experimental findings obtained using these cell lines must be regarded with 
some circumspection. After years in laboratory culture, subclonings, and 
assorted selective pressures, one can only hope that data derived from these 
cell lines will prove relevant to understanding of tumorigenesis in vivo. 

Initial studies on in vitro hormone responsivity of MCF-7 cells produced 
disparate reports concerning the growth responses to estrogen. We and others 

Table 1. Breast cancer cell lines in common usage 

Cell line 

PMC42 
MCF-7 
ZR-7S-1 
T47D 
CAMA-l 
MDA-MB-134 
Hs578T 

MDA-MB-231 
MDA-MB-468 

SKBR-3 

Estrogen receptor 

+ 
+ 
+ 
+ 
+ 
+ 

Histology/oncogenes 

very well differentiated adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
adenocarcinoma 
carcinosarcoma, activated c-H-ras 

oncogene 
adenocarcinoma, activated c-K-ras 
adenocarcinoma, EGF receptor gene 

amplified (c-erbB) 
adenocarcinoma, c-myc and c-erbB2 

genes amplified 
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succeeded in demonstrating receptors for [9; 10] and direct proliferative 
responses to physiologic doses of 17B-estradiol (Ez) in vitro [10-13,18,21-24] 
and in vivo in the nude mouse [14, 17]. However, a number of groups failed to 
observe such responses [7, 8, 19, 20]. These discrepancies have now been 
largely resolved with a more complete understanding of relevant variables in 
culture conditions. Serum is a rich source of estrogenic compounds, including 
sulfate conjugates, which must be removed to observe effects of exogenous 
estrogen in vitro [11, 12, 19]. Furthermore, it is now known that phenol red, 
commonly present in culture medium as a pH indicator can produce estrogenic 
effects [24]. Finally, growth factors in the cellular environment, particularly 
of the insulin family, can critically govern estrogen responses [19]. 

A well differentiated estrogen responsive breast cancer cell line has been 
recently described: PMC42. Monoclonal antibodies prepared against surface 
antigens of this line cross reacted with intraductal (early stage) breast cancer 
biopsies [25, 26]. At the other end of the spectrum, numerous estrogen 
independent breast cancer lines exist [17] such as the adenocarcinoma MDA­
MB-231 or the carcinosarcoma Hs578T. It should be pointed out that while 
existing cell lines can be rank ordered according to their estrogen receptor 
states, nearly all were derived from metastatic sites in patients and are fully 
malignant in that sense. Thus, controls on metastatic behavior have been 
difficult to address. We will return to considerations of metastasis later in this 
article. 

Throughout this review we will attempt to summarize the literature ad­
dressing the hypothesis that estrogens can directly interact with receptor­
containing breast cancer cells to modulate gene expression and phenotypic 
properties. In addition, we will propose that polypeptide growth factors may 
be common mediators of growth control for both estrogen regulated and 
autonomous breast cancer. By stressing direct effects of estrogens on cancer 
cells in vitro we in no way imply that growth control of tumors in vivo might 
not be a much more complex phenomenon resulting from many more inter­
actions among other cell types, hormones, proteases, and basement membrane 
components. 

2. The estrogen receptor 

In the late 1950's work by Jensen focused attention on high affinity estrogen 
binding components in estrogen target tissues [27]. Initial cell localization 
studies utilizing radio labeled estrogen demonstrated long term retention of 
estrogen by the rodent uterus. The principal binding component, the estrogen 
receptor, has been partially characterized. Many studies have also localized 
the estrogen receptor to neural and many other non-reproductive organs of 
both male and female mammals [reviewed in 28]. The estrogen receptor 
appears to be a necessary mediator of estrogen action, initiating diverse 
developmental and physiological roles in many tissues [29]. 
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Based on subcellular fractionation results, early studies proposed that the 
unoccupied estrogen receptor was located in the cellular cytoplasm. Following 
ligand binding, the receptor affinity for chromatin increased (a process called 
activation or transformation) and a 'translocation' to the nucleus was pro­
posed to occur [30]. However, Zava and McGuire observed 'unoccupied' 
nuclear receptors in MCF-7 breast cancer cells, a finding inconsistent with the 
translocation hypothesis [31]. Although work by Edwards and co-workers 
[32] called into question the existence of unoccupied nuclear receptors in the 
intact cells, this receptor form is now generally accepted based on two other 
lines of evidence. Following characterization of monoclonal antiestrogen 
receptor antibodies, King and Greene reported nuclear immunolocalization 
of the unoccupied estrogen receptor, further suggesting that the nuclear 
translocation model was incorrect [33]. Similar results were obtained by 
Gorski's group using a cell enucleation procedure [34]. Though still contro­
versial, both unoccupied and occupied estrogen receptors are now believed to 
reside largely in the nucleus. The precise nature of the estrogen receptor­
nuclear interaction is unknown. Presumably the receptor interacts both with 
DNA and chromosomal proteins. Nuclear 'acceptor' binding proteins have 
been isolated for the uterine estrogen receptor [35] and other steroid receptors 
[36]. In addition, the estrogen receptor forms a complex with the nuclear 
matrix [37], a chromatin scaffolding structure which may be involved in 
regulation of transcription and replication of DNA [38, 39]. Toft and co­
workers [40] have also recently shown that receptors for estrogen and other 
steroids associate (at least in vitro) with a 90 kDa heat shock protein. This 
heat shock protein also associates with the Rous sarcoma virus transforming 
protein pp60v-src , a plasma membrane protein. The function of the 90 kDa 
protein in receptor function and hormone action is not yet known. 

Chambon and colleagues (see chapter by Stack et at., this volume) have 
recently obtained eDNA clones of the estrogen receptor from MCF-7 cells 
[41]. The mRNA codes for a 66 kDa protein which contains a long 3' un­
translated region (like the glucocorticoid receptor) [42]. The DNA binding 
domain of both the estrogen receptor and the glucocorticoid receptor share a 
strong homology with one of the transforming proteins of avian erythro­
blastosis virus (v-erb A) [41-44]. Recent studies have shown that the cellular 
homologue of v-erb A, known as c-erb A, is a receptor for thyroid hormones 
[45,46]. The complete functional significance of the homology between these 
oncogenes is not yet known; though all are DNA-binding proteins [47]. Fol­
lowing expression in transfected cells or after in vitro translation, the protein 
product of c-erb A eDNA is able to bind E2 with high affinity [41, 48]. The 
in vitro translation experiments, coupled with detailed sequence analysis, 
strongly suggest that the estrogen receptor is not a protein kinase and does 
not require post translational modifications, such as phosphorylation, for 
binding activity. 

A possible role of phosphorylation in the action of the estrogen receptor 
remains to be fully evaluated. Auricchio and co-workers [49, 50] have purified 
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tyrosine kinase and phosphatase activities from calf and rodent uteri and 
demonstrated that the purified estrogen receptor is a substrate. The state of 
tyrosine phosphorylation is associated with the ability of the receptor to bind 
E2 in in vitro assays [51]. These investigators have proposed that a phosphory­
lation-dephosphorylation cycle might exist in intact cells to regulate receptor 
binding and nuclear localization. Another study has reported that cAMP 
decreased and cGMP increased estrogen binding in cytosol fractions of 
endometrial cancer cells [52]. However, this study did not directly evaluate 
receptor phosphorylation. Recent work in our laboratory using intact MCF-7 
cells and estrogen receptor immunoprecipitation following metabolic labeling 
with radioactive phosphate have failed to detect either phosphotyrosine or 
changes in receptor binding following treatment of cells with activators of 
adenyl ate cyclase. However, phorbol ester treatment of MCF-7 cells resulted 
in a reduction of estrogen receptor binding activity and cell proliferation and 
was associated with a loss of Erinducibility of proliferation and progesterone 
receptor [53, 54]. Phosphorylation of the estrogen receptor or an associated 
protein may playa negative modulatory role analogous to phosphorylation of 
receptors for some growth factors [40]. Reported differences among investi­
gations concerning identity, inducibility and function of amino acid phos­
phorylation in the estrogen receptor remain to be resolved. 

3. Biological and biochemical effects of estrogen on in vitro model human 
breast cancer systems 

Estrogen induces a large number of enzymes involved in nucleic acid synthesis 
including DNA polymerase, thymidine and uridine kinases, thymidylate syn­
thetase, carbamyl phosphate synthetase, aspartate transcarbamylase, dihydro­
orotase, and dihydrofolate reductase [20, 56, 57]. Physiologic concentrations 
of E2 stimulate DNA synthesis by both scavenger and de novo biosynthetic 
pathways. For example, estrogen regulates thymidine kinase and dihydro­
folate reductase at the mRNA level [58, 59]. Regulation of thymidine kinase 
mRNA also occurs at the transcriptional level [59]. Though increases in global 
transcription appear to be tightly coupled to estrogen action [60] no study has 
yet identified the most critically regulated gene( s). The existence of 'second 
message' regulatory systems in the growth induction process is also possible 
but has not yet been proven. In MCF-7 cells, Erinduced stimulation of pho­
sphotidyl inositol turnover occurs with an exceptionally long lag time [61]. In 
contrast, in a variety of other model systems, this metabolic effect is quite 
rapid (within minutes as opposed to hours for estrogenic effects) and tightly 
coupled to growth control by proteases and hormones, particularly the poly­
peptide growth factors [62, 63]. Thus, phosphatidyl inositol turnover, with its 
associated stimulation of protein kinase C and Ca++ fluxes [63] could serve as 
a metabolic mediator of mitogenic effects of Erinduced growth factors. 

The progesterone receptor is also induced by estrogen [64]. However, 
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progestins are growth inhibitory for human breast cancer while inducing 
specific protein of 48 kDa [65]. The presence of the progesterone receptor is 
generally coupled to functional growth regulation by estrogens in vivo and in 
vitro. Thus, progesterone receptor content of breast tumors is used in addition 
to the estrogen receptor as a marker for estrogen and antiestrogen respon­
siveness of tumors in clinical therapy [2]. Widespread exceptions do, however, 
exist in vitro in the co expression of these two receptors; for example, in cell 
lines T47D and MD-MB-134 [16, 64] and in vivo in some patients' tumors [2]. 

Both estrogens and anti estrogens alter the cellular synthesis and/or secre­
tion of several other proteins, but their role in growth control is unclear. 
These proteins include various plasminogen activators and collagenolytic 
enzymes [71]. Plasminogen activator (along with other proteases) is thought 
to contribute to tumor progression and growth by allowing the tumor to digest 
and traverse encapsulating basement membrane [66,67]. While this is likely, 
it is conceivable that proteases may serve additional roles such as facilitating 
release of mitogenic growth factors like IGF-I (somatomedin C) from carrier 
proteins, processing inactive precursor growth factors and proteases to active 
species [68] or interacting directly with cellular receptors [69, 70]. In addition, 
several relatively abundant breast cancer cells secrete proteins of 24 kDa [72], 
52 and 160 kDa [73], 37 -39 kDa, 32 kDa [74, 75] and 7 kDa (initially identified 
by detection of an estrogen induced mRNA species termed pS2) [76]. Four 
other mRNA species termed pNR 1-4 [77], and the cytoplasmic enzyme 
LDH [78] are also under estrogen regulation. The 52 kDa glycoprotein, 
one of the major secreted proteins, has cathepsin D-like activity in purified 
form; it is also mitogenic for MCF-7 cells in vitro [79, 80] (see chapter by H. 
Rochefort, this volume). The nature of the 160, 37-39, 32, 24, and 7 kDa 
proteins are unknown at present, but the 160,52, and 7 kDa secreted proteins 
may be disassociated from estrogen and antiestrogen modulation of MCF-7 
cells growth using two MCF-7 clonal variants [81-83]. These three protein 
species are decreased by antiestrogen to the same extent in both MCF-7 and 
L Y2, the latter being a stable anti estrogen resistant variant of MCF-7. In 1-13, 
an MCF-7 clonal variant which is growth arrested by physiologic concentra­
tions of estrogen, the same three proteins are induced to the same extent as in 
MCF-7. These observations suggest that a significant reduction in secretion of 
these proteins has no impact on growth in the case of L Y2, and their induction 
does not affect 1-13. 

Finally, it has been recently demonstrated that estrogen induces the cell 
surface 'receptor' or binding protein for laminin in MCF-7 cells [84]. The 
laminin receptor is thought to mediate attachment of cells to basement 
membrane laminin (66, 67; see chapters by L. Liotta et al. and R. Thompson 
et al., this volume) to contribute to invasiveness by tumor cells, and to pro­
mote colonization of new host tissues. Estrogen treatment of MCF-7 cells 
increases I l25-laminin binding, cell attachment to artificial, laminin-coated 
membranes, and the migration of the same cells across an artificial membrane 
toward a diffusable source of laminin [84]. E2 treatment of MCF-7 cells also 
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induces marked rearrangements of cytoskeletal and adhesion structures [85] 
and alterations in the plasma membrane microvilli as observed by scanning 
electron microscopy [86]. 

In summary, estrogens exert a considerable number of influences in vivo 
which may indirectly alter breast cancer progression [87]. Direct effects of 
estrogens on isolated breast cancer cells are also well established. These effects 
include growth regulation as well as modulation of enzymes and other acti­
vities thought to mediate mitogenic, metastatic and differentiated status. 
Some of these activities are secreted and can be detected as products of the 
normal gland, such as in milk [88, 89; see also chapter by D. Salomon and 
W. Kidwell]. 

4. Antiestrogens 

Among the first anti estrogen compounds utilized were MER 25 and clomi­
phene. The triphenylethylene antiestrogen tamoxifen has subsequently 
become a mainstay of therapy both in advanced disease and stage II disease in 
postmenopausal women. In contrast to cytotoxic chemotherapy agents, anti­
estrogens appear to be cytostatic rather than cytocidal and have a low inci­
dence of significant side effects. Many investigators have noted the close 
correlation between the initial clinical response to anti estrogens and the pre­
sence of the estrogen receptor (and its induced product-the progesterone 
receptor) [90]. Since antiestrogens and their active metabolites have a high 
affinity for the estrogen receptor, the most likely mechanism of anti estrogen 
action appears to be simple antagonism of the growth promoting effects of 
estrogen [91]. However, alternate views involving other microsomal binding 
sites for anti estrogen have been presented [92]. In addition, it has been pro­
posed that anti estrogen can have direct antimitogenic effects mediated through 
the estrogen receptor but independent of estrogen occupancy [93]. It is pos­
sible that an alternative receptor confirmation and/or chromosomal localiza­
tion may mediate such effects. In addition, high doses of anti estrogen inhibit 
both calmodulin and protein kinase C [91, 94] but the physiological relevance 
of these observations is not yet certain. Antiestrogen treatment of estrogen 
dependent breast cancer leads to cell cycle blockade (early G 1) of most of the 
cells in vitro and to reduction in tumor growth in vivo [91, 95-97]. It had been 
initially observed that MCF-7 cells responded in vitro to both estrogens and 
antiestrogens under normal cell culture conditions [10]. These experiments 
were initially interpreted to suggest that antiestrogens could act to arrest 
growth independently of an occupied estrogen receptor complex. However, 
as previously mentioned recent work by Katzenellenbogen and co-workers 
has clearly shown that high concentrations of phenol red present in the culture 
medium of the cells in these studies produced estrogenic effects [18]. Re­
moval of phenol red, whose structure resembles that of certain nonsteroidal 
estrogens, abrogated anti estrogen action on MCF-7 cells and dramatically 
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enhanced the responsiveness of the cells to estrogen induction of cell growth 
and progesterone receptor. At the present time it appears that anti estrogens 
act at physiologic doses primarily by direct antagonism of the initiation of 
signals generated by an agonist occupied receptor. 

The principle clinical limitation to the utility of antiestrogens is the gradual 
resistance which develops in tumors treated with these agents. While in some 
cases, antiestrogen resistant tumors lack the estrogen receptor, it is unlikely 
that loss of the estrogen receptors fully explains the loss of antiestrogen sensi­
tivity during clinical treatment [2, 3]. At least 40% of all breast cancers 
contain the estrogen receptor. Furthermore, a stable clone of MCF-7 cells 
selected stepwise in vitro for antiestrogen resistance (as well as other less 
stable resistant clones-R3 and R27), still contains high levels of the estrogen 
receptor [82]. 

Another limitation to the antineoplastic efficacy of anti estrogens has been 
the partial estrogenic (or agonist) activity characteristic of the compounds in 
clinical use. For instance, studies in the nude mouse model system with 
MCF-7 cells have only achieved modest inhibition of tumor growth with 
tamoxifen [96]. Tamoxifen and some other antiestrogens are weakly stimula­
tory for uterine growth in rodent model systems [91]. However, novel 7a­
alkyl amide derivatives of E2 have been reported as pure anti estrogens and 
are devoid of uterine growth promoting potential in vitro. Such compounds 
might have greater clinical utility than tamoxifen in the suppression of breast 
tumor growth [98, 99]. 

5. Non-estrogenic growth regulatory hormones and breast cancer: antocrine, 
paracrine and endocrine actions 

Many groups have shown growth regulation of MCF-7 cells in monolayer 
culture by a variety of lipid soluble trophic hormones in addition to E2 . These 
include glucocorticoids, iodothyronines, androgens and retinoids [reviewed 
in 100]. MCF-7 cells have receptors but are not growth stimulated by pro­
gesterone or vitamin D [29,65, 100, 101]. Progesterone induces a specific 
protein [65] and can be growth inhibitory in vitro [reviewed in 93]. Additional 
studies have demonstrated receptors for and responses to the polypeptides 
insulin, epidermal growth factor (EGF), insulin-like growth factor-I (IGF-I) 
[29, 101-103] and transforming growth factors a and ~ (TGFa, and TGF~) 
[Reviewed in 104]. Somatostatin is growth inhibitory for breast cancer [105]. 
Finally, receptors and metabolic effects, but little cellular growth response 
has been demonstrated for other hormones, such as prolactin, growth hor­
mone, glucagon and calcitonin [100] (see also chapter by R.P. Shiu, et af., this 
volume). The multiplicity of growth modulatory hormones for in vitro breast 
cancer systems suggests the possibility that many serum borne modulators of 
growth may play important regulatory roles in vivo [106]. Alternatively, or 
additionally, growth factors with a similar spectrum of activities could 
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be elaborated by the breast cancer cells themselves. In the nude (athymic) 
mouse model system E2 is an absolute tumor growth requirement for two 
human cell lines, MCF-7 and T47D, and a growth stimulator for a third cell 
line, ZR-7S-1. [14,96,107]' McGrath and his colleagues have further defined 
this system by showing that E2 need not enter the systemic circulation in nude 
mice to promote MCF-7 tumorigenesis; elevation of local E2 concentration 
was sufficient to promote local but not distant tumor growth [108]. This 
suggests that although estrogens might be required to induce a host of regula­
tory factors required by the tumor, the production and action of such regulated 
factors is probably restricted to the local area of the tumor. 

What are these local, E2 induced events that contribute to tumor growth? 
(as opposed to the 'estromedin' hypothesis noted above) [6]. The mammary 
stroma is likely to provide as yet unidentified contributory factor(s) in vivo 
for full mitogenicity of estrogen [109]. In culture, normal mouse mammary 
epithelial cells require exposure to mammary fibroblasts for estrogen effects 
[110]. Estrogen induction of progesterone receptor requires the presence of 
either glutaraldehyde killed fibroblasts, type I (stromal) collagen, or condi­
tioned medium from fibroblasts. This effect may be mediated by a basement 
membrane or substratum effect of fibroblasts. In contrast, estrogen dependent 
DNA synthesis in normal mammary epithelium occurs only when live fibro­
blasts were in coculture [106]. These observations imply that a labile secreted 
fibroblast material was permissive for estrogen induced growth. Furthermore, 
fibroblasts proliferate in response to combinations of E2 and mammary 
epithelial cells but not to estrogen alone. Taken together, these data provide 
evidence for intimate or paracrine communication between stromal and 
epithelial cells, each requiring the presence of the other for growth in response 
to E2. In embryonic development of the male, androgen treatment of the 
receptor-containing mesenchyme results in necrosis of the epithelium [Ill]. 
Thus, the stromal cells may contribute both negative and positive growth 
modulation of epithelium. A wide range of possible mechanisms exists for 
such communication including secretion of soluble mediators, or basement 
membrane or even exchange of cell surface components. It is possible that 
cancer may represent a partial escape from dependence on a stromal require­
ment or an abnormally strong response to a stromal component (see chapter 
by Salomon and Kidwell, this volume). 

How might mammary epithelium become autonomous from stromal 
controls? Several groups have directed their attention to the possible involve­
ment of tumor epithelial derived, secreted growth factors in growth control of 
breast cancer. It has been observed that initial growth rate of MCF-7 cells in 
vitro is proportional to number of cells plated [112]. While multiple interpre­
tations of these data are possible, one possibility is the production of auto­
stimulatory or autocrine growth factors which would stimulate the growth of 
MCF-7 cells. More direct studies using estrogen-free extracts of conditioned 
medium harvested from MCF-7 cells treated with E2 (CME2) observed that 
CME2 are capable of stimulating increases in both thymidine incorporation 
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and cell proliferation [6, 113, 86]. Continuous subcutaneous infusion of pro­
teins obtained from CME2 into nude mouse also stimulated MCF-7 tumo­
rigenesis in the absence of E2 [114]. Thus, adenocarcinomas of up to 0.5 cm 
diameter appeared at MCF-7 implantation sites within 2 weeks. Tumors in 
CMEz infused animals appeared with 2- to 3-fold greater frequency than in 
CM infused animals. While CME2-supported tumors reached maximum size 
within 2-3 weeks of treatment, but subsequently usually declined in size there­
after, E2-pellet implanted animals had continuously growing tumors. In this 
study, uterine weight was unaffected by CME2 and CME2 activity was de­
creased by treatment with either trypsin, a reducing reagent, or heating to 
56°C for 1 hour. This suggests that tumor growth promoting substance(s) 
in CME2 are likely to be proteins. Thus, following estrogenic stimulation, 
cultured human breast cancer cells release an autocrine, tumor-promoting 
factor( s) which can act both in vitro and in vivo after release of sufficient 
quantities into the general circulation of the athymic mouse. Furthermore, 
autocrine growth factors might be able to act in an endocrine fashion if they 
achieve high enough concentrations in the blood. 

6. Growth factors and transformed phenotype in fibroblast model systems 

What kinds of hormones might act in an autocrine or paracrine fashion? A 
well established system for the study of mediators of growth control has been 
provided by rodent fibroblasts in vitro. Studies were initially carried out in cell 
mono layers on plastic surfaces. Smith, Scher and Todaro, among others, 
identified 'restriction points' in the cell cycle of 'normal' (but immortalized) 
fibroblasts. Various polypeptide growth factors abrogate these restriction 
points, allowing the cell cycle to progress [115]. Platelet derived growth factor 
(PDGF), a 'competence' growth factor, allows cells to pass a restriction point 
in early G,. As PDGF acts to initiate the cell cycle, several genes known as 
protooncogenes are sequentially induced. Among these are c-fos, c-myc, and 
c-ras [reviewed in 116]. EGF (or the related transforming growth factor a, 
TGFa) acts later, while IGF-I (also known as somatomedin C) and other 
hormones still later in G, [Reviewed in 116]. EGF and IGF-I are termed 
'progession growth factors'. Human diploid fibroblasts treated with PDGF, 
EGF, or growth hormone secrete their own IGF-I. Secreted IGF-I is capable 
of self-stimulation to promote mitogenesis. Anti IGF-I antibodies blocked 
growth hormone stimulation of DNA synthesis [117-118]. 

A number of investigators have noted that when fibroblasts and other 
cells are transformed with various tumor viruses, oncogenes, chemicals, or 
radiation, they lose some requirements for exogenous growth factors [116, 
119-121]. Thus, malignant transformation was proposed to result from ectopic 
production of growth factors, abolishing both competence and progression 
restriction points in a cell's own cycle. This may reflect the decreased serum 
requirement of some cancer cells [122, 123]. 
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In an attempt to generate a more cancer-specific growth assay for growth 
factor effects, an 'anchorage independent growth' assay has been developed. 
It had been observed that the ability of some cells to grow in colonies under 
anchorage independent conditions (growth suspended in agar or agarose) was 
correlated with their tumorigenicity or state of malignant 'transformation' 
[124]. At least four growth factor activities have been identified which to­
gether can reversibly induce this transformed phenotype of murine fibroblasts: 
PDGF, EGF (or TGFa), IGF-I (or IGF-II, a different somatome din activity) 
and an additional growth factor, transforming growth factor B (TGFB) (122, 
125, 126). Results from this assay suggest that these growth factors are likely 
to be involved in cancer growth control, but little direct evidence for an in 
vivo role in tumor growth has yet emerged. It should be emphasized that 
conclusions drawn from the murine fibroblast model system may not apply to 
cancers of other tissues or species of origin. 

The principle restriction pointe s), if any, for epithelial cell cycles are un­
known. However, it is now clear that normal human mammary epithelial cells 
require hydrocortisone insulin, EGF, PGE, transferrin, and an undefined 
pituitary component to proliferate in serum free medium [127] (see also 
chapter by M. Stampfer, this volume). In contrast to the fibroblast model, 
TGFB is a growth inhibitor for many types of primary and malignant epithe­
lial cells [128, 129]. Therefore, while some of the same growth factors may 
facilitate traverse of the cell cycle in fibroblasts and epithelial cells, control of 
anchorage independent growth may involve another less well defined growth 
factor(s). A candidate for such a growth factor is provided by the work of 
Halper and Moses [130]. They have identified an adrenal carcinoma cell line 
(SW13) which is extremely sensitive for anchorage independent cloning to a 
mitogen (TG Fe) found in epithelial cancers or cell lines. Basic pituitary FG F 
can also subserve such a function in cloning of SW13 but the epithelial cancer 
derived growth factor does not appear to be chemically related to FGF. 
Notwithstanding the unknown features of cell cycle control in breast cancer, a 
number of studies have begun the analysis of its secreted growth factors with 
representatives of all 5 above mentioned activity classes under investiga­
tion: PDGF, TGFa, IGF-I, TGFB, and an epithelial transformation factor. 
A summary of growth factors commonly found in tumors is presented in 
Table 1. 

7. Transforming growth factor a-an estrogen induced growth stimulator 

Conditioned medium from MCF-7 cells, other breast cancer cell lines, and 
extracts of tumors have been fractionated to facilitate identification of the 
growth factors present. The cell lines secrete stimulatory activity for MCF-7 
and murine 3T3 fibroblast monolayer cultures as well as 'transforming growth 
activity' (TGF) (Table 2) as assessed by stimulation of anchorage indepen­
dent growth of rodent NRK and AKR-2B fibroblasts in soft agar culture [107, 
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112, 131-136]. Breast cancer cells produce a 30 KDa apparent molecular 
weight peak of transforming activity for NRK fibroblasts which has been 
identified. This species also coincides with a peak of MCF-7 autostimulatory 
activity and is the principle species of EGF receptor competing activity [107-
112]. Antisera specific to TGFa. reacts with this species [136]. Thus, this 
activity may be related to TGFa., but it appears to be significantly larger than 
the cloned and sequenced 6 KDa species from transformed rodent fibro­
blasts [137]. It is not yet certain if this protein is related to the 17-19 KDa 
TGFa. precursor protein observed in fibroblasts [138], whether it is modified 
by glycosylation, palmitoylation [139], or if it is the product of alternative 
mRNA splicing. The precursor species is thought to be membrane bound in 
cell lines which express it [138-140]. It cannot be ruled out at present that the 
breast cancer derived TGFa. might be the product of a novel TGFa.-related 
gene. The 30 KDa TGFa.-like species is induced by estrogen treatment of 
MCF-7, T47D, and ZR-75-1 cells ranging from 2-14 fold depending on cell 
type and culture conditions [94, 99]. The expected 4.8 Kb TGFa. mRNA 
species has been detected by Derynck and co-workers in MCF-7 and some 
other human breast cancer cell lines and tumors [137, 141, 142] and by our­
selves in a series of human tumors ranging from low to high estrogen receptor 
levels [135]. No correlation of TGFa. mRNA expression was observed with 
estrogen receptor status; 70% of the adenocarcinomas contained TGFa. 
mRNA. One breast cancer cell line, the estrogen receptor negative, carcino­
sarcinomas Hs578T (143) has been reported to not contain detectable levels of 
TGFa. protein [107] or its mRNA (144). When MCF-7 cells were treated with 
estradiol in vitro TGFa. mRNA was induced in 6 hours (131, 139). Estrogen 
withdrawal of MCF-7 cells grown as estrogen dependent tumors in nude mice 
led to decreased TGFa. mRNA [144]. Similar results have been reported in 
murine breast tumor models (see chapter by Salomon and Kidwell, this vol­
ume). Recent studies using antibodies directed against either TGFa. or its re­
ceptor (the EGF receptor, discussed in a later section) have reported growth 
suppression of MCF-7 cells grown as anchorage independent colonies or as 
estrogen stimulated, high density monolayer cultures [144]. TGFa. is currently 
one of the most likely growth factors to exert a positive autocrine effect in 
breast cancer. It has also been detected as a tumor burden marker in the urine 
of patients and nude mice bearing breast and other tumor [145-148]. Thus 
it may be provide a marker for tumor mass, disease progression, or risk 
of malignancy. Detection of urinary TGFa. has been complicated by the 
presence of very high levels of EGF-related growth factors present even in 
normal control urine. Preliminary evidence has been obtained in our labora­
tory for synthesis of EGF-related activities in some breast cancer cell lines. 
EGF is also found in milk [88, 89] but has not yet been identified in breast 
tumors. One other cell line, a human salivary adenocarcinoma cell line has 
been reported to secrete EGF [149]. 

Is TGFa. a breast tumor-specific growth factor? A number of studies have 
failed to detect TGFa. in untransformed fibroblasts [1, 115, 122, 123] or in 
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normal epithelial tissue biopsies [142], although it is found in embryonic 
tissue [116]. The hypothesis that TGFa is an onco-fetal marker has been 
recently disproven with the discovery that normal bovine anterior pituitary 
cells proliferating in culture produce TGFa [150]. Further, it is also now 
known that normal human mammary epithelial cells rapidly proliferating 
in culture also secrete high quantities of TGFa and produce its expected 
mRNA species (l34). Thus TGFa may contribute to growth control pro­
cesses of normal as well as malignant breast tissue. Alternatively, TGFa 
could act to facilitate adaption of cells to growth in tissue culture. It is possible 
that the response of breast tissue to TGFa or EGF rather than the absolute 
levels of its production might distinguish the cancer from normal in vivo. 
Indeed, MCF-7 cells grown as tumors in nude mice respond to Ez or EGF 
infusions with tumor formation; normal rodent breast tissue in situ does not 
form a tumor [113], though it does proliferate in vitro (see chapter by Oka 
et al., this volume)., Derynck and co-workers have recently found that the 
TGFa gene expressed under an SV 40 promoter in murine fibroblasts can 
act as an oncogene to induce anchorage independent growth in vitro and 
tumor formation in nude mice [151]. Furthermore, EGF under promotion by 
a MoMUL V promoter can also act as an oncogene in fibroblasts to induce 
their tumor formation in nude mice [152]. 

A large body of literature also exists demonstrating that EGF has tumor 
promotional activity [reviewed in 153]. In studies investigating mouse mam­
mary carcingenesis, Oka and coworkers have recently demonstrated a likely 
role of EGF in both mammary tumor onset and subsequent growth support 
[154]. Using a mouse strain highly susceptible to spontaneous mammary 
tumors, removal of the submandibular glands (sialoadenectomy) dramatically 
reduced the incidence of tumor formation and/or the rate of growth of the 
breast tumors allowed to form. The submandibular gland is a source of EGF 
in mammals and reinfusion of EGF into such sialoadenectomized mice re­
turned tumor incidence and growth rate of tumors to their normally high 
level. Thus, TGFa- and EGF-like activities may have endocrine functions 
in tumor onset and support [154]. TGFa and EGF are also thought to be 
produced locally by murine mammary epithelium during ductal develop­
ment (see chapter by Vanderhaar). As the data with MCF-7 cells show, one 
mechanism of tumor progression might involve local production of TGFa. 
Clearly, TGFa- or EGF-like growth factors are likely to be important regu­
lators of mammary tumor progression by a variety of possible mechanisms. 

Both EGF and TGFa can act via the EGF receptor, a ligand inducible 
tyrosine kinase, on both normal and cancerous cell lines [1]. The EGF 
receptor has been detected in human and rodent mammary tumor biopsies 
and malignant cell lines [155-158]. In one breast cancer cell line (MDA-MB-
468) Kudlow and co-workers have observed that EGF induces the biosynthesis 
of its own receptor [158]. The receptor observed in breast cancer cells appears 
to be very similar to the cloned and sequenced human EGF receptor. The 
apparent molecular size is 170 kDa, and the kinase domain is unaltered as 
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determined by SI ribonuclease analysis [156]. However, the state of phos­
phorylation or the tyrosine kinase activity of the receptor and the physiologic 
substrates of the receptor kinase in breast cancer are unknown. A recent 
study has shown that EGF induces phosphorylation of lipocortin (a phos­
pholipase inhibitor) in A431 carcinoma cells [159]. The relevance of this 
effect to other EGF/TGFa. actions remains to be determined. EGF also is 
known to induce trans-acting nuclear factors with appear to regulate tran­
scription of responsive genes [160]. Finally, self-association (dimerization or 
oligomerization) of the EGF receptor can itself activate tyrosine kinase. Self­
association is triggered by EGFITGFa. ligand occupancy and might also be 
the consequence of receptor overexpression on cell surfaces [reviewed 
in 161]. 

Does TGFa. have roles other than for proliferation or transformation in 
cells other than breast epithelium? After secretion by the normal gland into 
milk, TGFa. and EGF act on neonatal development; the best known example 
is in eyelid opening [162]. TGFa. may also have roles in epithelial wound 
healing [163], and angiogenesis [164]. However, such processes are quite 
complex, involving a variety of hormones and other components in addition 
to the TGFa. which stimulate chemotaxis and mitogenesis of several cell 
types [165-172]. In breast cancer, TGFa./EGF may also contribute to 
desmoplasia, the fibrotic, stromal proliferative response surrounding the 
tumor [115, 173] (see also section V) and to hypercalcemia and bone resorp­
tion [174]. Finally, it is also possible that growth factors, such as EGF/TGFa. 
[143], can be immunosuppressive, acting to counter host immune rejection of 
cancer cells. Some of these complexities are outlined in Figure 1. 

8. Insulin-like growth factors 

As mentioned in section 6, somatomedins are required both fQf anchorage 
dependent and independent proliferation of fibroblast model systems. Do 
they also playa role in breast cancer? IGF-I is mitogenic for some breast 
cancer cells in culture [102, 175]. Using radioimmunoassay, we and others 
have also noted that an IGF-I (somatomedin C)-related species is secreted by 
all human breast cancer cells examined to date [175, 176]. After partial puri­
fication from MCF-7 cell conditioned medium this growth factor comigrates 
on gel exclusion chromatography with authentic human serum-derived IGF-I. 
Acid ethanol extraction is required to disrupt a high molecular weight form of 
the growth factor. A complex series of IGF-I-related mRNA species are also 
detected with northern blot analysis using a cDNA probe to authentic IGF-I 
[177]. Similar complex species of IGF-I cross hybridizing mRNA's have been 
previously described for the human fetus [178]. No E2 induction of secreted 
IGF-I-like growth factor is observed in standard culture conditions using 
phenol red-containing medium with MCF-7 cells. Subsequent studies, utilizing 
the more substantially estrogen depleted phenol red-free medium have 

...... 
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revealed a 3-6-fold induction of the IGF-I-like growth factor with E2 , TGFu, 
EGF, or insulin treatment [179,180]. IGF-I-like growth factor secretion is in­
hibited by growth inhibitory antiestrogens (in phenol red-containing medium) 
TGF~, and glucocorticoids. While growth hormone is a strong stimulus for 
IGF-I production by liver, fibroblasts, and other normal tissues it is without 
effect on IGF-I-like growth factor production by MCF-7 breast cancer cells 
[116, 117, 181]. Breast cancer may have a unique hormonal specificity for its 
regulation of IGF-l-Iike growth factor secretion. The production and regula­
tion of IGF-I-like growth factor by normal human breast epithelium has not 
yet been examined. As previously mentioned IGF-I related polypeptides are 
secreted by fibroblasts and smooth muscle and contribute to autocrine growth 
control in these cell types [116, 117]. It remains to be seen whether IGF-I 
produced by breast cancer acts primarily on breast cancer itself in an auto­
stimulatory mode or on surrounding stroma to promote chemotaxis and 
growth [173] (Figure 2). 

IGF-I mitogenesis is thought to be mediated by its receptor, a close homo­
logue of the insulin receptor, though it also weakly binds to the insulin 
receptor. The IGF-I receptor in a variety of cell types consists of a 450 kDa 
complex (2u chains of 130 kDa and 2~ chains of 85 kDa) [1]. The receptor 
has been purified, cloned and sequenced; it is strongly homologous to the 
insulin receptor and it posesses tyrosine kinase activity [1, 182, 183]. Its mech­
anism of action is unclear but IGF-I binding appears to stimulate growth by 
a post transcriptional mechanism [184]. IGF-I also stimulates transcription 
from the promoter of the ribosomal RNA gene in mouse fibroblasts [185], but 
the relevance of this observation for mitogenesis is not yet known. 

The results of site directed mutagenesis studies with the highly homologous 
insulin receptor [186] suggest that IGF-I receptor function might also be 
mediated by activation of the tyrosine kinase activity. IGF-I receptors of the 
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Figure 2. IGF-I is induced by estrogen in hormone responsive breast cancer. It may be 
autostimulatory or have paracrine effects on stroma. Stromal cells in the vincinity of the tumor 
probably also make their own IGF-I under stimulation of other tumor derived hormones. 

expected size have been detected by cross-linking studies on human breast 
cancer cell lines [102]. Research on IGF-I receptors has been somewhat 
hampered by the presence of a secreted, non-receptor binding protein which 
interferes in ligand binding assays [187 -189]. At the present time insufficient 
information is available to fully evaluate the structure, regulation, and func­
tion of breast cancer-derived IGF-I-related proteins and compare them to 
those produced by embryonic and adult tissues [190, 191]. The mechanisms of 
IGF-I induction and its possible biological role(s) in breast cancer are not yet 
known. However, two strongly tumorigenic, estrogen receptor negative 
breast cancer cell lines (MDA-MB-231 and Hs578T) secrete high levels of 
IGF-I and (presumably on this basis) have blunted responsiveness to exo­
genous IGF-I [175]. 

It is possible that an IGF-II-related gene product(s) are produced by 
normal and malignant breast tissue. IGF-I mRNA has been recently reported 
in other human tumors: lung, colon, and liposarcoma [192, 193], IGF-II has 
been observed to be overproduced in Wilms tumor [194]. Somatomedins 
appear to be among the most ubiquitous growth factors, produced by nearly 
all normal tissues [115, 181] and found in the blood [195]. 

9. Transforming growth factor ~ 

Transforming growth factor ~ is a 25 kDa polypeptide (see Table 1) which is 
required (along with other growth factors) for full induction of the trans­
formed phenotype in fibroblasts (section 6). It is also produced autonomously 
in fibroblasts transformed by oncogenes [196]. In contrast to TGFa. and 
many other growth factors TGF~ is growth inhibitory for most epithelial 
cells [128, 129]. We wished, therefore, to ask whether TGF~ might be an 
autocrine inhibitory (chalone [197])-type substance in breast cancer. 
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Breast cancer cells have been shown to contain a TGF~-related activity 
[129, 132, 198]. MCF-7 conditioned medium has been fractionated by gel ex­
clusion chromatography. A major peak of activity binds to TGF~ receptors, 
transforms AKR-2B and NRK fibroblasts, and co migrates with platelet­
derived TGF~ [132]. SDS gel electrophoresis of metabolically labeled, 
immunoprecipitated material confirmed its close similarity. All breast cancer 
cells examined expressed a 2.5 Kb mRNA species, expected based on other 
studies [132, 141, 198]. TGF~ secretion is inhibited by treatment of MCF-7 
cells with mitogens, for example Ez and insulin [132], but growth inhibitory 
antiestrogens and glucocorticoids strongly stimulate its secretion. Intracellular 
TGF~ does not appear to change in concentration following treatment with 
mitogens or growth inhibitors [132]. TGF~ from antiestrogen induced MCF-7 
cells strongly inhibits the growth of an estrogen receptor negative cell line 
MDA-MB-231. This growth inhibitor was reversed in the presence of a poly­
clonal antibody directed against native TGF~ [132]. In addition to a possible 
role as an antiestrogen-induced chalone, it also might be possible that anti­
estrogen induced TGF~ in hormone responsive breast cancer might act to 
expand the growth inhibitory potential of antiestrogens in clinical therapy. 
Breast cancers exist as mixtures of estrogen receptor positive and negative 
tumor cells [199, 200]. Since breast cancers do not necessarily become TGF~ 
unresponsive as they become antiestrogen unresponsive, TGF~ may act in 
such mixed cell populations to make antiestrogen more effective than might 
otherwise be expected based only upon blockade of estrogen action [132]. We 
have observed that in L Y2, an MCF-7 variant stepwise selected for anti­
estrogen resistance, TGF~ is no.longer induced by antiestrogen, but the cells 
still retain the TGF~ response and receptor [132]. The mechanism of TGF~ 
induction in MCF-7 cells is not yet fully defined, but it is not at the steady 
state mRNA level. Among other possibilities it may involve both synthesis of 
protein and conversion of a latent form to an active form of TGF~ [132]. In 
contrast in other systems, [196, 201] there is significant active TGF~ present 
in breast cancer conditioned medium. The biochemical details of the conver­
sion of a secreted inactive to active TGF~ remain to be elucidated. Inactive 
TGF~ may be activated by acidification. A 62 kDa precursor can be cleaved 
by plasmin to yield the 25 kDa mature species [202]. 
TGF~ is proposed to act through a high molecular weight (615 kDa) 

receptor complex, the receptor subunits being two 280 kDa species. In addi­
tion, 65 kDa and 85 kDa binding components have been reported [203]. The 
TGF~ receptor does not appear to 'down regulate' from the cell surface 
following ligand occupancy. It appears to rapidly recycle and not to follow a 
lysosomal degradation pathway taken by tyrosine kinase-encoding receptors 
such as IGF-I, EGF, and PDGF. Presumably, it follows an endocytosis­
recycling pathway (like transferrin) or is rapidly replenished, following endo­
cytosis from a large intracellular store [204, 205]. This receptor has not yet 
been purified, cloned or sequenced, but is reported not to have tyrosine 
kinase activity [1]. In the cow and pig, an alternate gene for TGF~ (known as 
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TGF~2) exists. The gene product forms either a homodimeric complex or 
heterodimeric complex with TGF~, appears to bind to the same 280 kDa 
receptor species as TGF~ but has lower affinity for the 65 kDa and 85 kDa 
receptor species [203]. TGF~ has been reported to induce production of c-sis 
mRNA and its encoded PDGF activity [206], fibronectin, and collagen [207] 
in fibroblasts. Since anchorage independent growth of fibroblasts is also 
induced by fibronectin (in the absence of TGF~) and anti-fibronectin anti­
bodies interrupted TGF~-induced anchorage independent growth of fibro­
blasts, it has been proposed that fibronectin mediates at least some of the 
actions of TGF~ [207]. Thus, a model has been proposed by Massague 
whereby a critical growth factor for anchorage independent growth may act 
by stimulating production of basement membrane. It is conceivable that in 
anchorage independent states, basement membrane synthesis, accumulation, 
or assembly might be rate limiting for cell growth. TGF~ has also been 
reported to modulate the levels of EGF receptor on fibroblast cell surfaces 
[208] and to induce a secreted activity which somehow prolongs the cellular 
ruffling response of fibroblasts to TGF~ [209]. 
TGF~ influences the differentiated state of many cell types, possibly as a 

result of induced basement membrane synthesis. For example, it inhibits 
myogenic differentiation [210, 211], it inhibits hepatocyte growth, and it pre­
vents dedifferentiation of other epithelial cell types [212]. TGF~ is apparently 
part of a larger gene family, including Mullerian inhibiting substance and 
inhibin [213]; members of the gene family have pervasive actions on develop­
ment and metabolism. It is not yet known what effects on differentiation and 
metabolism TGF~ has in breast cancer. High affinity binding sites for TGF~ 
have been reported on responsive (growth inhibited) human breast cancer 
cell lines [129, 132]. 

Finally, like TGFa and IGF-I, TGF~ produced by tumor cells might have 
marked paracrine effects on surrounding tissue (Figure 3). TGF~ may contri­
bute to the marked stromal proliferation and basement membrane deposition 
commonly observed in breast tumors [173]. It also has been reported that 
TGF~ can induce bone resorption [174]. In the context of endothelial regen­
eration, TGF~ inhibits replication of endothelial cells in vitro [214-215]. 
However, Roberts and co-workers have proposed that TGF~ acts in vivo to 
promote fibrosis and angiogenesis [216]. TGF~ might indirectly induce angio­
genesis by stimulating macrophage chemotaxis at the site of the tumor and 
degranulation [165, 196]. 

10. Platelet derived growth factor 

PDGF-like growth factors (Table 1) are produced by a variety of model 
transformed murine fibroblast lines and by some human tumors of diverse 
origins. Some human tumors were derived from PDGF-responsive cell 
types (sarcomas and gliobastomas) while others were derived from PDGF-
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Figure 3. TGF 13 is induced by antiestrogen in hormone responsive breast cancer. It may be 
autoinhibitory and inhibit other antiestrogen unresponsive tumor cells in the vicinity of the 
tumor. Other paracrine effects may include indirect mediation of angiogenesis through 
chemotaxis and degranulation of macrophages, bone resorption, and multiple effects on stromal 
cells. 

unresponsive epithelial, or white blood cell hematopoeitic cell types (hepa­
toma, T Cell leukemia, bladder carcinoma, erythroleukemia). The v-sis 
oncogene is related to PDGF B chain homodimer and can transform PDGF­
receptor-containing cell types. Consequently, PDGF could subserve an auto­
crine role in such tumors. However, this has not been directly proven and the 
PDGF receptor is no longer present (presumably 'downregulated') in such 
tumors. In tumors derived from cell types initially lacking the PDGF receptor, 
PDGF presumably functions in stromal proliferation (desmoplasia) and 
chemotaxis and degranulation of monocytes and neutrophils [Figure 4]. 

Transformation of fibroblastic cells with simian sarcoma virus (SSV) pro­
vides a model system for the function of PDGF in initially responsive cell 
types. In such a system, the PDGF-B chain related protein encoded by the 
virus forms a homodimer and is sometimes secreted by the cell. In such cases, 
antibodies directed against PDGF have been reported to exert antiprolifera­
tive and antitransforming activity [reviewed in 217]. However, in many in­
stances the PDGF is largely cell associated and presumably already bound to 
its receptor. Thus, anti-PDGF antisera have been only partially effective as 
anti-proliproferative reagents [218]. The subcellular origin or fate of PDGF in 
such instances remains to be fully characterized, however, immunoreactive 
PDGF has been observed in the cell nucleus [219] in SSV transformed cells. 

Many breast cancer cell lines which we have examined to date secrete a 
PDGF-related activity detected by anchorage dependent growth stimulation 
of mouse 3T3 fibroblasts in the presence of platelet poor plasma. This is 
known as a 'competency' assay for early mitogenic signals [220]. 28 kDa and 
16 kDa species were observed by immunoprecipitation of metabolically 
labeled MCF-7 and MDA-MB-231 breast cancer cell extracts and medium. 
The 28 kDa species (the unreduced form) was biologically active after elution 
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Figure 4. PDGF is induced by estrogen in hormone responsive breast cancer. Its effects may be 
entirely paracrine to effect chemotaxis and degranulation of monocytes and neutrophils, and 
multiple effects (including IGF-I release) on stromal cells. 

from non-reducing SOS-polyacrilamide gels, and its activity was blocked with 
anti-POGF antiserum. Upon examination of poly A selected mRNA from 
either cell line, transcripts of both POGF A [1] and B [2] chains are observed. 
Estrogen treatment of the estrogen responsive MCF-7 induces mRNA encod­
ing both A and B chain [221]. A and B chain have been recently reported to 
be widely expressed in breast cancer and other cell lines [222-224]. While the 
B chain is homologous to the v-sis oncogene, the A chain is not known to 
have a retroviral oncogene homologue. The A and B chain share substantial 
sequence homology to each other [222]. It is not yet known how A and B 
chains assemble in breast cancer cells. 

POGF acts through a 185 kOa receptor on a variety of mesenchymal cell 
types which encode a ligand inducable tyrosine kinase, similar to that of EGF, 
IGF-I, and insulin [1]. The receptor has been purified, sequenced, and cloned 
but does not appear to be expressed in any human mammary carcinoma cell 
lines [225]. 

POGF is known to mediate proliferation of stromal cells such as fibroblasts 
in vitro and possibly in such physiological and pathological conditions as 
wound healing, vasoconstriction, atherosclerosis, embryonic development, 
myeloproliferative diseases, and desmoplasia [reviewed in 217]. POGF cir­
culates bound to at least one carrier protein, U2 macroglobulin [217]. In model 
fibroblast systems, POGF is known to act (similar to fibroblast growth factor) 
as a 'competency' growth factor [1, 217]. That is, it acts to allow density 
arrested fibroblasts in platelet poor plasma to respond to 'progression' factors 
such as EGF or IGF-1. The presence of both competency and progression 
factors allows fibroblasts to fully traverse G 1 and enter S phase of the cell 
cycle. POGF is known to rapidly induce both the turnover of phosphoti­
dylinositol and the release of prostaglandins PGh and PGE2 [217]. Pro­
staglandins mediate vasodilatory and bone resorption functions [217]. In 
fibroblasts, POGF induces proliferation, collagenase and collagen secretion 
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[217, 220] and induces IGF-I production [117]. IGF-I is autocrine-acting in 
such a system. PDGF induces mitogenic stimulation of mitogenesis in cultured 
human fibroblasts and porcine aortic smooth muscle cells, being largely 
abolished in the presence of anti IGF-I antibodies [117]. 

Such observations make it likely that in breast cancer, estrogen induced 
PDGF (along with other growth factors such as TGFa) act in a paracrine 
manner on fibroblasts and possibly other surrounding tissue. This could result 
in the proliferation of fibroblasts and further enhanced tumor growth by 
released fibroblast mediators such as IGF-I. It is possible that fibroblast-
derived IGF-I might be one of the stromal factors (see section 5) which are 
required in vivo to initiate all the estrogenic effects observed on epithelial 
proliferation (Figure 4). One report already exists which suggests a correla­
tion between PDGF mRNA expression and degree of stromal desmoplasia in 
primary breast cancer [226]. 

11. Other growth factors 

This review has so far presented evidence for the production of autocrine and 
paracrine growth factors by breast cancer. The situation is undoubtedly more 
complex in vivo: for example, it is possible that in vivo growth factors and/or 
E2 act in concert with other systemic mitogens to promote tumor growth. Shiu 
and coworkers have isolated a pituitary derived activity which potentiates the 
mitogenic effects of E2 on MCF-7 cells [227]. One pituitary factor has already 
been identified as IGF-II (see chapter by R.P. Shiu, et al., this volume) [228]. 
In addition, pituitary derived GnRH may also directly interact with breast 
cancer to inhibit its proliferation [5]. The in vivo role of either of these two 
hormones remains to be determined. 

As mentioned in section 1 of this article, there has been a search for 
'estromedins', or systemic mediators of estrogen action in breast cancer [6]. 
However, work by McGrath and others [108-110] has ruled out a major 
importance of non-tumor tissue other than in the immediate vicinity of the 
tumor. Thus, estrogen action in normal and malignant breast is probably 
restricted to direct effects on epithelial cells as well as to complex paracrine 
interactions with the stroma and possibly other local tissue types. However, it 
cannot be ruled out that pituitary-derived or other factors might play impor­
tant permissive or modulatory roles in the tumor environment in vivo. In 
keeping with this possibility, evidence has been presented that growth factors 
(and/or E2) could act to neutralize inhibitory, blood derived or endogenous 
inhibitors of tumor growth [7, 8]. Gaffney and co-workers have found a 
68 KDa growth inhibitor for MCF-7 cells in bovine serum [229]. In addition, 
other investigators have identified but not yet isolated inhibitory activities for 
human breast cancer in fetal bovine and fetal human serum [7, 8]. It is possible 
that while direct effects of breast cancer derived growth stimulators (E2' 
52 KDa protein, TGFa, IGF-I) and growth inhibitors (TGF~, other serum 
derived inhibitor(s)) can be demonstrated in vitro, in vivo growth control 
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may be influenced by a more complex interplay of growth stimulatory and 
inhibitory substances. 

Other workers have focussed on approaches which identify secreted breast 
cancer growth factors which promote deposition of basement membrane 
collagen by stromal cells. Such differentiation-maintaining growth factors 
could be important in growth control of early stage in situ breast cancer (see 
chapter by Salomon and Kidwell, this volume). Two growth factors identified 
so far which subserve this function are TGFa (initially called MDGF-II) and a 
novel, 62 KDa (pI 4.8) growth factor known as MDGF-I [230]. These growth 
factors are found predominantly in more differentiated murine mammary 
carcinomas but have also been identified in human milk and human breast 
tumors. 

Currently unidentified secreted growth factor activities also stimulate neo­
plastic growth. Halper and Moses [231] have established a model system with 
human SW-13 adrenal carcinoma cells in soft agar culture. These cells clone 
poorly unless basic fibroblast growth factor (FGF) or conditioned medium 
from certain epithelial cancers is applied. No other growth factors are known 
to be active. This activity has been only partially ch~racterized from kidney 
but appears to be 40-42 kDa in size [231]. A recent study has begun the 
characterization of a similar activity from human breast cancer cells [232]. 
The estrogen independent, poorly differentiated and tumorigenic lines MDA­
MB-231 and Hs578T produce high levels of the activity, while estrogen re­
ceptor containing lines (MCF-7, ZR-75-1, T47D) produce much lower levels. 
The activity from MDA-MB-231 cells has an acidic isoelectric point, and is 
approximately 60 kDa in size by gel filtration and gel electrophoresis. It has 
been purified to near homogeneity by an acid-ethanol extraction, isoelectric 
focussing, and HPLC sizing. It is not yet clear whether this activity is related 
to MDGF-I [230], or to basic FGF [233]. Future studies may utilize milk as a 
source of activities for anchorage independent growth assays of epithelial cells 
since it is such a rich source of many epithelial mitogens (see chapter by 
Salomon and Kidwell, this volume). 

Finally, we turn to growth factor involvement in breast tumor metastasis. 
A very late event in tumor progression is the metastatic spread of the tumor 
out of its site of initial development to colonize other host areas. As previously 
mentioned, proteases and the laminin receptor might contribute to this pro­
cess (see chapters by Liotta and Thompson et al., this volume). Liotta and co­
workers have also isolated a 55 kDa 'tumor cell autocrine motility factor' 
from a variety of cancer types; this activity may play an additional role in 
tumor invasion of basement membrane and metastasis [234]. Future studies 
using in vivo application of this agent should evaluate this hypothesis. 

12. Role of oncogenes in malignant progression of breast cancer 

Recent studies carried out in rodent systems (see chapters by Ali et at., 
Groner et ai., Hager, Darbre et ai., and Nusse, this volume) have impli-
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cated specific genetic alterations leading to malignant transformation and 
tumor progression. In the murine model (see Table 3), mouse mammary 
tumor virus (MMTV) inserts itself into the genome of susceptible mouse 
strains at specific sites and induces expression of at least 2 cellular genes [235]. 
One of these genes, int-l (in a retroviral vector) can itself cause partial trans­
formation of a mouse mammary epithelial cell line [236]. Another of these 
cellular genes, int-2 is highly homologous to basic FGF [237]. Thus MMTV 
appears to cause transformation by insertional activation (overexpression) of 
cellular protooncogenes. . 

In the NMU carcinogen treated rat model system, activation of the 
oncogene known as Harvey ras (c-H-ras) occurs by a different mechanism: 
point mutation [238]. However, prior estrogen exposure of the mammary 
glands to estrogen at puberty is required for subsequent tumor formation, the 
carcinogen induced tumors being generally estrogen responsive [238]. This 
model points to multiple roles for estrogenic activities beyond direct carcino­
genic effects (see also chapter by M. Stampfer et at.). Thus, estrogens may be 
permissive (required at puberty), promotional (required to indirectly initiate 
tumors along with a direct acting carcinogen), and growth stimulating for 
tumors once they have formed. In the transgenic mouse model, an activated 
c-H-ras oncogene under promotion of a mammary specific DNA sequence 
(the whey acidic protein promoter) was expressed in mammary glands after a 
long latency involving multiple pregnancies, mammary adenocarcinomas in a 
female expressing the Wap-ras construction [239]. Transfcction of an activated 
c-H-ras into a non-tumorigenic but established (immortal) mouse mammary 
line led to the ability to form tumors in nude mice in the absence of estrogen 
supplementation [241]. Transfection of an activated c-H-ras into a tumorigenic 
but non-metastatic mouse mammary carcinoma line led to increased me­
tastasis capacity in syngeneic mice. Increased metastasis was measured by 
both lung colinization ability following intreavenous injection or spontaneous 
metastasis from subcutaneous tumors [240]. Thus, expression of ras muta­
tions can allow malignant progression of tumors to estrogen dependent as 
well as independent and metastatic states. Overexpression of unmutated c-H-

Table 3. Detection of oncogene expression in mammary carcinoma 

Species 

Human 

Rat 
Mouse 

Oncogene 

c-H-ras 
c-erbB (EGF receptor) 
c-erbB-2 (neu) 
c-mye 
c-sre 
activated c-H-ras 
int 1, 2, etc. 

System 

tumor biopsies and cell lines 
ER negative tumor biopsies and cell lines 
tumor biopsies and cell lines 
tumor biopsies and cell lines 
tumor biopsies, ER positive cell lines 
carcinogen treated rats 
MMTV insertional activation of cellular 

genes 
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ras in transfected murine fibroblasts can also lead to malignant transformation 
[242]. In human diploid fibroblasts it has been shown that nuclear micro­
injection of c-H-ras DNA directly induces DNA synthesis [243]. Inducible 
promoter systems have shown that expression of c-N-ras 20-50-fold over 
normal is required for complete transformation; somewhat higher than 
required for ras oncogenes activated by point mutation [243]. Transformation 
of fibroblasts by v-H-ras oncogene induces growth factor secretion in associa­
tion with mitogenesis and transformation [1]. Ras oncogene expression in 
fibroblasts is also associated with increased metastatic behavior of the cells 
[245,246]. In addition, cells transformed with an activated c-H-ras have been 
shown to be more prone to chromosomal rearrangements, suggesting that ras 
itself might be mutagenic and predispose cancer cells to mutations leading to 
more aggressive states of malignancy [247]. The mechanisms of these multiple 
effects of the ras oncogene is beyond the scope of the current article (see 
chapters by Ali, Groner et al. and Liotta et al., this volume); the subject has 
been recently reviewed [116, 248]. 

To summarize, in mouse and rat model systems a case can be made for the 
underlying importance of steroidal hormones, particularly estrogen to allow 
carcinogen induction of tumors and to support the growth of tumors once 
they form. Probably more than one genetic event plus estrogen are minimal 
requirements for tumorigenesis. Ras is the most commonly activated oncogene 
in these rodent systems; activation or overexpression can lead to tumors, 
invasive-metastatic behavior, and chromosomal abberations. 

At the present time, no such unifying statements can be made about 
human breast cancer. Rather, diverse observations of oncogene expression 
[249, 250] suggest a plethora of mechanisms at work in malignant progression 
(Table 3). In only one human breast cancer cell line, Hs578T, has an activated 
c-H-ras oncogene has been observed [251]. In another line, MCF-7, c-N-ras is 
gene amplified [252]. However this potential mechanism appears far from 
universal. NIH-3T3 fibroblasts have been utilized as recipients for DNA 
mediated transfection studies to identify activated oncogenes in human breast 
cancer [reviewed in 248]. This assay has been used extensively to identify 
activated ras oncogenes in other human tumors. Such studies with human 
breast cancer have been largely negative. In fact, one group found no codon 
12 mutations of the c-H-ras or c-K-ras genes respectively in 32 and 64 breast 
tumors [253]. In transfection studies using MCF-7 cells, the only transforming 
activities definitively identified have been unmutated, amplified c-N-ras and 
two oncogenes rearranged to activate as an artifact of the transfection strategy 
[254-257]. In contrast, the most productive lines of investigation, outlined 
below, have concentrated on overexpression of protocellular oncogenes as an 
alternative strategy in understanding states of breast tumor malignancy. Per­
haps future studies using mammary epithelial cells as transfection recipients 
for breast tumor DNA will uncover oncogenes which are not recognized by 
the 3T3 fibroblast assay. 

C-myc codes for one of several related nuclear proteins which have been 
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implicated in neoplasia. The c-myc gene consistently has been shown to 
be altered in Burkitt's lymphoma [258]. C-myc is also expressed normally 
during PDGF induced transitions in the fibroblast cell cycle from G(l to G, 
[259-261]. Recent studies using anti c-myc antibodies have suggested that 
this protooncogene is directly involved in DNA synthesis [262]. The gene for 
glutamate-pyruvate transaminase (GPT) was shown to be linked to a familial 
predisposition to human breast cancer and was known to be located on chro­
mosome 8, the same chromosome as c-myc [263]. Kozbor and Croce examined 
the extent of c-myc amplification in five human breast cancer cell lines: 
SKBR-5, SKBR-3, Cama-l, MCF-7, and BT-20. They found that SKBR-3 
had a c-myc gene amplified 4-8 fold and three of the other cell lines had a 
somewhat elevated level of c-myc expression. The significance of this was not 
established [264]. 

Another human breast cancer cell line, SW 613-S, was found to have 
amplified copies of the c-myc gene both on double minute chromosomes and 
integrated into chromosomes [265]. Passage of the cells as tumors in nude 
mice results in an increase in-myc copy number in the cell line. Since c-myc 
amplification appears to be co-selected with the capacity for the cells to grow 
as tumors in vivo, this experiment suggests a relationship between c-myc 
expression and tumorigenic capacity. A similar inference was made by the 
experiments with transgenic mice carrying a normal mouse c-myc gene under 
the control of the glucocorticoid-responsive murine mammary tumor virus 
(MMTV) long terminal repeat [266]. In these strains of mice carrying addi­
tional copies of the hybrid MMTV Imyc gene in every cell and expressing high 
levels of MTV Imyc mRNA in a number of tissues, the selective formation 
of mammary adenocarcinomas occurrs in females after more than one 
pregnancy. 

A comprehensive study of the c-myc gene was conducted in 121 primary 
breast cancers [267]. This survey of c-myc revealed that the gene was amplified 
2-15 fold in 32% of the samples tested. In five cases there was a nongermline 
restriction enzyme fragment, which in one case, was found to be due to a 
rearrangement distal to the third c-myc exon. Alterations of the c-myc gene 
correlated with invasive ductal histology and age of the patient. Ninety-five of 
the 121 specimens were from invasive ductal carcinomas and 40 of those had 
alterations of c-myc; benign fibroadenomas did not have amplified c-myc. The 
actual function of c-myc expression in breast cancer remains to be determined. 
One study has shown that a reduction in the growth rate of MCF-7 cells leads 
to a reduced c-myc expression. While expression of c-myc is not stimulated, c­
tos, another nuclear oncogene, is induced by TGFa [268]. Another study has 
reported that c-myc is induced by estrogen treatment of MCF-7 or T47D cells 
through a posttranscriptional mechanism [269]. Finally, in neuroblastoma 
cells, N-myc amplification following gene transfer is associated with down 
modulation of MHC class I antigen expression [270]. C-myc expression may 
be associated with proliferation invasion and possibly other functions in early 
stage, invasive ductal carcinoma. 
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There are at least three closely related human ras genes, c-H-ras (on chro­
mosome 11), c-K-ras (on chromosome 12), and c-N-ras (on chromosome 1) 
[271-272]. A number of studies have found c-H-ras expression to be elevated 
in invasive mammary carcinoma. In hyperplastic lesions or normal mammary 
tissue ras expression is lower than in malignant lesions [273-278]. Expression 
in cancers is heterogenous among primary and metastatic lesions. Although 
there is a trend toward higher expression in postmenopausal patients than in 
premenopausal patients, there is no correlation of expression with estrogen 
receptor status. However, one report has noted a trend toward higher TGFa 
content of tumors expressing the highest levels of ras protein [136]. 

The state of the c-H-ras gene in breast cancers has been examined with 
respect to genomic structure and allelic exclusion (see also chapter by Ali, et 
al., this volume). Southern analysis of DNA from 104 breast cancer samples 
failed to uncover any evidence of rearrangement or amplification of c-H-ras 
[253]. The c-H-ras gene does have frequent BamHI restriction fragment 
length polymorphisms (RFLP). Among 51 patients who were heterozygous 
for these polymorphisms, 14 exhibited allelic exclusion in the tumor tissue. 
Although loss of the allele did not alter c-H-ras protein expression, it did 
correlate significantly with advanced histologic grade, lack of hormone 
receptors, and subsequent occurrence of distal metastases. Such a correlation, 
coupled with negative protein expression data, may reflect more general 
chromosomal instability rather than oncogenic activation or overexpression 
[see also reference 247]. Moreover, rare c-H-ras genotypes as determined by 
RFLP analysis were found much more frequently and common alleles were 
markedly diminished among the 104 breast cancer patients in this survey 
[279]. In summary, ras oncogene expression rearrangement appears to cor­
relate with increased invasive/metastatic behavior of the tumor. Its expression 
appears to be independent of estrogen receptor expression in tumors. 

The epidermal growth factor receptor is coded by the c-erhB oncogene 
(discussed below; see also chapters by Harris, et al. and Aaronson et al.) 
[280]. A gene closely related in structure to the EGF receptor, but probably 
distinct in function is c-erhB-2 (chromosome 17). From structural studies of 
the cloned gene it appears that c-erhB-2 is a transmembrane protein with an 
extracellular ligand binding domain and an intracellular tyrosine kinase site 
[281]. In carcinogen-induced murine neural tumors c-erhB-2 is activated by 
point mutation in the hydrophobic transmembrane domain of the molecule 
[282]. 

Amplification of c-erhB-2 appears to be relatively frequent in human breast 
cancer cell lines and tumor biopsies [283-287]. Amplification of this oncogene 
has been found only sporadically in other human tumors such as stomach, 
kidney, and salivary gland. In an extensive study by Slamon and co-workers 
[287], c-erhB-2 amplification was found to be a significant prognostic indicator 
of overall patient survival and time to relapse in breast cancer patients. While 
no association is observed between amplification and estrogen receptor status, 
amplification is significantly correlated with the number of positive lymph 
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nodes (an indication of metastatic progression). This study did not address 
either primary lesions versus metastatic disease lesion or expression of 
c-erbB-2. In common with c-myc and c-H-ras expression, c-erbB-2 expression 
appears to be related to increased invasive/metastatic behavior of the tumor 
rather than estrogen receptor status. c-erbB-2 appears to be significantly 
correlated with especially poor prognosis breast cancer [287]. 

Many of the known protooncogenes (like c-erbB-2) code for proteins with 
tyrosine kinase activity. The most extensively studied of these is c-src which 
codes for a 60 kDa phosphoprotein, pp60c-src . This protein autophosphorylates 
its own tyrosine residues and those of a number of cellular proteins. Studies 
with the viral transforming gene, v-src, have shown that the kinase activity is 
required for the transforming potential of the protein [288]. Jacobs and 
Rubsamen assayed c-src activity in 21 human mammary carcinoma specimens 
[289]. To assay protein kinase activity they exploited the ability of the c-src 
molecule to phosphorylate the immunoglobulin used to carry out the im­
munoprecipitation. Nearly half the breast carcinomas tested (10/21) had 
elevated levels of c-src activity in comparison to one normal specimen. When 
Rosen and co-workers [290] utilized assays of both c-src autophosphorylation 
and phosphorylation of casein they found that three hormone-dependent 
breast cancer cell lines but not two hormone-independent lines, had elevated 
activity. Western blot analysis of the cellular proteins demonstrated that the 
amount of c-src protein did not differ between the cells with high and low 
kinase activity. Moreover, analysis of a breast tumor and adjacent normal 
tissue showed that both normal and neoplastic tissues had the same levels of 
c-src protein but the tumors had markedly elevated kinase activity. Future 
studies with more tumors of defined estrogen receptor status are required 
to evaluate the hypothesis that c-src is expressed in more differentiated, 
estrogen receptor positive breast cancer. 

In contrast to c-src, c-erbB (the EGF receptor) is expressed to a greater 
extent in estrogen receptor negative cell lines and tumor biopsies (see chapter 
by A. Harris et ai. this volume) [156, 291-298]. It appears to be a marker for 
differentiation as well as invasion/metastatis in breast cancer. Results from 
recent studies using cells grown in vitro suggest that the mechanism for the 
high level of EGF receptor expression may be either transcriptional activation 
[156] or (more rarely) gene amplification [297]. 

In breast tumor biopsies, overexpression of the EGF receptor protein is 
more common than amplification of the gene [287]. However, MDA-MB-
468 cells (see Table 3) have an amplified c-erbB and a subclone analysis has 
determined how c-erbB amplification and expression relate to tumorigenic 
status. In these cells, loss of c-erbB gene amplification and expression are 
inversely related to tumor growth rate in the nude mouse (though tumors 
formed in all cases) [298]. In a vulvar carcinoma line (A431) subclone differ­
ences in c-erbB receptor expression parallel tumorigenic status of cells [299]. 
In bladder cancer c-erbB correlates with tumor invasiveness [300], but in 
melanoma, overexpression seems to be a marker for dedifferentiation [301]. 
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In the most complete study of tumor specimens to date, relapse free survival 
and overall survival were worse for c-erbB positive than estrogen receptor 
negative tumors. There was a significant inverse relationship between c-erbB 
and estrogen receptor expression [296]. It is not yet known whether over­
expression of the c-erbB protein in cancer directly contributes to the trans­
formed phenotype or indirectly mediates the effects of EGF (or TGFa) 
produced in an autocrine loop. In summary, c-erbB appears to be an impor­
tant indicator of dedifferentiation and poor prognosis in breast cancer. Its 
overexpression may be the functional equivalent of the activation present in 
v-erbB. 

12. Ras oncogene and hormonal autonomy: model systems 

The diverse observations concerning oncogene activation and cellular proto­
oncogene overexpression suggest that many mechanisms may exist in the 
malignant progression of breast cancer. Alternatively, observations of cellular 
protooncogene expression could simply reflect the malignant state rather than 
be the cause of its induction. Oncogene activity in breast cancer could be 
investigated by directly inserting the oncogene of interest into a breast epithe­
lial cell test system. Thus, normal diploid human mammary epithelium first 
immortalized with brief treatment with the carcinogen benzo[ a ]pyrene and 
then transfected with oncogenes [302]. Stampfer (see chapter, this volume) 
has observed that treatment of normal mammary epithelial cells in culture 
with benzo[a]pyrene conferred immortalization but not tumorigenicity in the 
nude mouse are well-differentiated and karyotypically stable [303], but the 
event induced by the carcinogen to confer immortality remains unknown. 
Using retroviral vectors, Clarke has inserted various oncogenes into one of 
these lines to determine the phenotype effects. Insertion of either v-H-ras, v­
mas, or simian virus 40 T antigen (SV 40 T) renders the cells capable of 
growth in high concentrations of serum, but does not confer tumorigenicity in 
the nude mouse. Transfectants containing v-H-ras plus either SV40 T or v­
mas are strongly tumorigenic in nude mice. 

Primary rabbit mammary epithelial cells have also been immortalized and 
established in culture, by microinjection with SV 40 DNA. The rabbit cells 
were not tumorigenic in nude mice unless an activated human c-H-ras gene 
was coinjected with the SV40 DNA [304]. Thus, it appears that normal or 
nonmalignant mammary epithelium of several species [238, 302-304] can be 
converted to an estrogen independent-tumorigenic state with at least two 
genetic manipulations. In each of the three cases cited, transfection of an 
activated ras oncogene into the system allowed expression of the malignant 
phenotype. 

In many cases, breast cancer patients present with tumors which are initially 
responsive to hormonal therapy such as antiestrogens. Following endocrine 
therapy, the tumors generally become hormone unresponsive although some 
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will respond to second and even third hormone treatments. We wished to 
develop a model system to study the conversion of a cell line from hormone 
responsive to independent. For this purpose we chose to transfect DNA from 
the tumor-causing Harvey sarcoma retrovirus to MCF-7 cells. The tumor­
inducing portion of this viral DNA (v-H-ras) is closely related to the most 
commonly detected protooncogene in some highly malignant human cancers 
(but not breast cancer-see previous section). MCF-7 cells do not initially 
contain an activated c-H-ras oncogene. The v-H-ras oncogene was incor­
porated in MCF-7 cells by the calcium phosphate method [305]. 

MCF-7 cells containing stably integrated v-H-ras genes in their DNA 
(MCF-7ras) express 5-8 times the level of mRNA present in control cells and 
have detectable phosphorylated v-H-ras protein. The ability of MCF-7ras cells 
to respond to stimulation estrogen and antiestrogens in vitro was blunted. 
While non-transfected cells failed to produce tumors in nude mice in the 
absence of E2 supplementation, the transfected cells were tumorigenic in the 
absence of estrogen in 85% of inoculated, oophorectomized females [305]. 
MCF-7ras cells also expressed increased levels of the laminin receptor on their 
surfaces [84] and several unique intracellular proteins [306]. They also exhibit 
increased rates of turnover of phosphatidyl inositol, which occurs following 
E2 treatment of MCF-7 cells [61]. Increased phosphatidyl inositol turnover is 
known to generate diacylglycerol, an inducer of protein kinase C and inositol 
triphoshate, a stimulator of Ca++ flux in the cell [307]. Ca++ flux probably 
has numerous physiological consequences including contributing to activation 
of protein kinase C and calcium-calmodulin protein kinase [307]. It is not 
yet known what the physiological relevance of these two signalling path­
ways might be in breast cancer. Protein kinase C has now been cloned and 
sequenced; it is a family of related enzymes whose detailed function is the 
subject of intensive, current investigation [308, 309]. One study has proposed 
that the ras oncogenes functionally couple growth factor receptors to phos­
phatidyl inositol turnover, though it is not yet known if the coupling is direct 
such as for adenylate cyclase-G protein interaction [310]. 

Growth factor secretion was also studied in MCF-7 ras cells [311]. MCF-7 ras 

cells were cocultured with MCF-7 cells which lacked the active oncogene. 
MCF-7 ras cells growing at high density secrete growth promoting activity for 
MCF-7 cells seeded at clonal density. However, MCF-7ras cells are substituted 
by the parental MCF-7 cells, at high density the colony formation of the 
indicator MCF-7 cells at clonal is significantly lower. Conditioned medium 
prepared from MCF-7ras cultures contains 3-4 fold evlevated concentrations 
of radioreceptor assayable and bioactive TGFa in comparison with condi­
tioned medium from a control transfectant cell line. On gel exclusion chroma­
tography of MCF-7 ras conditioned medium, a single peak ofTGFa-like activity 
elutes with an apparent molecular weight of 30 kDa. Furthermore, secretion 
of immunoreactive IGF-I and TGFB were elevated 3-4 fold in MCF-7ras cells 
but PDGF secretion was unaltered. A similar induction of TGFa was ob­
served in mouse mammary cells induced to hormone independent tumori-
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genesis with the ras oncogene [312]. It should be noted, however, that ras 
activation is not always associated with TGFa secretion in breast cancer. For 
instance, the human breast carcinosarcoma line Hs578T expresses the acti­
vated c-H-ras protein but does not synthesize detectable TGFa mRNA or 
protein [107, 135, 144,251]. 

The published data on expression of an activated ras oncogene in MCF-7 
cells suggests that its activation can bring about phenotypic and tumorigenic 
changes in human breast cancer cells. Some of these changes are also induced 
by estrogens. However, the cells retain the capacity to bind estrogen and 
respond to estrogens as indicated by estrogenic induction of the progesterone 
receptor [305]. Thus, ras gene transfection may partially bypass estrogen 
activation of the transformed phenotype but by a pathway which appears 
to be similar but not identical to the E2 induction pathway. Future studies 
are required to more clearly define the similarities and differences between 
estrogenic and v-H-ras induced malignant progression of MCF-7 cells. 

14. Summary and future prospects 

We have emphasized some of the literature pointing to the role of estrogen, 
polypeptide growth factors and their receptors as regulators of breast cancer 
growth and malignant progression. We have used estrogen/antiestrogen 
regulated breast cancer cell lines growing in vitro as a model system to de­
termine which growth factor modulations were consistent with a mediating 
or modulating role in cellular proliferation. At present, data from a number 
of laboratories suggests that TGFa might be an important autostimulatory 
and TGF~ an autoinhibitory component of growth regulation. The roles of 
IGF-I, PDGF, and a variety of other secreted growth factors are less certain. 
We also summarized the importance in vivo of paracrine endothelial and 
stromal interactions with the tumor to support its growth. New breast cancer 
therapies could be designed on the basis of interrupting the growth stimula­
tory TGFa, enhancing growth inhibitory effects of TGF~, or blocking para­
crine interactions. 

While paracrine acting hormones are more difficult to identify, they might 
be promising targets of antineoplastic therapy. For example, in colon cancer, 
a new angiogenic factor known as angiogenin has just been discovered [168]. 
It does not appear to be related to systems of angiogenesis in normal tissues 
[166] and may be tumor specific. A major obstacle in utilizing such antigrowth 
factor strategies is the lack of information on the role of growth factors in the 
proliferation and function of normal tissues. However, such approaches have 
succeeded in other experimental tumor systems utilizing antigrowth factor 
and antireceptor antibodies [313, 314]. 

We have also presented evidence implicating protooncogenes expression in 
some steps in the malignant progression of normal tissue to cancer. Thus, c­
mye, c-H-ras, and c-erbB-2 appear to relate to the invasive state of the tumor 
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without regard to estrogen receptor status. In ras gene transfection experi­
ments it has been possible to induce MCF-7 and other breast epithelial cells to 
secrete increased amounts of growth factors and to become partially auto­
nomous from estrogen controls. The c-src kinase is expressed in estrogen 
receptor-containing breast cancer cell lines and high levels of c-erbB (EGF 
receptor) in estrogen receptor negative cell lines and tumor biopsies. The 
overexpression of both receptors and growth factors might be mechanisms of 
malignant progression towards estrogen autonomy. Future chemotherapeutic 
approaches could utilize anti-receptor molecules conjugated with toxins to 
produce tumor-specific agents. These approaches have produced encouraging 
preliminary results in animal model systems [315, 316]. 
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7. Actions of pituitary prolactin and insulin-like 
growth factor II in human breast cancer 

Robert P.e. Shiu, Leigh e. Murphy, Yvonne Myal, Thomas C. Dembinski, 
Deborah Tsuyuki, and Barbara M. Iwasiow 

1. Pituitary influence on the mammary gland 

The pituitary gland plays a central role in the regulation of mammary gland 
development. It secretes a variety of hormones that directly or indirectly 
influence the mammary gland. The best known mammogenic hormone of the 
pituitary gland is prolactin which directly promotes development and differ­
entiated function (e.g., milk synthesis) of the normal mammary gland. Also, 
the pituitary gland can indirectly influence mammary gland development via 
the production of gonadotropins which stimulate the ovary to produce steroids 
such as estrogen and progesterone; these ovarian steroids are indispensible in 
mammary gland development. Furthermore, pituitary hormones regulate the 
production of thyroid hormones and adrenal glucocorticoids which are im­
portant in the performance of the mammary gland. 

Apart from the production of classical hormones, there is increasing evi­
dence to indicate that the pituitary gland is a source of a variety of peptide 
growth factors. For example, basic and acidic fibroblast growth factors pro­
duced in the pituitary are potent mitogens for a variety of cell types in vitro 
[1]. Insulin-like growth factor II immunoreactive peptides were found in the 
extract of human pituitary glands [2]. Furthermore, several other growth pro­
moting activities have been reported to be produced by the pituitary gland 
[3-5]. However, the physiology and frequently the chemistry of many of the 
reported pituitary-derived growth factors are poorly understood. Whether 
anyone of these growth factors has a physiological role in the mammary gland 
is unknown. 

After malignant transformation, breast tumor cells frequently retain their 
responsiveness to many of the hormones that influence their normal counter­
parts. Thus, breast tumors that respond to pituitary hormonal influences 
(directly or indirectly) are well documented both in experimental animals and 
in man. In the carcinogen-induced mammary tumors of the rat, their growth 
requires pituitary prolactin in addition to ovarian estradiol [6]. Also, there is 
a considerable body of evidence from experimental and clinical studies which 
indicates that estrogen's action on normal and tumorous mammary gland re­
quires the presence of the pituitary gland [7 -12]. In particular, the authors of 
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two clinical studies [11, 12] have suggested that a pituitary-derived growth 
factor, unrelated to prolactin and growth hormone, may mediate, or syner­
gize with, the effect of estrogen in stimulating the proliferation of human 
breast cancer in vivo. Thus, the well-known efficacy of hypophysectomy in 
the treatment of hormone-responsive human breast cancer may, in part, be 
due to the removal of such a pituitary growth factor. In this chapter, we shall 
discuss aspects of our work which aim at gaining insight into the functions of 
pituitary prolactin and insulin-like growth factor in human breast cancer. 

2. Actions of prolactin in human breast cancer 

The importance of prolactin in rodent breast tumors has provided, in part, the 
impetus to search for a function for prolactin in human breast cancer. Unfor­
tunately, epidemiological and clinical studies have failed to identify an un­
equivocal function of prolactin [13-15]. However, as much as 60% of human 
breast tumor biopsies have been shown to possess membrane receptors for 
prolactin [16], and a large number of human breast cancer cell lines also 
contain prolactin receptors [17], suggesting that prolactin may influence the 
physiology of at least some human breast cancers. An early study indicated 
that enzyme activity of the pentose monophosphate pathway was stimulated 
by prolactin in human breast tumor biopsies cultured in vitro [18]. Further, 
prolactin has been reported to stimulate anchorage-dependent and -indepen­
dent proliferation of human breast cancer cells [19-23], although in many of 
these studies, the specificity of the prolactin action has not been rigorously 
tested. Despite these findings, the precise role of prolactin and its molecular 
mechanism of action in human breast cancer have not yet been explored. 

In order to undertake studies that might shed light on the above issues, we 
embarked upon the identification of a quantifiable biological end point of 
prolactin action in human breast cancer cell lines. Since receptors are obliga­
tory in mediating the biological effects of hormones, our initial efforts led to 
the identification of membrane receptors for prolactin in many human breast 
cancer cell lines [17]. The prolactin receptors in these cell lines, like those in 
human breast tumor biopsies and other prolactin target tissues, bind not only 
human prolactin but also other members of the lactogenic hormone family. 
Thus, human growth hormone, and to a lesser extent human placentallacto­
gen, also bind to the prolactin receptors in the human breast cancer cell 
lines. One such cell line, T -47D, was found to contain the highest number of 
prolactin receptors and it was therefore chosen for further studies. Physio­
logical doses of human prolactin or human growth hormone (ng/ml range), in 
the presence of supraphysiological concentrations (ug/ml range) of gluco­
corticoid was found to produce a variety of changes in the T -47D cells. 
Prominent amongst these changes are increased lipid synthesis, altered mor­
phology, decreased cell-substratum interaction and induction of a unique 
secretory protein [24, 25]. Because this secretory protein was induced by pro-
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lactin (or by human growth hormone binding to the prolactin receptors), it 
was termed Prolactin Inducible Protein (PIP) [25]. PIP could serve as a useful 
marker for further study on the molecular action of prolactin in human 
breast cancer. 

3. Regulation of a prolactin-inducible gene in human breast cancer 

PIP exists in both the glycosylated (14-16 kDa) and non-glycosylated (11 
kDa) forms (Figure 1) which have been purified to homogeneity and anti­
bodies raised to them in rabbits (25). The anti-PIP antibodies were first used 
to identify and quantitate the precursor form of PIP by immunoprecipitation 
of proteins translated in vitro using poly (A)+ RNA isolated from T -47D 
cells (Figure 2). This analysis revealed that treatment of T -47D cells by 
prolactin and hydrocortisone resulted in > lO-fold increase in the amount of 
translatable PIP mRNA. This finding provided the first indication that pro­
lactin and glucocorticoid may regulate the expression of the PIP gene. To gain 
further insight into how prolactin and glucocorticoid regulate the expression 
of the PIP gene in human breast cancer, it was necessary to clone the gene 
that encodes PIP. Further, molecular cloning of the PIP gene may allow us to 
efficiently deduce the structure, and possibly the function, of PIP in human 
breast cancer. A cDNA library was therefore generated in the expression 
vector lambda gtll using poly (A)+ RNA isolated from prolactin and gluco­
corticoid-treated T -47D cells [26]. After screening this library with the rab­
bit anti-PIP antiserum, several positive clones were identified. The longest 
cloned cDNA was 577 bases long, and after subcloning into the plasmid vec­
tor pBR322, was used for most of our studies. Northern hybridization analysis 
revealed that the PIP mRNA transcript is approx. 0.9 kb in length [26]. 

The nature of multihormonal regulation of PIP gene expression in the T -
47D cells was first studied. Northern and cytoplasmic dot-blot hybridization 
analyses (which measure the accumulation of PIP mRNA) were used to assess 
the steroid specificity of induction of PIP gene expression. Human prolactin 
and human growth hormone were equipotent [26]. However, the most active 
steroid that synergized with prolactin/growth hormone in the induction of PIP 
mRNA was the androgen, dihydrotestosterone. Indeed, glucocorticoid was 4 
orders of magnitude less potent than androgen (Figure 3). All other steroid 
hormones tested, including estrogens and progestins, had minimal effect [26]. 
Indeed, androgen is the only steroid effective at physiological concentrations 
between 1 to 100 pM. These results therefore suggest that, under physio­
logical circumstances, androgen and prolactin or growth hormone exert the 
major influence in the regulation of PIP gene expression in breast cancer. 

Since the increase in PIP mRNA could be due to an increase in the rate of 
transcription and/or in the stability of the mRNA transcripts, further studies 
were carried out to ascertain the mechanism(s) by which prolactin and an­
drogen influence the expression of the PIP gene. The nuclear run-on tran-
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Figure 2. Quantitation of precursor of PIP from in vitro translation of poly (A)+ RNA isolated 
from control (e) and prolactin/glucocorticoid-treated (0 ) T-47D cells. After immunoprecipita­
tion with anti-PIP antiserum followed by SDS-polyacrylamide gel electrophoresis and fluoro­
graphy, the pre-PIP peptide was quantitated by densitometry [modified from 25]. 



171 

§ 100 

(/) 
(/) 
d) ... 80 a. 
>< w 
« 60 

I 

z 
a: 
E 

c.. 40 

c:: 
d) 
> 20 - ./ ro 
d) 
a: 0 

-14 -12 -10 -8 -6 -4 

Log-steroid conc. (M) 
Figure 3. Dose-response of androgen (-) and glucocorticoid (.) in the induction of PIP mRNA 
in T-47D cells in the presence of prolactin. RNA isolated from T-47D cells 24 hrs. after hormone 
treatment was subjected to Northern hybridization analysis using the PIP eDNA insert [26]. The 
hybridization signals were quantitated by densitometry [modified from 26]. 

scription assay was performed on nuclei isolated from T -47D cells treated 
with human growth hormone or androgen or both to estimate the rate of 
transcription of the PIP gene [26]. Table 1 shows that human growth hormone 
treatment had no effect on the transcription rate of the PIP gene although this 
hormone led to a S-fold accumulation of PIP mRNA. Dihydrotestosterone by 
itself increased transcription by approx. 4-fold which could account for the 4-
fold increase in PIP mRNA under its influence. The combination of androgen 
and human growth hormone did not further increase the rate of transcription 
of the gene, but resulted in approx. IS-fold increase in PIP mRNA. These re­
sults therefore indicate that androgen regulates the expression of PIP gene at 
the transcriptional level while prolactin/human growth hormone exert their 
effect at the posttranscriptional level, possibly by increasing the half-life of 
PIP mRNA. 

Table 1. Effects of human growth hormone (hGH) and dihydrotestosterone (DHT) on PIP 
mRNA levels and PIP gene transcription in T-47D cells. Northern analysis and nuclear 
run-off transcription assay [26] were used to measure PIP mRNA levels and PIP gene 
transcription, respectively. Values are expressed as fold increase above control cells. 

Hormone 

None (control) 
hGH 
DHT 
hGH+ DHT 

PIP mRNA levels 

1 
5 
4 

15 

PIP transcription rate 

4 
4 



172 

Thus, the regulation of PIP gene expression in human breast cancer and 
that of the expression of casein (milk protein) genes in the rodent mammary 
gland [27, 28] share interesting similarities and differences. The expression of 
the two genes are regulated synergistically by prolactin and a steroid hor­
mone-androgen in the case of PIP and glucocorticoid in the case of caseins. 
For both genes, the steroid hormones exert their effects at the transcriptional 
level while prolactin acts post-transcriptionally. Therefore, both the PIP and 
casein genes are excellent models to study the molecular mechanism of action 
of prolactin in target cells. For example, it will be of interest to compare any 
cis-acting elements and trans-acting factors that are important for the 
regulation of expression of these genes. 

While many eukaryotic genes are known to be transcriptionally regulated 
by estrogen, progesterone and glucocorticoid, very few genes have been 
shown to be regulated in this manner by androgen. Thus, the PIP gene should 
be very useful for such studies as the identification of DNA sequences with 
which the androgen receptor can interact. 

4. Prolactin-inducible gene expression as a prognostic and diagnostic marker 
of human breast diseases? 

In addition to the study of basic mechanisms of prolactin and androgen action, 
the PIP system may allow additional insight into the role of prolactin/growth 
hormone and steroid hormones in human breast tumorigenesis. Despite its 
undesirable side-effects of producing masculinizing features, androgen has 
been used effectively in the treatment of a subgroup of breast cancer patients, 
including some who did not benefit from tamoxifen treatment [29]. There­
fore, PIP expression may be a useful index for androgen and prolactin/growth 
hormone responsiveness and may be a positive prognostic factor. Accord­
ing to this hypothesis, PIP expression is not a growth marker but is a differ­
entiation marker. This is consistent with our finding that prolactin/growth 
hormone failed to stimulate the growth of T -47D cells either in cell culture 
[24,30] or in nude mice [31]. These findings appear not to support a signi­
ficant mitogenic role of prolactin/growth hormone in human breast cancer. 
On the other hand, we have gathered evidence to suggest that PIP expression 
may still be related to the actions of other growth-promoting factors such as 
estradiol in human breast cancer. First, PIP is expressed only in human breast 
cancer cell lines that are estrogen receptor (ER )-positive and estradiol­
responsive. No ER-negative cell line so far examined expressed PIP [26]. 
Second, PIP mRNA was detected in approx. 60% of human breast cancer 
biopsies, indicating that PIP is expressed in vivo. There was a highly 
significant correlation (p < 0.01) between PIP mRNA and ER levels in the 
51 tumor specimens analysed [32]. Since ER content is a useful predictor of 
estrogen-responsiveness and a significant prognostic marker of human breast 
cancer, PIP expression may be an additional useful marker of hormone-
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responsiveness. Tumors that express high levels of ER and PIP may belong to 
a subgroup that are most responsive to hormonal therapy and therefore have 
the most favorable prognosis. 

We failed to detect PIP mRNA in many other forms of human cancers 
such as tumor of the lung, kidney, pituitary, colon and others [32]. However, 
PIP mRNA was abundant in benign gross cystic breast diseases [32], indi­
cating that PIP may not be a marker for breast cancer. Nevertheless, PIP 
expression may be a tale-tell sign of abnormal development of the human 
breast. The appearance of elevated PIP in the circulation, which can be mea­
sured by radioimmunoassay [32], may afford diagnosis of early symptoms of 
benign or malignant breast diseases. 

5. In search of an identity for the prolactin-inducible gene product 

Since the function of PIP is unknown, knowledge of its sequence may reveal 
homology with other known gene products. Nucleotide sequence analysis of 
the PIP cDNA [26] revealed that it encodes a polypeptide of 146 amino acids 
with a calculated molecular mass of 16.5 kilodaltons. The predicted amino­
terminal sequence is rich in hydrophobic residues indicative of a signal 
peptide which, after cleavage, generates the mature protein of 123 amino 
acids. One glycosylation signal (Asn-X-Thr) is present, consistent with the 
previous finding [25] that PIP exists mainly as a secreted glycoprotein. 

After the completion of the sequence of PIP, we became aware of the work 
of Haagensen and his colleagues [33]. These investigators have for some years 
been studying a 15 kDa protein which was isolated from the fluid of human 
gross cystic breast disease. They termed this protein the gross cystic disease 
protein (GCDP-15). They have also found GCDP-15 to be produced by the 
T-47D breast cancer cell line and have deduced the amino acid sequence for 
GCDP-15. Our predicted amino acid sequence of PIP is identical to that of 
GCDP-15. This would account for our finding that PIP mRNA is found in 
gross cystic breast disease tissues. Although Haagensen and co-workers have 
not studied the expression of GCDP-15 in breast tumor tissues, they did 
observe that the serum levels of GCDP-15 in breast cancer patients were com­
parable to that of the protein in patients with benign gross cystic breast 
diseases. 

The establishment of the identity of PIP with GCDP-15, however, did not 
provide any information on the function of this protein. Therefore, we com­
pared the nucleotide sequence of PIP with existing sequence information 
stored in GenBank. This search revealed significant homology between PIP 
and a gene which was expressed in the mouse submaxillary gland [34]. Com­
parison of the predicted amino acid sequences encoded by the two genes 
revealed an overall 40% homology [26). When only two-thirds (the middle 
and carboxyl terminus) of the sequences of the two gene products was com­
pared, 51 % of the amino acid residues are identical, and this homology 
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becomes 67% when conservative amino acid changes are also considered. 
This mouse submaxillary product may be the mouse equivalent of PIP, and 
raises the possibilities that PIP may also be expressed in the human sub­
maxillary gland and that the submaxillary glands in both man and animal are 
targets for prolactin and androgen. Indeed, the mouse submaxillary gland is 
an androgen target tissue and its production of epidermal growth factor is 
regulated by androgen [35]. That prolactin may regulate the function of the 
submaxillary gland is a concept that requires experimental verification. In any 
event, the study of the molecular action of prolactin in human breast cancer 
may lead to new avenues of research in the identification of potentially novel 
functions of the pituitary hormone prolactin. 

6. Pituitary-mediated proliferation of human breast cancer 

As eluded to in a previous section, we have not been able to demonstrate an 
in vitro mitogenic effect of prolactin or growth hormone on any of the estab­
lished human breast cancer cell lines [24, 30]. First, we reasoned that this 
could be due to the inadequacy of the culture conditions, and decided to eva­
luate the growth in vivo of T-47D cells transplanted into the immunodeficient 
athymic nude mice. Nude mice not only lack thymic function but are also 
deficient in many aspects of endocrine function: insufficient production of 
gonadotropins leading to steroid hormone deficiency and thus to sterility. For 
this reason, it was not surprising to find that the estrogen-dependent T-47D 
human breast cancer cells did not proliferate at all in these animals [31, 36] 
(Figure 4). Upon supplementation with estradiol, moderate but sustained 
proliferation of the T-47D tumor was observed. The administration of puri­
fied prolactin and growth hormone by daily injections or by continuous in­
fusion with osmotic minipumps did not alter the growth of the T-47D human 
tumor in the estrogenized nude mice. However, when the estrogenized 
animals also received xenografts of normal rat pituitary or GH3 rat pituitary 
tumor cells, the rate of growth of the T-47D human breast tumor was in­
creased approximately 4-fold. Again, the T-47D tumor failed to grow in the 
nude mice in the absence of estradiol supplement in spite of the presence of 
rat pituitary grafts. Subsequently, this phenomenon was reproduced by 
Welsch and colleagues [37] employing another human breast cancer cell line 
MCF-7. These results indicated that the normal or tumorous pituitary gland is 
essential for the estrogen-dependent growth of human breast cancer. This 
pituitary influence was not due to prolactin or growth hormone. We therefore 
hypothesized that the pituitary gland secretes a factor that potentiates the 
mitogenic effect of estrogen on human breast cancer. A similar hypothesis 
was proposed in 1959 and 1960 based on the results of two clinical studies [11, 
12] which demonstrated that estrogen, but not prolactin or growth hormone, 
injected into breast cancer patients stimulated the growth of the tumors, 
whereas it failed to do so when injected into the same patients after hypophy-
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Figure 4. Effects of xenografts of normal and tumorous rat pituitary cells and the administration 
of purified pituitary hormones on the growth T-47D human breast tumor in estrogenized athymic 
nude mice . The experimental details were described in [31]. The T-47D tumor size and weight 
were determined 49 days after transplantation , and the number in each bar indicates the number 
of separate experiments performed [reproduced from 31]. 

sectomy. The authors of these studies suggested that a pituitary factor either 
mediated or was required for estrogen action in breast cancer patients. Thus, 
the requirement of a pituitary-derived growth factor for estrogen action in 
human breast cancer was suggested by both laboratory and clinical studies. 
Because this pituitary factor appears to potentiate the mitogenic effect of 
estrogen (although their roles could theoretically be reversed), we therefore 
refer to it as the "estrogen potentiating factor" or EPF. 

7. Relationship between pituitary mitogen and insulin-like growth factor II 

An in vitro assay monitoring the proliferation of T-47D human breast tumor 
cells in the presence or absence of estradiol was used to measure EPF activity 
[31]. Extracts of rat and human pituitary glands also contained EPF activity. 
EPF activity was present in the anterior but not the posterior lobe of the 
human pituitary gland (Figure 5) . EPF activity can be detected in the condi­
tioned media of some rat pituitary tumor cell lines such as GH3 and GH( [31] 
(Figure 6) and of primary rat pituitary cell cultures (unpublished). While we 
were comparing conditioned media of a variety of cell lines for EPF activity, 
we fortuitously found that the Buffalo rat liver cell line of Dulak and Temin 
[38], BRL-3A, secreted potent EPF activity into the medium . The BRL-3A 
cells are well-known for their production of rat multiplication stimulating 
activity which, because of its homology with human insulin-like growth factor 



176 

250 

• 
a: w 200 m-
:::l! W 
:>(/) 
Z « 

W 
150 ..Ja: 

..JU 
Wz u-

• • 

0* 100 .... ~ .. 
I 
~ 

0 

# c ., ,.: 
U « 

Figure 5. Effect of conditioned media from pituitary tumor cell lines on the proliferation in vilro 
ofT-47D cells in the absence (shaded) and presence (open) of to- 10M estradiol. With exception 
to the positive control (5% FCScs), all other conditions were conducted in the serum-free 
medium containing 500 ug/ml bovine serum albumin (DM-500). EPF activity was present in 
conditioned media of GH3 and GH, rat pituitary tumor cell lines but not of the rat 235-1 and 
mouse AtT-20 pituitary tumor cell lines. Also, EPF activity was absent in medium of GH3 
previously treated with actinomycin D and cycloheximide, in medium harvested from flask with 
no cells (empty flask) and in medium that was added to GH3 cells but was immediately removed 
(CM, O-hr) [reproduced from 31]. 
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was conducted in the absence of serum. Estradiol (IO- IOM) was present in each dish. Extract of 
AP, but not of PP, contained EPF activity. 
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II (IGF-II), is now commonly referred to as rat IGF-II [39]. The BRL-3A 
derived IGF-II is a heterogeneous mixture of related peptides differing in 
their molecular weights but displaying overlapping biological and immuno­
logical properties [38, 40, 41]. Because of the similarity between the breast 
cancer stimulating activity produced by rat pituitary cells and that secreted by 
the Buffalo rat liver cells, we wondered whether or not the pituitary EPF is an 
IGF-II like growth factor. To test this hypothesis, we had to show that the rat 
pituitary gland secretes IGF-II peptides and that purified IGF-II is mitogenic 
in human breast cancer cells. 

8. Characterization ofIGF-II peptides secreted by the rat pituitary gland 

Binoux et al. [42] had previously used a competitive protein binding assay to 
detect insulin-like growth factor activity from rat pituitary glands. In this 
study, however, the investigators were not able to determine whether IGF­
I1somatomedin C or IGF-II was actually produced. Hasselbacher et al. [2] 
had also reported that extracts of human pituitary glands contained immuno­
reactive IGF-II peptides although the nature of the IGF-II peptide(s) was not 
studied. Nevertheless, these reports encouraged us to investigate the mole­
cular forms of IGF-II secreted by the rat pituitary glands. In this study [43], 
primary pituitary monolayer cultures were incubated with 35S-cysteine, and 
the labeled media were subjected to immunoprecipitation using a rabbit anti­
rat IGF-II antiserum donated by Dr. S. Peter Nissley (N.I.H.). The immuno­
reactive peptides were analyzed by polyacrylamide gel electrophoresis and 
visualized by fluorography. Figure 7 shows that the predominent IGF-II pep­
tides secreted by the pituitary cultures were the 10 and 8 kDa species. When 
the IGF-II peptides from the BRL-3A cell line were similarly analysed, a 
7 kDa peptide in addition to the 8 and 10 kDa peptides were detected. These 
results indicate that the pituitary cells were unable to secrete the 7kDa species 
which is a prominent species produced by the BRL-3A cells. Also, several 
larger peptides were also immunoprecipitated from both the BRL-3A and 
pituitary cells; a 20 kDa species may be the precursor product (pro-IGF-II), 
while the 33 kDa species has been tentatively identified as the carrier protein 
for IGF [44], co-precipitated with the IGF-II. At present, the identity of 
several other immunoreactive peptides with apparent mass of 64 to 100 kDa is 
not known. These results are consistent with early reports [38, 40, 41] which 
showed that rat IGF-II is a heterogeneous mixture of immunologically related 
peptides derived either from the translation of different mRNA transcripts 
and/or from post-translational processing. Differences in either of these path­
ways in the rat pituitary gland and the BRL-3A cells may account for our 
observation that the former tissue failed to produce the small (7 kDa) IGF-II 
peptide. 
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9. Response of human breast cancer cells to IGF-II 

Our finding that the pituitary gland secretes IGF-II provides only circumstan­
tial evidence to support the thesis that the pituitary-derived mitogen for 
breast cancer is IGF-II. It was therefore necessary to show that purified rat 
IGF-II peptides were indeed mitogenic in human breast cancer cells. Again, 
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Figure 8. Binding of 125I-MSA-III_2 (rat IGF-II) and its displacement by unlabeled MSA-III-2 
(-), human IGF-I1Somatomedin C (0) and bovine insulin (.i.) in T-47D cells [reproduced from 
45]. 

Dr. S. Peter Nissley has generously provided the purified rat IGF-II prepara­
tions which enabled us to perform several studies in vitro [45]. Figure 8 shows 
that T-47D human breast cancer cells possessed specific receptor sites for rat 
IGF-II; the binding of 125I_IGF_II (MSA-III-2 of Nissley, which presumably 
corresponds to the 7 kd peptide) was inhibited effectively by the correspond­
ing unlabeled peptide, while human IGF-I and insulin did not inhibit IGF-II 
binding significantly. More importantly, rat IGF-II peptides were potent 
mitogens for the T-47D cells in vitro (Figure 9). The homogeneous IGF-II 
preparation (MSA-III-2) was approx. 100-fold more effective than insulin in 
stimulating the proliferation of T-47D cells grown on type I collagen gel; cells 
grown on plastic also responded to IGF-II albeit less dramatically [45]. An­
other IGF-II preparation (MSA-II, the 8 kDa peptide was the major species) 
was also active in stimulating the growth of T-47D cells, although less effec­
tively than the MSA-III-2 preparation. Nevertheless, these IGF-II peptides 
were active in the range of 10-500 ng/m!. In man these levels are considered 
physiological as 600-900 ng/ml of IGF-II was found in human plasma [46]. 
These circulating levels of IGF-II should be more than adequate to promote 
the growth of human breast cancer in situ. Experiments are underway to 
evaluate the efficacy of IGF-II in promoting the growth of T-47D human 
breast cancer cells transplanted into estrogenized athymic mice. 

10. Concluding remarks 

The hormonal regulation of breast cancer is undoubtedly very complex, in­
volving endocrine, paracrine and autocrine mechanisms. These mechanisms 
will encompass traditional hormones and growth factors. Our efforts in the 
recent past have been devoted to elucidating the role that pituitary hormones 
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Figure 9. Effect of rat IGF-II preparations (MSA-III-2, e; MSA-II, X; and CR-MSA, LI), 
human IGF-I (0) and bovine insulin (.) on the proliferation ofT-47D cells cultured on collagen 
gels in the absence of serum. MSA-III-2 and MSA-II were generous gifts of Dr. S.P. Nissley, 
N .l.H. and CR-MSA was purchased from Collaborative Research, Mass. Human IGF-I was 
prepared from the laboratory of Dr. M. Bala, University of Saskatchewan [reproduced from 45]. 

and growth factors may play in human breast tumorigenesis. Our efforts have 
led to the identification and characterization of a human breast cancer gene 
which is regulated by prolactin and androgen. The study of this gene and the 
product it encodes may allow us to: (1) address the nature of multihormonal 
regulation of human breast cancer involving both polypeptide and steroid 
hormones; (2) explore the mechanism of action at the molecular level of pro­
lactin and androgen in target cells; (3) evaluate the expression of the prolactin/ 
androgen inducible gene as a potential prognostic and/or diagnostic marker 
for hormone responsive human breast cancer. Further, we have added IGF-II 
to the list of peptide hormones that are secreted by the pituitary gland, and 
have provided preliminary evidence to suggest that IGF-II may be a physio­
logically important growth factor for human breast cancer. This forms the 
basis for future directions to address the in vivo action of IGF-II in human 
breast cancer. Based on the work of ours and of others, we favor the notion 
that the important role of the pituitary gland in human breast cancer is not 
merely to influence the secretion of ovarian and adrenal steroids via the pro­
duction of the gonadotropins and adrenocorticotropin, but also to provide 
direct stimuli on the breast cancer cells via the production of prolactin and 
insulin-like growth factor II. The balance between the actions of these two 
pituitary-derived hormones, as wen as that of the endocrine steroids and 
growth factors [47 -50; also see chapter by Dickson et al. in this volume], win 
influence the progression of human breast cancer. 
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8. Structure and function of the pS2 gene and estrogen 
receptor in human breast cancer cells 

G. Stack, V. Kumar, S. Green, M. Ponglikitmongkol, M. Berry, M.C. Rio, 
A.M. Nunez, M. Roberts, C. Koehl, P. Bellocq, B. Gairard, R. Renaud, and 
P. Chambon 

1. Introduction 

A significant percentage of breast cancers are estrogen-dependent. These 
tumors undergo regression when deprived of estrogen or when treated with 
anti-estrogens [1]. The basis for this hormonal dependence in these cancers is 
the presence of estrogen receptors (ER). However, the function of the 
estrogen-receptor complex in promoting the growth of cancer cells is incom­
pletely understood. The MCF-7 cell line, which is derived from a pleural 
effusion of a human breast cancer [2], contains ER [3] and is dependent on 
estrogen for optimal growth [4, 5]. In addition, the levels of a variety of 
mRNAs, proteins and secreted growth factors are under estrogen control in 
MCF-7 cells [6-10]. As such, these cells represent a good in vitro model sys­
tem for hormone-dependent human breast cancer. Using these cells we have 
taken a two-pronged approach to study the molecular basis of estrogen 
action: 1) the molecular cloning of estrogen-responsive MCF-7 cell gene(s) 
and 2) the isolation of the human ER cDNA. Of interest is both the function 
of the gene product of an estrogen-responsive gene and its relationship to 
cell growth, as well as the mechanism by which estrogen and its receptor 
control the expression of that gene. We will discuss in this chapter our an­
alysis of one such gene, named pS2, and the polypeptide for which it codes. 
Included will be a discussion of the localization of the estrogen-responsive 
DNA element (ERE) to the 5' -flanking region of the pS2 gene. In addition, a 
structure/function analysis of the ER, made possible by the expression and 
site-directed mutagenesis of the human ER cDNA, has provided information 
concerning how the ER activates this and other EREs. 

2. pS2 is a small secretory polypeptide induced by estrogen 

Originally, pS2 was the designation given to a cDNA clone corresponding to a 
polyadenylated RNA species whose level was stimulated by estradiol treat­
ment of hormone-deprived MCF-7 cells [11]. The induction of pS2 RNA is an 
estrogen-specific response since other steroid hormones, such as the proges­
tins, glucocorticoids, and androgens, have no effect. 

M.E. Lippman and R.B. Dickson (eds.), Breast Cancer: Cellular and Molecular Biology. ISBN 978-1-4612-8975-3 
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Figure 1. pS2 protein amino acid sequence deduced from that of pS2 mRNA. The cysteine, 
leucine and methionine residues are underlined. The putative cleavage sites of the signal peptide 
are indicated by arrows A and B [12, 13]. 

The pS2 gene product is a small secreted polypeptide. The primary struc­
ture of pS2, as deduced from the sequence of a full-length cDNA [12], is 
shown in Figure 1. It is composed of 84 amino acids, has a signal peptide at 
the amino terminus, and its corresponding molecular weight is 9140 daltons. 
Rabbit antiserum prepared against a synthetic polypeptide corresponding to 
the last 31 amino acids of the carboxyl end of the predicted sequence was used 
to demonstrate the estrogen-dependent presence of pS2 in the media of MCF-
7 cell cultures [13]. The synthesis and secretion of pS2 is induced by estradiol 
and phenol red, but not by the anti-estrogen tamoxifen (Figure 2). The ma­
ture protein produced after processing of the signal peptide has an apparent 
size of approximately 7,000 daltons. The longer nascent polypeptide can only 
be detected as the product of the in vitro translation of poly(A) RNA from 
MCF-7 cells enriched in pS2 mRNA [13]. The exact site of cleavage of the 
signal peptide has not been determined. The location of two potential pep­
tidase recognition sites of the form ala-X-B ~ [14], where B is usually ala, 
gly, or ser, indicate that cleavage could be occurring either after glycine 21 
or alanine 26. However, because the mature form of pS2 cannot be labelled 
with 14C-Ieucine, the cleavage must be occurring after residue 23 (see Figure 
1). Thus, the signal peptide has a likely length of 26 amino-acids. It follows 
that the mature pS2 protein is probably 58 amino-acids long with a true mole­
cular weight of 6450 daltons. 

3. Putative function of the pS2 protein 

No close sequence homologies have been found to pS2 among existing nucleic 
acid or protein sequence databases. However, pS2 has general similarities to 
growth factors such as human insulin-like growth factors I and II (IGFI and 
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Figure 2. Effect of estradiol, tamoxifcn and phenol red on pS2 protein synthesis and secretion in 
MCF-7 cells. Cells grown in the absence (lanes I to 6) or prese nce (lanes 7 and S) of phenol red 
were supplemented with estradiol (E2, lanes 1 and 4) or tamoxifen (Tam, lanes 2 and 5). After 
labelling in the presence of -"S-cysteine for 9 hrs ., aliquots of the cell extracts (panel A, CE, lanes 
I, 2, 3 and 7; lanes I correspond to duplicates) containing approximately 150,000 TCA­
precipitable counts wcre analyzed by IO- 25% gradient SDS-PAGE after immunopurification 
using pS2 antiserum. Aliquots of the media corresponding to approximately 150,000 TCA­
precipitable counts of cell ext racts were treated under the same conditions (panel A, MD, lanes 
4,5,6 and S). In panel B, aliquots of cell extracts (lanes 1,2,3 and 7) and media (lanes 4, 5, 6 and 
S) corresponding to approximately 15,000 TCA-precipitable counts of cell extracts were 
electropboresed without immunopurification. M, molecular weight markers,CE, cell extract and 
MD, medium [13]. 

II). These are all small, secreted polypeptides. IGF-I and II, for comparison, 
are 67 and 70 amino-acids long, respectively [15, 16]. In addition, the mature 
form of pS2, like the IGFs, is rich in cysteine residues and capable of forming 
three disulfide bonds [see reference 12 for further discussion]. Accordingly, 
we are tempted to speculate that pS2 may be an estrogen-inducible growth 
factor or estromedin [17]. Estrogen is known to stimulate MCF-7 cells to 
secrete a variety of putative growth factors, such as epidermal growth factor-
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like (or transforming growth factor alpha-like) activities [8] and a 52 kilo­
dalton glycoprotein with mitogenic properties [18]. It has been proposed that 
these secreted growth factor activities may play an autocrine or paracrine 
role in the regulation of human breast cancer growth [18, 19]. pS2 could be a 
related, but previously uncharacterized, growth factor. Functional studies 
must be performed to test this possibility. 

4. Clinical correlations: pS2 gene expression is a possible marker for 
hormone-dependent breast cancers 

pS2 RNA has been detected only in MCF-7 cells and some human breast 
cancer biopsies [20,21]. No pS2 RNA has been found in other human cells in 
culture (HeLa cells, fibroblasts) or in other human cells or tissues (lympho­
cytes, placenta, liver, endometrium, normal breast tissues, benign breast 
tumors). On the basis of this initial tissue screening it appears that pS2 gene 
expression is breast cancer-specific. However, not all breast cancers express 
the pS2 gene. For this reason we have been interested to examine whether 
pS2 gene expression may identify a subset of cancers with therapeutic or 
prognostic significance. 

Approximately 50 to 65% of all ER positive [ER( +)] breast cancers are re­
sponsive to anti-estrogen therapy [1, 22]. A better predictor of tumor respon­
siveness to anti-hormone therapy is the simultaneous presence of ER and 
progesterone receptor (PR); that is, about 80% of ER( +) and PRe +) breast 
cancers are hormonally responsive [1]. The presence of PR can be thought to 
reflect the responsiveness of the cells to estrogen because of the ability of 
estrogen to stimulate PR levels in MCF-7 and a variety of other cells [23, 24]. 
Thus, the ER( + ) and PRe + ) cells not only have estrogen receptors, but these 
receptors may be functional in mediating a response. By similar reasoning 
pS2 could also be a useful marker for hormone-dependent breast cancer. 

One hundred twenty-five breast cancer biopsies were screened for the pre­
sence of ER, PR and pS2 RNA. The receptors were measured with radio­
ligand assays and in some cases the presence of ER RNA was measured in 
RNA blots using the human ER cDNA as a probe. Overall, expression of the 
pS2 gene correlated positively with the presence of both ER and PRo Never­
theless, all possible combinations of the three markers were found, thereby 
subdividing the tumors into eight subclasses (Figure 3). Sixty-three percent of 
all biopsies were ER( +). The majority of these (48% overall) were PRe +). 
Slightly more than 80% of biopsies which were both ER( + ) and PRe + ) were 
also positive for pS2 RNA. This MCF-7-like subclass of breast cancer was the 
largest in our study (40% overall). Interestingly, 17% of ER( +) and PRe + ) 
biopsies were pS2( -). This situation is reminiscent of another breast cancer 
cell line, T47D [25], which is ER( +), has a high constitutive level of PR which 
is estrogen insensitive, and has no detectable pS2 gene expression with or 
without estrogen [20, 26]. This T47D-like subclass could constitute the 20% 
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Figure 3. Breast cancer subclassification resulting from pS2 screening. Biopsies from 125 breast 
cancers were screened for ER and PR by classical radioligand assays on cytoplasmic fractions and 
for pS2 RNA by RNA blot analysis using a pS2 cDNA hybridization probe. The numbers in 
boxes indicate how many biopsies were positive ( + ) or negative ( - ) for the marker indicated at 
the top of each column. The numbers in parentheses represent the percentage of the total (125) 
biopsies having the indicated marker combination. Assays of ER RNA using the human ER 
cDNA as a probe were used to supplement the ER binding assays for the tumor subgroups which 
were ER( -) but pS2( +). 

of breast cancers which are resistant to hormone therapy despite being both 
ER( +) and PRe +). If so, pS2 screening may provide the means to identify 
this important group. Another 5% of all biopsies were ER( +), but both 
PRe -) and pS2( -). Among ER( +) tumors, these should be most unlikely to 
respond to hormone therapy. 

In ER( +) and PRe -) biopsies, the majority were unexpectedly pS2( + ) 
(10.4% overall). Whether these constitute a true subclass or are PR false 
negatives remains to be determined. For this reason it will be important to 
screen for PR RNA, which should be a more sensitive test than the recep­
tor binding assay. On the other hand, these tumors could be incompletely 
estrogen-responsive or perhaps estrogen-insensitive, but pS2-constitutive. 

Among ER( - ) biopsies the majority were both PRe - ) and pS2( - ) or low 
in pS2 RNA. Thus, the majority of hormone-independent cancers cannot be 
due to a constitutive expression of pS2. Three ER( -), PRe +) and pS2( +) 
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biopsies proved to be ER false negatives when ER RNA was measured to 
supplement the receptor binding assay. Finally, two biopsies were apparently 
constitutive for PR, while ER( -) and pS2( -). 

Clearly, pS2 screening provides the basis for establishing new biochemical 
subclasses of breast cancers. Further studies are underway to determine the 
actual hormonal responsiveness and prognosis of breast cancers in relation to 
pS2 gene expression. The results will indicate whether this new subclassifica­
tion scheme can be used to fine tune the prediction of the responsiveness of 
breast cancers to hormonal therapy. 

S. Structure ofthe pS2 gene and transcript 

The pS2 gene was isolated from both MCF-7 cells and human placenta [27]. It 
is organized into three exons (I-III) of 125, 153 and 212 base pairs, respec­
tively, interrupted by two introns of approximately 3.1 kb (Intron A) and 0.77 
kb (Intron B) (Figure 4). The complete unpolyadenylated gene transcript is 
490 nucleotides long of which 40 nucleotides at the 5' -end and 198 nucleotides 
at the 3' -end are untranslated. After polyadenylation the pS2 mRNA has a 
size of about 600 nucleotides [11,28]. The organization within and around the 
pS2 gene is the same in MCF-7 cells and normal human tissue [27]. The exon 
and adjacent intron sequences derived from human placenta and MCF-7 cells 
are identical. Based on a Southern analysis the gene organization and dosage 
are the same in human liver, placenta, and MCF-7 cells. Moreover, the 5'­
flanking regions are identical in the genomic clones isolated from the human 
placenta and MCF-7 cells at least to position - 328 with the exception of 
two base transitions at -185 and -304. Thus, no obvious rearrangement or 
amplification of the pS2 gene has occurred in MCF-7 cells, despite the fact 
that these cells are known to be polyploid and to have undergone extensive 
chromosomal translocations [29]. However, large translocations affecting the 
pS2 gene have not been ruled out. 

The proximal 5' -flanking region contains DNA elements typical of many 
RNA polymerase B(II)-transcribed genes, namely a TAT A box at position 
-23 to -29 and a CAAT element at -64 to -72 (Figure 4). A GC-rich motif 
(5 1-GGGCGG-3 ' ), with which the transcription factor Spl interacts [30], is 
usually located at - 7 to - 12 between the TAT A box and cap site. The signi­
ficance, if any, of this arrangement is not known. Computer-assisted searches 
failed to reveal any extensive homologies between the 5'-flanking sequence 
of the pS2 gene and that of other estrogen-responsive genes, most of which 
are of avian or amphibian origin [27]. In particular, there is no sequence 
identical to the well-characterized Xenopus vitellogenin estrogen-responsive 
elements (EREs) [31, 32]. Although several regions of homology (approxi­
mately 80% over 14 to 20 base pairs) were found to the upstream regions 
adjacent to other estrogen-responsive genes, these were also found in the 
5' -flanking regions of genes whose expression is not known to be regulated 
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• • • • -650 • • • 
A(;TGATTCTCCTGACTT AM'( 'TI '('AGAGT AGCT AGGATT ACAGCACCCGCACCATGCCTGGCT AATTTTTGT ATTTTTTT 

• -6011 • • • • -550 • 
rrTTTI;T AGAGAI'G(;GGTTTC(;(;(,C A TGTTGGCCAGGCT AGTCTCAAACTCCTGACTTT AAGTGA TCCGCCTI;CTTTGGC 

• • • -500 • • • • 
CTCTAAAGTGTTG(;(;A TT AC M;C(;TGAGCCACTGCGCC AGGCCT AC AA TTTCATT ,ITT AAAACC AA TTCC ACTGT MAAG 

-450 • • • • -400 • • 
AA TT AGCTT AGGCCT AGACC;(;AA TGGGCTTCATGAGCTCCTTCCCTTCCCCCTGCAAGA TC ACGGATGGCCACCCGTGAG 

• • -350 • • • • -300 
CCATGTn;TCAGGCCAGATTTTTCCGGCCATCTCTCACT ATGAATCACTTCTGCAGTGAGT ACAGT ATTT ACCCTGGCGG 

A 
• • • • -250 • • • 

GAGGGCCTCTC M;AT ATGAGT AGGACCTGGATT AAGGTCAGGTTGGAGGAGACTCCCATGGGAAAGAGGGACTTTCTGAA 
• -200 • • • • -ISO • 

TCTCAGATCCCTCAGCCAAGATGACCTCACCACATGTCGTCTCTGTCTATCAGCAAATCCTTCCATGTAGCTTGACCATG 
G 

• • • -100 • • • • 
TCTAGGAAACACCTTTGATAAAAATCAGTGGAGATTATTGTCTCAGAGGATCCCCGGGCCTCCTTAGGCAAATGTTATCT 

-50 • • • • +1 
AACGCTCTTTAAGCAAACAGAGCCTGCCCTATAAAATCCGGGGCTCGGGCGGCCTCTC ATCCCTGACTCGGGGTCGCCT 

Met Ala The Met Gl u Asn Lys Val I Ie Cys Ala Leu Val Leu Val S 
TTGGAGCAGAGAGGAGGCAATG GCC ,ICC ATG GAG ,lAC ,lAG GTG ATC TGC GCC CTG GTC CTG GTG T 

eJ' Met Leu Alh Leu Gly The Leu AI a GI u Ala GI n Thr G( I u) 
CC ATG CTG GCC CTC GGC ,ICC CTG Gce GAG GCC CAG ACA G GTAAGGCATGCTTCTTCCTGCTCTGTG 

/':,. 

GGGCCACAGCCAGCTCTGGCAGCCTCCGCCAGGAGCCACTGTTTTACATACATATTTTTGAGCACCTGTTTTGTGCCAGG 

TGCTGTTCTAGGCCCTTMAAGTATATCCAATTTACAGGATCGGCAAAAGCAGGTGGAGAGTAACTCAGGGTGGCAGGGC 

CCCCGGAGACCTTO;AGAAATGCGACGAGGAGGGGGCTGCCTTCAGTCGGGGCTGTTTTCCTGTGTT AGGAAGACT AT AC 

Ail TCCTCCC AAGT(;TI 'A n;TTTC AAAGAGGAAGTGTTGGCGTGGGGTCTCAGAAT AGTGCTTTTGACTGTTC A TGCC MC 

GTCCTCCCC AG(;GGCAGACC('TCCCAGGGCCCA TCC AGA T AGGCCC AAATGCCGGTCCCAGTGATGGCCACCT AG(;AGAC 

C'CTCTCCCAC AG(;('CCC;AA n;( 'CCATCCCAGTGGTGGCC AACTGGGAGACCCTCTCCT ACAGGTTCCTGGGCTCCCCTIT 

~----------- ., 250n br .. f Intre,n A --------------------------------------------~ 

(G) I u Thr C, s Thr Val Ala Pn, Arg GI u Arg GIn 
CACAACTTACTTTGCTTCTTACCTGTGCACTTTCAG AG ACG TGT ACA GTG GCC CCC CGT GAA AGA CAG 

/':,. 
Asn Cys GI y Phe Pr'~' (;1 y Val Thr Pro Ser GI n Cy. Ala Asn Lys Gly C1' Cys Phe Asr 
AAT TGT GGT TTT CCT GGT GTC ACG CCC TCC CAG TGT GCA AAT AAG GGC TGC TGT TTC GAC 

Asr Thr Va I Arg Gly Val Pro Trp Crs Phe Tyr Pro Asn The lIe Asp Val Prr, Pr(' Gl u 
GAC ,ICC GTT CGT GGG GTC CCC TGG TGC TTC TAT CCT AAT ,ICC ATC GAC GTC CCT CCA (;,1,1 

G( I u) 

G/':,.GTATGGCCTTTT~------------------------ - 300 bp of Intron B ------------------

-----------~GAGATCTTGGCTCACTGCAATCTCTGCCTCCTGAGTTCAACCTCAGCTTCCTAGTAGCTGAGATTA 

CAGGTGTGTGCCACTACGCCCAGCTAAATTTTTTTTGTATTTTTAGTATAGACGGGGTTTCACCATGTTGGCCAGACCGG 

TCTTGAACTCTTGACCTCAGGTGATCTGCCCGCCTCAGCCTCAGAGAGCTGGGATTACAGCGTGAGCCACTGCCCGGCTG 

ACAGTTCATGCCCCCTAAAGAATGTGCCTATGGATACTTAAAGTAAAAACTCTGTAATGTTAAATGTGAAAGAAAATGTT 

(G) lu Glu Cr. Glu Phe ••• 
CTCCTCACT AMGCATCTCTTTCTCCCTCCCCCTCACCGCTGT ACi::, AG GAG TGT GAA TTT T AGAr ACTTCTGCAG 

GGA TCTGCCT GC A T CeT G A(,(;CGGTGCCGTCCCC AGC ACGGTGA TT AGTCCC AGAGCTCGGCn;CC ACCT CC ACCGGAC A 

CCTCAGACACGCTTCTGCAGCTGTGCCTCGGCTCACAACACAGATTGACTGCTCTGACTTTGACTACTCAAAATTGGCCT 

AMA~A(;AGATCGATATlHTCTGTGCTGTTCATTCCTCTAAAGAATATGAATGATTTTCCTTTCTT(;AA~(;TG,~ 

A I ;CGC AGCGT T T (. ACCell;( ;GCTCTCGC AG AGGTTCTGC A TCTTCT GGGCTTCCT GAGCTGGGA T AI' AAGT(;G(;C AI;CT(; 

Figure 4. The nucleotide sequence of the pS2 gene, Sequences were determined from clones or 
both MCF-7 cell and placental origin, The sequence obtained from the MCF-7 cell clone is 
shown. The cap site (+ I) in indicated as well as the exoo/intron boundaries (open triangles), The 
two base differences round (up to -32K) between the MCF-7 cell clone and the placental clone 
are indicated below the sequence, The 5' flanking region has been numbered negatively (a dot is 
present every to nucleotides). Three sequences arc underlined: the CAAT-like box (dashed 
line), the TATA box and the ATTAAA polyadenylation signal (full line), Closed circles indicate 
the possible polyadenylation sites, The deduced pS2 protein sequence is given along with the 
exons [27]. 
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by estrogens. Thus, the physiological significance of these regions IS not 
clear. 

6. The 5'-flanking region of the pS2 gene contains an estrogen-responsive 
element 

From run-on transcription assays in nuclei from MCF-7 cells, it is clear that 
expression of the pS2 gene is controlled by estrogen at the transcriptional 
level [26]. Moreover, the induction of transcription occurs rapidly (::s 15 min.) 
after estrogen treatment of MCF-7 cells and occurs even in the absence of 
de novo protein synthesis. Thus, pS2 gene transcription represents a primary 
response to estrogen. 

This transcriptional response is mediated by an ERE located in the 5'­
flanking region of the pS2 gene [33]. A chimeric recombinant (pS2-neo) con­
taining the Tn5 neomycin-resistance gene under the control of the pS2 pro­
moter and upstream sequences from - - 3000 to + 10 relative to the cap site 
was stably integrated into the genome of MCF-7 cells. Expression of the neo 
gene renders eukaryotic cells resistant to the drug 0-418. The transformed 
clones exhibited resistance to 0-418 only in the presence of estradiol. 
According to a northern analysis of cytoplasmic RNA from transformants, 
estradiol clearly stimulated transcription of the neo gene while having no 
effect on an internal control (the constitutively expressed 3AS RNA [11]) 
(Figure SA). In fact, the stimulation of expression of the integrated pS2-neo 
gene closely mimics that of the endogenous pS2 gene (Figure SB). Therefore, 
an ERE is located in the -3 kb fragment upstream of the pS2 gene cap site. 

Further characterization of the pS2 ERE has been performed using tran­
sient transfection assays in cells into which the human ER has been intro­
duced by co-transfection of an ER expression vector. The coding region of 
the human ER cDNA was sub cloned into the eukaryotic expression vector 
pKCR2 [34] downstream of the SV40 early promoter region to create the 
human ER expression vector, HEO (originally pKCR2-ER [35]). This ex­
pression vector made possible the introduction of the human ER into cell 
lines of choice. For example, when HeLa cells are transfected with HEO, 
they produce receptors with a size and hormone-binding characteristics indis­
tinguishable from that produced normally in MCF-7 cells [35]. When HeLa 
cells are co-transfected with HEO and a reporter plasmid in which expression 
of the E. coli chloramphenicol acetyltransferase (CAT) gene is controlled by 
a promoter region containing an ERE, CAT activity becomes estrogen­
dependent. This was initially demonstrated with the reporter plasmid vit-tk­
CA T in which the CAT gene was inserted downstream of a chimeric pro­
moter region consisting of the Xenopus vitellogenin A2 upstream region 
(- 331 to -87, vir) fused to the Herpes simplex virus thymidine kinase (tk) 
promoter (-105 to +51) [36]. This transient co-transfection assay provides 
the advantage of reducing estrogen-responsiveness to two, well-defined, 
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Figure 5. Northern analysis of cytoplasmic RNA isolated from MCF-7 transformants containing 
copies of a pS2-neo recombinant stably integrated into the genome. After growing cells in the 
absence of steroids for at least 5 days, the medium was replaced with withdrawn medium only 
(lane 2) or withdrawn medium plus 5 x lO - xM estradiol (lane 1, 3). Cytoplasmic RNA was 
isolated by Nonidet P40-lysis 48 hours later. Fifteen [.lg of cytoplasmic RNA isolated from 
heterogenous populations of MCF-7 transformants (lanes 2 and 3), and wild-type MCF-7 cells 
(lane 1) were fractionated on a 1.5% agarose gel, transferred to nitrocellulose fiiters, and 
hybridized with three different probes specific for neo and 3A5 (see text) encoded transcripts 
(panel A) and endogenous pS2-gene encoded transcripts (panel B) [33]. 

required components: 1) an ERE upstream of a promoter which can be 
activated in the cell type being used and 2) an expression vector coding for the 
estrogen receptor of recombinant DNA origin. This assay can be used to 
study the structure and function of both the receptor (see section 7) and an 
ERE. 

Recombinant plasmids containing the CAT gene under the control of pS2 
gene 5' -flanking segments from + 10 to either approximately - 3 ,000 
(pS2CAT-3,000), -1 ,000 (pS2CAT-1,000), -400 (pS2CAT-400) or -300 
(pS2CAT-300) were constructed and co-transfected with HEO into HeLa 
cells cultured in the presence or absence of estradiol. CAT gene expression 
was stimulated by estradiol for pS2CAT - 3,000, pS2CAT -1,000 and 
pS2CAT-400, but not for pS2CAT-300, demonstrating that an ERE is 
present in the -300 to -400 region of the pS2 gene (our unpublished results). 
Additional experiments using a recombinant (pS2-tk-CAT) into which the 
pS2 gene -84 to -400 5'-flanking segment was inserted upstream to tk-CAT, 
as described above, have shown that the pS2 ERE is located within the -84 to 
-400 5'-flanking region (our unpublished results) . A precise identification of 
the pS2 ERE at the base level is in progress. 

7. The structure and function of the human estrogen receptor 

The ER is one member of a family of related gene regulatory molecules 
which includes receptor proteins for glucocorticoids, progestins, vitamin D3, 
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thyroid hormone, almost certainly the other steroid hormones, and probably 
other ligands [37, 38]. Each receptor binds specifically and with high affinity 
to its cognate ligand. The binding of estrogen to its receptor results in ill­
defined physical changes within the ER, causes the ER to associate more 
tightly with the nucleus, and activates the transcription-regulating function of 
the receptor [39]. A key question to be answered regarding the mechanism of 
estrogen action in breast cancer and normal tissues, therefore, is how the 
receptor works. To this end, we have studied the structure and function of the 
human ER. 

From a comparison of the human and chicken ER cDNAs, the receptor 
protein can be divided into six distinct regions (designated A through F) of 
varying homology (Figure 6) [40]. Three regions, A, C and E, are highly 
conserved between chicken and man (87%, 100% and 94 % amino-acid homol­
ogy, respectively). To a lesser extent regions C and E, but not A, are con­
served between the various steroid and thyroid hormone receptors. The three 
regions B (56%), D (38%) and F (41 %) show relatively low homology. The 
conservation of structure implies important functions for the regions A, C and 
E. To test the roles of these and the other regions of the ER a variety of 
expression vectors coding for receptor deletion mutants were constructed by 
site-directed mutagenesis on the human ER cDNA (Figure 6) [41]. 

The mutant receptors were expressed in HeLa cells and analyzed for three 
functions: 1) hormone binding; 2) tight nuclear binding; and 3) the ability to 
stimulate transcription via the pS2 and Xenopus vitellogenin A2 EREs. Tight 
nuclear binding was determined as those nuclear estrogen-receptor com­
plexes which were resistant to low salt extraction (i.e. 0.15 M NaCI) , but ex­
tractable with high salt (0.4 M KC1). The transcription-activating function 
was measured in transient co-transfection assays using either of two reporter 
plasmids, vit-tk-CAT or pS2CAT-1 ,000 (hereafter designated pS2CAT) (see 
section 6). The vit-tk-CAT reporter plasmid has the advantage of containing 
a well-characterized ERE which is located from position - 297 to - 331 up­
stream of the Xenopus vitellogenin A2 gene cap site and contains the palin­
dromic sequence 5'-GGTCACAGTGACC- 3' [31]. On the other hand, 
pS2CAT provides a completely homologous system; that is, the pS2 ERE 
is upstream of its natural promoter and both pS2 and the ER are of human 
and MCF-7 cell origin. Transcriptional activation was determined by CAT 
assays, supplemented in some cases by nuclease S1 mapping RNA analyses to 
verify correct transcription start-sites. Immuno-precipitation studies using the 
human ER monoclonal antibodies H222 and H226 from Abbott Laboratories 
were performed to verify that approximately equal amounts of mutant recep­
tors of the expected size were expressed [41]. This was the case for all of 
mutants HE 1 though HE25 (Figure 6) with the exception of HE7 for which a 
smaller than expected ER antigen was detected (possibly due to proteolysis) 
and HE20 which did not contain the epitopes for these antibodies. The results 
of this structure/function analysis, which are summarized in Figure 6, indicate 
that the structural domains suggested from sequence homologies correspond 
to discrete functional domains. 
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Figure 6. Structure/function analysis of human ER. Each of a variety of human ER mutants were 
analyzed for estradiol binding, in both the cytoplasm and nucleus, and for their abilities to 
activate transcription of the two reporter genes vit-tk-CAT (vit ERE) and pS2-CAT (pS2 ERE). 
The division of the human ER into 6 regions (A-F); [40j is shown at the top of the figure together 
with the percentage homologies between the human and chicken ERs in these regions. Other 
numbers refer to amino acid positions. HEO represents the wild-type human ER as indicated by 
the solid line from amino acids I to 595. A gap indicates a deletion and the arrows for mutants 
HE22 to HE25 indicate insertions between amino acids 2Rl and 2R2. The sequence of the 
insertions is as follows: HE22:SRA; HE23:SRALALAIDISRA; HE24:SRGMGMGIDISRA; 
HE25:SRPIDSLLSLLSRA (single letter amino acid code). The results of the analysis of the 
mutants are shown along the right hand side of the figure. A plus sign (+) indicates wild type 
activity and a negative sign (-), no activity. Values which fell between these two extremes arc 
indicated as percentages of wild-type (100%). The suffix 'c' for mutants HEI5 and HE21 in the 
column for nuclear estradiol-binding indicate that these two mutants compete with HEO in the 
transcription competition assay (see text). N.D., not determined. N.A., not applicable. 

7.1 Region E (amino acids 303 to 552) is the estrogen-binding domain of the 
receptor 

Any of a series of contiguous deletions which impinged on region E (HE5 
through HE9) eliminated estrogen binding (Figure 6). All other deletions in­
cluding those directly on the boundaries of this region (HE12 and HE13) left 
hormone-binding ability intact. Moreover, the hormone-binding domain can 
act independently of the remainder of the protein since the expression of only 
regions E and F (HE14) produced a protein with estradiol-binding properties 
indistinguishable from the intact receptor. Region E is, on average, more 
hydrophobic than the remainder of the receptor [35]. Thus, this region may 
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form a large hydrophobic pocket for the estrogen molecule whose structure is 
destroyed by any large internal deletion. 

7.2 Region C (amino acids 180-262) is the nuclear tight binding domain and 
provides target gene specificity 

Deletions in region C (HE3, HE4, HEll and HE14) eliminated the tight 
nuclear binding of the estrogen-receptor complex (note: the hormone binding 
domain E needed to be intact in these experiments for the receptor to be 
detectable). On the other hand, deletions in regions A, Band F had no effect 
on nuclear binding. Mutant receptors with a deletion of most of region D 
(HE12) gave about 20% of the wild-type (HEO) level of tight nuclear binding 
(data not shown). The effect of the remaining amino-end of domain D (amino 
acids 263-270) has not been investigated. Thus, region C, perhaps with some 
contribution from region D, is that part of the receptor which presumably 
binds to a nuclear component. 

The homologous region of the glucocorticoid receptor (GR) is responsible 
for the DNA binding of that receptor to the glucocorticoid-responsive ele­
ment (GRE) [42, 43]. By analogy we assume that tight nuclear binding 
represents or correlates with DNA binding, presumably to the ERE. This is 
supported by the results obtained with a chimeric estrogen/glucocorticoid 
receptor molecule [44]. The highly conserved, 66-amino-acid, cysteine-rich 
segment of region C (amino acids 185-250) of the ER was replaced by 
its counterpart from the human GR (amino acids 421-486). The remainder 
of the ER was left intact. In a co-transfection experiment the transiently 
expressed chimeric receptor was activated by estrogen to stimulate tran­
scription of a CAT reporter gene downstream from the GREs of the mouse 
mammary tumor virus long terminal repeat (MMTV LTR from -631 to 
+ 125). The chimeric receptor no longer could activate transcription using 
the ERE of the vit-tk-CA T reporter plasmid. Thus, this portion of region 
C provides the specificity for recognition of the hormone-responsive element 
of a target gene. 

7.3 Region C has homology to DNA-binding fingers 

That region C is a DNA-binding domain also is suggested by the potential of 
this cysteine-rich region to form at least two zinc-stabilized 'DNA-binding 
fingers' analogous to those proposed for the Xenopus 5S rRNA transcription 
factor TFIIIA [45, 46], the protein products of the Drosophila developmental 
genes Kriippel [47] and Serendipity [48], and the yeast regulatory protein 
ADR1 [49]. The proposed basic structure of the DNA-binding fingers consists 
of pairs of cysteine and histidine residues tetrahydrally-coordinated with a 
Zn2+ ion with intervening amino acids forming a loop or finger which would 
make specific contacts with the DNA. The N-terminal half of the putative 
DNA-binding domains of the ER and other steroid receptors contains two 
pairs of cysteine residues spaced by 13 amino acids (Figure 7), similar to the 
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Figure 7. Alignment of the putative DNA-binding domains of the human estrogen (hER), 
progesterone (hPR) and glucocorticoid (hGR) receptors together with homologous regions of the 
chicken vitamin D3 (cVitD3) receptor and the human c-erb = A (hc-erb = A) gene product. 
Boxed areas indicate complete amino acid identity between all the sequences and dashes indicate 
amino acid gaps for optimal alignment. Conserved cysteines are shaded. The Cys-(Xh-Cys(X) 13-

Cys(Xh-Cys motif present in the putative DNA-binding domain of the GAL4, PPRI and 
ARGRII yeast regulatory proteins is aligned with the corresponding motif of the steroid 
hormone receptors and erb-A gene product. The consensus motif of the Xenopus transcription 
factor TFIIIA and the corresponding repeat 1 of the yeast regulatory protein ADRI are also 
shown. The pairs of cysteine and histidine residues dictating the postulated 'finger' structures are 
boxed. Stars indicate positions where amino acid insertions may occur, and dots in the consensus 
sequence indicate variable residues. Numbers indicate the position of amino acid residues in each 
sequence. 

TFIIIA and ADRI arrangements and identical to the cysteine spacing in the 
presumptive DNA-binding domains of three yeast regulatory proteins GAL4 
[50], PPR1 [51,52] and ARGRII [53]. It has been proposed that, as with two 
cysteine and histidine pairs, a 'finger' could be formed with these four 
cysteine residues binding a Zn2+ ion [40, 49]. To test this possibility in the 
human ER, point mutations were introduced to replace one cysteine pair (re­
sidus 202 and 205) with histidines [44]. The resulting mutant (HE27) bound 
estradiol, but could not activate gene transcription. Such a negative result 
was inconclusive, however. These replacements could have caused a deleteri­
ous alteration of the finger structure or else the expected finger may not be 
present in the ER. The C-terminal half of the putative DNA-binding domain 
also has the potential to form loop structures of different lengths involving 
cysteine and histidine residues. Because the cysteine structural arrangement 
is highly conserved between the different steroid receptors, it is the Jess­
conserved intervening 'finger' residues which presumably provide the speci­
ficity for the interaction of a receptor with its hormone-responsive element. 

7.4 Regions C and E are essential for efficient activation of transcription 

The deletions in region C which had eliminated tight nuclear binding of the 
ER (HE3, HE4, HEll and HE14) also completely destroyed the ability of 
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these mutants to activate gene transcription. This is not surprising given the 
role of this region in determining the receptor's target gene specificity. The 
mutants with deletions in regions B (HE 10) and D (HE 12) just adjacent to 
region C retained activity, thereby demarcating the putative DNA-binding 
domain as one region of the ER important for transcription activation. 

The receptors containing large deletions within the hormone-binding 
domain (region E; HE5 to HE9) also failed to activate transcription. Thus, 
region E is a discrete domain required not only for hormone binding, but also 
for activating transcription. There are three possible mechanisms to account 
for this requirement. First, region E could itself be a 'transcription-activating 
domain', for example, by interacting with some component of the transcrip­
tional machinery. Second, estrogen binding to this region could induce a con­
formational change in the receptor which 'creates' active ERE-binding and/or 
'transcription-activating domains' elsewhere. Third, estrogen binding to 
region E may induce a structural change which 'unmasks' pre-existing, active 
ERE-binding and/or 'transcription-activating domains' elsewhere in the re­
ceptor. In the latter case the unoccupied hormone binding domain would only 
have a 'masking' function and the removal of this region from the receptor, 
theoretically, may create a constitutively-active transcription regulator. 
Alternatively, there may be a combination of 'unmasking' and 'creation' of 
'active' domains following estrogen binding. 

We tested the 'masking' model by examining whether the N-terminal half 
of the ER containing the putative DNA-binding domain, but lacking all or 
most of the hormone-binding domain, could constitutively stimulate transcrip­
tion. The mutants HE15, HE16 and HE17 which lack regions E and F, HE21 
which lacks much of region E and all of region F were constructed for this 
purpose (see Figure 6). Using the vit-tk-CAT reporter gene, HE 15 and HE21 
had a low constitutive activity in the absence of estradiol, corresponding to 
not more than 5% of that of the wild-type (HEO) receptor in the presence of 
hormone. This constitutive activity was more clearly seen with the pS2CAT 
reporter plasmid than with vit-tk-CAT due to the higher basal CAT activity 
of the latter provided by the tk promoter. Although quite low, the constitu­
tive activity of HE15 and HE21 is clear when compared to the activity of 
HEll (which lacks the nuclear tight binding domain) or the hormone-free 
HEO. The mutants HEl6 and HE17, which were slightly further truncated to 
the border and slightly within region C, respectively, had no transcriptional 
activity. Likewise, a severely-deleted receptor mutant (HE20), consisting of 
only the 66-amino-acid segment of region C which confers target gene speci­
ficity, did not stimulate transcription. These results suggest that region C to­
gether with a small amount of region D may contain at least an element of 
what is required for gene activation. However, a much greater activation of 
transcription is obtained with the addition of a hormone-bound region E. 

The region E, nevertheless, is apparently not required for the receptor to 
interact with the ERE. Competition experiments were performed by co­
transfecting the C-terminal truncation mutants (HEI5, HE16, HE17, HE20 
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Figure 8. Competition of HEO-induced vit-tk -CAT activity. Expression vectors coding for the 
indicated C-terminal truncation mutants were co-transfected into HeLa cells with HEO (which 
codes for the wild-type ER) and a vit-tk-CAT reporter plasmid. A plus sign (+) indicates that the 
mutant receptor competed with and inhibitcd the ability of the wild-type estrogen-receptor 
complexes to activate CAT gene expression; a minus sign (-) indicates no compctition. The 
receptor mutants are represented as in Figure 6 (see Figure 6 legend). N.A., not applicable. 

or HE21) with HEO and vit-tk-CAT (Figure 8). HE15 and HE2l, but not the 
others, can efficiently inhibit the ability of HEO to stimulate the expression of 
the reporter gene. This competition with HEO was eliminated by deleting the 
cysteine-rich region C of the competing receptor expression vector (HE26). 
We interpret these results to mean that HE15 and HE21 efficiently interact 
with (i.e. bind to) the ERE, but since they are poor transcriptional activators 
they reduce the stimulation seen with HEO. Thus, binding or interaction with 
the ERE is necessary, but not sufficient, for transcriptional activation. While 
our results support the possibility that the unoccupied hormone-binding 
domain may 'mask' a pre-formed DNA-binding domain, they also indicate 
that the hormone-binding domain plays a more direct role in the activation of 
transcription. It may either contain a "transcription-activating domain" or 
induce such a domain elsewhere in the ER following estrogen binding. 

7.5 Region AlB (amino acids 1-179) is not absolutely required for 
transcriptional activation, but does optimize the activation of the pS2 ERE 

N-terminal deletions covering part (HEl, HE2, HElO, HE18) or all (HE19) 
of regions A and B had no effect on the ability of the receptor to stimulate 
transcription using vit-tk-CAT (Figure 6). However, the activities of several 
of these mutants were significantly depressed using the pS2 ERE. An internal 
deletion in region B (HE2) had only about 60% of the stimulatory activity of 
HEO, while the N-terminal truncations, HE18 and HE19, stimulated the 
activity of the pS2 ERE present in pS2CA T (see above) by only 9% and 17°/c" 
respectively. A measurement of the ability of the mutant hormone-receptor 
complexes to bind tightly to the nucleus revealed that HE18 and HE19 had 
actual nuclear levels approximately 40% and 70% of HEO, respectively. 
Should the ER bind with lower affinity to the pS2 ERE than to the vitello­
genin ERE, then the expression of pS2CA T could be more sensitive to such 
an impairment in nuclear (DNA) binding ability. This could explain the lower 
activity of these mutants with the pS2 ERE without invoking a direct role of 
region AlB in transcriptional activation. However, we observed the same 
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relative decrease in transcriptional actIvity of pS2CA T using different 
amounts of the transfected mutant receptor expression vectors, which argues 
against this explanation. Further studies are required to establish definitively 
whether this differential effectiveness reflects additional receptor require­
ments for activation of the pS2 promoter and/or for a different ERE (pS2 
versus vitellogenin ERE), or other possibilities. Moreover, all of the studies 
have been performed up to now using transient co-transfection assays in 
which the EREs are not integrated in the genome and most likely not in a 
'normal' chromatin structure. A role of region AlB may be more clearly re­
vealed only when using a responsive gene in a more physiological genomic 
environment. Nevertheless, since region A/B is dispensable when using the 
vit-tk-CAT reporter gene, we can conclude that this region is not absolutely 
required for the activation of transcription. 

7.6 The integrity of the proposed hinge region D (amino acids 263-301) is not 
a strict requirement. 

Region D is the stretch of 39 amino acids linking the two critical regions of 
the receptor, the nuclear- and hormone-binding domains. Should there be 
allosteric changes in the receptor activating the DNA-binding and/or the 
'transcription-activating domains' as a result of hormone binding to region 
E, then these changes would have to be transmitted either 'through' or 
'around' region D. Because there is little conservation of amino-acid se­
quence between the chicken and human ER in this region (38%), and no 
conservation of sequence or length among the other related receptors [40], it 
is unlikely that such a structural change would be propagated through region 
D. As an alternative, structural transitions could correspond to juxtaposi­
tional changes of regions C and E with region D acting as a hinge. 

To test the role of region D we have investigated the effect of varying its 
length on receptor function (Figure 6). A large deletion (30 amino acids; 
HE12) had no effect on the ability of the receptor to activate vit-tk-CAT; 
however, the activation of pS2CA T transcription was only about 37% that 
seen with HEO. This mutant receptor bound estradiol with the same affinity 
as HEO, but the nuclear tight binding of HE12 was only about 20% of that 
observed with HEO. Mutants with insertions of between 3 and 14 amino 
acids (HE22 through HE2S) in the middle of region D bound estradiol as 
effectively as HEO and the corresponding estrogen-receptor complexes were 
tightly associated with the nucleus. These insertions had no effect on the 
ability of the receptor to activate the transcription of either vit-tk-CAT or 
pS2CAT. Thus, region D can be lengthened or shortened considerably with­
out a loss of receptor function. Although HE12 is somewhat impaired in its 
ability to bind tightly to the nucleus and to activate pS2 gene transcrip­
tion, that it works at all indicates that the exact distance between the DNA­
and hormone-binding domains is not critical. This argues against estrogen­
induced structural changes which would be transmitted through region D. 
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7.7 The role of estrogen in receptor activation: possible mechanisms 

To summarize, the estrogen receptor is composed of at least two physically 
and functionally independent domains, one which recognizes the ERE and 
determines target gene specificity and one which binds hormone. In addition, 
ERE DNA binding and transcription activation are separable functions of the 
ER, both of which apparently require hormone binding in vivo [37]. The 
mechanism by which hormone binding causes 'receptor activation', which we 
define as the triggering of these two functions, remains unknown. From the 
competition experiments of section 7.4, it is evident that the DNA-binding 
domain can interact with the ERE when the hormone-binding domain is 
removed. We interpret this to mean that the presence of the unoccupied 
hormone-binding domain 'masks' the DNA-binding domain and that the role 
of the ligand is to induce a conformational change in the ER that results in an 
'unmasking.' We use the term 'mask' to mean that in the absence of hormone 
the DNA-binding domain may be either fully pre-formed and physically 
'masked', or its structure may be in some way distorted which prevents it from 
binding to DNA. The 'masking' could be due to a direct interaction of the 
hormone-binding domain with the DNA-binding domain or due to an in vivo 
complex of the receptor with some protein(s) or structure(s) which requires 
an unoccupied hormone-binding domain. In the latter case binding of the 
hormone to the receptor would 'unmask' the DNA-binding domain by in­
ducing the dissociation of such a complex. It has been suggested that the 
90 kilodalton heat shock protein [37] or the nuclear matrix [54] may serve this 
function. 

Although ERE DNA binding must certainly be a prerequisite for tran­
scription activation, it is not enough. There is an additional 'transcription­
activating function' which requires an estrogen-occupied, hormone-binding 
domain for full activity. We presume that transcription activation involves an 
interaction of the ER with the transcriptional machinery. Accordingly, hor­
mone binding may induce a conformational change in the receptor which 
allows some part of the ER (the 'transcription-activating domain') to have 
this interaction. It is presently not clear which region of the receptor is a 
'transcription activating domain.' It could be region C, region E, or both. In 
addition, region AlB may playa role at least with the pS2 ERE. Clearly, al­
though much has been learned about the structure of the ER, a complete 
model of steroid hormone and receptor action is not yet possible. 

8. Mutant receptors and EREs have carcinogenic potential 

A mutation of the ER potentially could be a crucial element in gene deregu­
lation and carcinogenesis. For example, we have seen that two C-terminal 
truncation mutants lacking a hormone-binding domain (HE15 and HE21) can 
block the activity of wild-type receptors in competition experiments, yet at 
the same time have a low level of constitutive activity (see section 7.4). The 
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analogous glucocorticoid receptor mutants, in fact, have a high level of con­
stitutive activity [42, 43]. These mutants illustrate two possible scenarios for 
transcriptional regulation gone away [37, 40, 55, 56]. First, an aberrant re­
ceptor with a truncation in the hormone-binding domain could bind to DNA 
and constitutively activate some key gene(s) for proliferation in the absence 
of hormone. Second, a truncated mutant receptor might bind to the hormone­
responsive DNA element in a sterile fashion and thereby block the action of 
the normal receptor. The resulting gene deregulation, perhaps in conjunction 
with the action of another oncogene product or environmental insult, could 
induce a neoplastic transformation. 

The prototypic mutant receptor/oncogene is the v-erb-A oncogene of the 
avian erythroblastosis virus. The gene product of its most closely related, nor­
mal cellular counterpart is a thyroid hormone receptor, which is a member of 
the same family of transcriptional regulatory proteins as the steroid hormone 
receptors [37, 57, 58]. The avian v-erb-A oncogene cannot by itself induce cell 
transformation, but enhances the erythroblast transforming potential of the 
v-erb-B primary oncogene [59, 60]. The v-erb-A gene product completely 
inhibits erythroblast differentiation into erythrocytes and allows transformed 
erythroblasts to grow in standard tissue culture media [59-61]. It has been 
proposed that v-erb-A achieves this result by interfering with ion transport 
systems and regulatory factors of differentiation [57]. Apparently due to the 
many mutations of the putative hormone-binding domain, v-erb-A cannot 
bind thyroid hormone [57], yet it seems that because of other mutations v-erb­
A has acquired the ability to bind 'constitutively' to responsive elements of 
target genes [61]. As a result, v-erb-A could possibly mimic or competitively 
inhibit the effect of c-erb-A (thyroid hormone receptor). It is also possible 
that two amino-acid substitutions in the putative DNA-binding domain of 
v-erb-A compared to c-erb-A may have changed its target gene specificity 
[57]. 

The discovery of the hepatitis B viral genome inserted into an erb-A­
related gene of a human hepatoma further suggests a role of the steroid re­
ceptor family of regulatory molecules in carcinogenesis [62]. Given these 
findings we have been interested to determine whether altered ERs can be 
implicated in any human breast cancers. We have sequenced the exons of the 
human ER gene in clones isolated from a placental genomic library. No signi­
ficant differences were noticed between these placental exonic sequences and 
the sequence of the ER cDNA cloned from MCF-7 cells, indicating that the 
MCF-7 cell ER is not mutated (our unpublished results). Moreover, at this 
time we have been unable to detect any ER mRNA of anomalous size in 
RNA blots from human breast cancer biopsies (our unpublished results). 
Thus, it remains to be seen whether mutant ERs can act as oncogenes. In 
addition to receptor mutations, alterations or transpositions of the EREs of 
target genes have the potential to disrupt normal cellular regulation. Whether 
this plays a role in oncogenesis also remains speculation. 
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9. Summary 

The role of estrogen in the growth of human breast cancers has been inves­
tigated at two levels. First, we have studied the pS2 gene, whose transcription 
is stimulated by estrogen in the human breast cancer cell line, MCF-7. The 
pS2 gene product is a small, secreted polypeptide currently of unknown func­
tion, but with structural features similar to some growth factors. The expres­
sion of the pS2 gene has so far been detected only in MCF-7 cells and some 
breast cancer biopsies. Preliminary studies indicate that pS2 is a potential 
marker for hormone-dependent breast cancer. Ongoing studies will continue 
to focus on the implicated role of pS2 in the estrogen-mediated growth of 
breast cancers and its possible use as a marker for estrogen-dependent 
tumors. 

Second, we have analyzed the structure and function of the human ER. 
The receptor stimulates pS2 gene transcription by interacting with an ERE 
in the 5' -flanking region of that gene. A mutational analysis of the receptor 
protein has localized a DNA-binding domain, which determines target gene 
specificity, and a hormone-binding domain. These domains appear to be the 
only two regions of the receptor which are absolutely required for the tran­
scription-activating function of the ER in transfection assays with reporter 
plasmids. The N-terminal region of the protein (regions A and B), which is 
necessary for increasing the efficiency of gene expression using the pS2 ERE, 
but not a vitellogenin ERE, may also playa role in transcription activation. 
Further progress in the characterization of the ER functional domains will 
require studies on target genes in a more physiological chromatin environ­
ment, as well as detailed physical analyses of receptor structure. 
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1. Introduction 

A major question in cancer research is: why do cancer cells continuously 
proliferate and invade adjacent tissue. Breast cancer cells are particularly 
suitable for studying this question since when they are differentiated, they 
contain estrogen receptors, and estrogen, specifically, triggers their growth. 
One approach to understanding the estrogen-induced growth stimulation in 
this model is to identify the estrogen-induced factors involved in the control 
of cell proliferation [1-6]. Here, we illustrate this approach in a study of 
growth regulation of MCF7 cells by estrogen, in which we found a secreted 
52K protein with mitogenic activity. It was identified as a protease that is 
also possibly involved in the process of tumor cell metastasis. 

2. Estrogen-induced autocrine mitogens 

Steroid hormones regulate specific gene expression within minutes following 
their interaction with specific nuclear receptors [7]. By contrast, the mitogenic 
effect of sex steroids is observed only after a lag of approximately 1 day; 
during this time, the transcription of several genes has been stimulated and 
different proteins have been induced. Among them, the proteins secreted by 
breast cancer cells are good candidates for mediating the effect of estrogens 
by interacting in turn on the plasma membrane of the same cells via an 
estrogen-regulated autocrine mechanism [8, 9]. An autocrine mechanism has 
been proposed for cancer cells which acquire the ability to make and respond 
to their own growth factors [10]. We have applied this concept to breast 
cancer cells which remain under the control of sex-steroid hormones during 
the first steps of tumor progression. 

One way to define growth factors and other mitogens involved in this auto­
crine mechanism is to characterize the estrogen-induced proteins and pep­
tides that are secreted by hormone-dependent human breast cancer cells since 
estrogens are the only steroids with mitogenic activity in these cells [2-4]. 

The estrogen-regulated autocrine mechanism was supported by showing 

M.E. Lippman and R.B. Dickson (eds.), Breast Cancer: Cellular and Molecular Biology. ISBN 978·1·4612·8975·3 
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that glycoprotein fractions prepared from serum-free media conditioned by 
estrogen-stimulated MCF7 cells increase the growth of resting MCF7 cells, 
while similar fractions from the conditioned media of estrogen-stripped 
MCF7 cells are inactive [9]. The mitogenic activity of media conditioned 
by estrogen-treated cells has been confirmed by different groups [11, 12]. 
Following the labeling of newly synthesized proteins by \35S\ methionine 
or \35S\ cysteine and the analysis of the labeled proteins by SDS-polyacry­
amide gel electrophoresis, several estrogen-regulated proteins have been 
detected [see 6, 13] and there is a general consensus that estrogen-induced 
proteins, or factors present in these conditioned media are at least partly 
responsible for the stimulation of the cancer cells. 

One of the major challenges in the field of hormone-dependent cancer is 
to define the protein( s) or peptide( s) responsible for controlling proliferation 
and invasion by these cancers. To this end, two strategies were used. The 
first was to characterize classical growth and transforming factor activities and 
to show that some of these growth factors, such as EGF, IGFI and PDGF like 
peptides, are induced by estrogens in breast cancer cell lines and are potential 
autocrine mitogens [14, 15]. The second was to purify and identify the major 
secreted proteins which were actually found to be synthesized and regulated 
by estrogens in these cells. This approach led us to identify a lysosomal 
protease with mitogenic and invasive potential. 

3. Regulation and purification of the 52K protein 

The 52K protein was first described in 1979 [16, 17] by labeling MCF7 cell 
proteins with \35S\ methionine and analyzing the secreted proteins by SDS­
polyacryamide gel electrophoresis. While estradiol increased by 2 to 3 fold 
the total amount of secreted proteins, normalization for constant TCA pre­
cipitable material showed that some of the proteins (mainly a 160K and a 52K 
species) were more specifically increased by estradiol at concentrations as low 
as 1 to 10 picomole. 

The 52K protein is secreted in small amounts into the culture medium by 
estrogen-treated MCF7 cells (5 ng/106 cells/hour) and by other ER-positive 
breast cancer cells under estrogen control (T47D, ZR75- 1). It is constitutively 
produced without the influence of estrogen in ER-negative cell lines (MDA­
MB231, BT20) [18]. In ER-positive cells, the protein is specifically regulated 
by hormones (estrogens and high doses of androgens) that can bind to and 
activate the estrogen receptor, but not by glucocorticoids, progestins, or an­
drogens at low concentrations [17]. The effects of the antiestrogens, tamoxi­
fen and hydroxytamoxifen, suggested that this protein was in some way 
related to the mitogenic activity of estrogens. In wild type MCF7 cells, the 
antiestrogens totally inhibited the synthesis of the protein, whereas they par­
tially stimulated the synthesis of the progesterone receptor. By contrast, in 
the antiestrogen-resistant variants of MCF7 cells (R27 and RTx6) cloned for 
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their ability to grow in 1 [lM tamoxifen, the antiestrogens became able, like 
estrogens, to increase the production of the 52K protein, but remained un­
able, as in wild type MCF7 celis, to stimulate the production of the estrogen­
regulated 160K secreted protein and of pS2 mRNA [19]. In these cell lines, 
the 52K protein was therefore a better candidate for being a mitogen than 
the pS2 or 160K proteins. A possible mechanism for the anti-estrogen resis­
tance was that cells had acquired a growth advantage, due to the tamoxifen 
induced increased production of autocrine growth factors such as the 52K 
protein. 

We applied a three-step strategy to purify the 52K glycoprotein. Using con­
canavalin-A sepharose chromatography, we partially purified it from 22 liters 
of conditioned medium from MCF7 cell cultures. From this partially purified 
fraction, we obtained several mouse monoclonal antibodies to the 52K pro­
tein [20] (Table 1). Finally, using an immunoaffinity column, we purified the 
52K protein to apparent homogeneity (l,OOO-fold purification) both in its 
secreted and cellular forms [21]. The purification of 52K protein made it 
possible to study its activity on cell growth, determine its structure and ident­
ity, and finally clone its corresponding cDNA sequences. 

By immunopurification without detergent, a homogeneous secreted 52K 
protein was obtained, which was shown to stimulate the growth of estrogen-

Table 1. Characterization of the MAbs to the 52K protein 

Affinity Immuno-
Specificity (KD in nM) precipitation Immunoblot 

Site 1 
MIG8 0.43 + + 
MIHll 2.86 + + 
M6HlO 1.43 + + 
D8F5 52K 1.25 + + 
DllE2 + 1.00 + + 

48K 
Site 2 + 

D7E3 34K 0.83 + + 
Site 3 

M4A3 0.58 + + 

Site 4 
M2E8 0.18 + ND 

52K only 
Site 5 

D9H8 0.96 + ND 

All the monoclonal antibodies (MAbs) are IgGl and purified from a single fusion. The anti­
bodies of sites 1 to 3 (20) recognize the 34K part of the molecule and can be used to assay total 
52K-cathepsin-D in cell extracts. The antibodies of sites 4 and 5 recognize only the pro-fragment 
and can be used to assay the precursor alone (secreted and cellular of the 52K-cathepsin-D) (41). 

+ indicates the specificity of the antigen-antibody recognition. ND: not determined. 
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deprived recipient MCF7 cells [22]. This stimulation was dose-dependent and 
occurred at concentrations (1 to 10 nM) similar to those found in the culture 
medium. However, time-course experiments indicated that both estradiol and 
the 52K protein required the same (18 h) lag before stimulating [3H[thymidine 
incorporation. Like estradiol, the 52K protein was also able to stimulate the 
number and length of microvilli on the cell surface. This mitogenic activity of 
the purified 52K protein could be intrinsic or could be due to a contaminant 
not visible by silver staining overloaded gels. However, [35S[ cysteine-labeling 
experiments have excluded that the activity could be produced by newly syn­
thesized peptides incorporating cysteine residues such as TGFu, pS2 protein, 
or IGFI [22]. The in vitro mitogenic activity of the purified 52K protein was in 
agreement with an estrogen-regulated autocrine mechanism. 

4. Structure and identification as a lysosomal protease 

Study of the co- and post-translational modifications of the 52K protein 
helped us to define its structure and enzymatic activity. After exposure of cul­
tured MCF7 cells to 32p, the 52K protein is intensely labeled. However, most 
of this label can be removed by endoglycosidase-H treatment, which deletes 
two N-glycosylated chains of the protein (Figure 1). Mannose-6-P signals 
were then identified on these chains [23-24]. Pulse-chase experiments and 
Western blot analysis showed that the 52K protein is the precursor of a 
lysosomal enzyme which accumulates in lysosomes as a stable 34K protein. 
About 40% of the cellular 52K precursor is secreted while about 60% is suc­
cessively processed into a 48K and a 34K + 14K protein [21, 25]. Part of the 
secreted 52K protein can be taken up and processed by MCF7 cells, but its 
binding is specifically inhibited by mannose-6-P and not by other sugars [24]. 

The presence of mannose-6-P signals indicated that the protein is normally 
routed to lysosomes where it exerts its usual function [27]. In testing several 
enzymatic activities corresponding to lysosomal hydro lases of similar mole­
cular weight, we found that both the purified secreted 52K protein and the 
corresponding cellular proteins (52K, 48K, 34K + 14K) displayed a strong 
proteolytic activity at acidic pH, which was mostly inhibited by pepstatin 
(Figure 2) [23, 24]. There is a strong homology with cathepsin-D [27]. 
Antibodies to the 52K protein interact with liver cathepsin-D, while anti­
cathepsin-D immunoprecipitates the 52K protein [24]. The pH and inhibitor 
sensitivities of the two proteases are very similar, as are their molecular 
weights. In addition, the first 15 amino acids determined by micro-sequencing 
the N-terminal of the molecules are identical (P. Ferrara, unpublished). 

The differences with the previously characterized cathepsin-D of normal 
tissue at present appear, to the mostly quantitative and linked to its hormonal 
regulation. The concentration of this enzyme is very high in some breast can­
cers and melanoma (see clinical studies), and its precursor is secreted in 
greater amounts by breast cancer cells than by normal mammary epithelial 
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Figure 1. Estrogen-treated MCF7 cells were labeled with either 1" Slmethionine , ' 2p H,P04 , or 
I'H lmannose . 

Media were immunoprecipitated with the MIG8 antiboty to the 52K protein and analyzed by 
SDS-polyacrylamide gel electrophoresis. The immunoprecipitated secreted 52K protein was 
digested (+) or not (-) with endoglycosidase H (E.H.) and the TCA-precipitated proteins were 
electrophoresed . 

[Modified by permission from 24 .) 

cells or fibroblasts in culture (F. Capony et ai., in preparation). Until now, a 
specific regulation of cathepsin-D by estrogens has never been observed. 

Using,monoclonal antibodies to the 52K protein and synthetic oligonucleo­
tides prepared from the sequence of the N-terminal end of the 52K protein , 
we screened a cDNA library expressed in "gtll (gift of Dr. P. Chambon) and 
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Figure 2. Structure and processing of the 52K-cathepsin-D. 
The MCFr 52K protein is an inactive pro-cathepsin-D [23, 24], which can be auto activated 

when secreted or processed by cysteine proteinase successively into an intermediate (48K) form 
and final mature enzyme (34K + 14 K). The molecular weights and immunoreactivities of the 
processed forms of cathepsin-D in normal fibroblasts [26] and in MCF7 breast cancer cells are 
very similar if not identical. 

cloned several cDNA probes corresponding to the whole mRNA of the pre-, 
pro-cathepsin-D of MCF7 cells [28]. Partial sequencing indicated a strong 
homology with cathepsin-D of normal kidney [29] with a few differences 
whose biological significance is now being studied (P. Augereau et at., in pre­
paration). Using the monoclonal antibodies, we showed that the intracellular 
cathepsin-D was also regulated by estrogens [25] and, using a cDNA probe, 
that the level of a 2.2 kb 52K pre-pro-cathepsin-D mRNA was rapidly and 
specifically increased by 6- to lO-fold following estradiol treatment [28, 30] 
(Figure 3). It is therefore likely that as in the case of other estrogen-regulated 
genes [7], the 52K-cathepsin-D is transcriptionally regulated by estrogens. 

5. Potential role of the 52K-cathepsin-D protease in mammary carcinogenesis 

Some of the characteristics of the 52K-cathepsin-D, i.e. its high concentration 
in proliferative and tumoral cells, its induction by estrogen, and the large pro­
portion of its secreted form, suggest that it may have major function(s) in 
mammary carcinogenesis by stimulating tumor growth and/or invasion via its 
proteolytic activity (Figure 4). The mechanism of the mitogenic action of the 
52K-cathepsin-D-like enzyme is unknown. As for other proteases, cathepsin­
D may acts indirectly by releasing growth factors from precursors or from the 
extracellular matrix via their enzymatic activity and/or by activating growth 
factor receptors. For instance, proteolytic cleavages are needed to detach the 
TGFa precursor from the membrane [31] and may be involved in the activa­
tion of TGF~ [32]. The proteases responsible for these cleavages are 
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Figure 3. Effect of estradiol on the 52K protease mRNA in MCF7 cells. 
Six hours following addition of increasing concentrations of estradiol (E2) or solvent (C) to 

MCF7 cells, RNA was purified from MCF7 cells and analyzed by ! % agarose gel electrophoresis. 
The 52K-cathepsin-D mRNA was detected by hybridization with one cloned cDNA (AP9) iso­
lated from a Agt1! eDNA library of estrogen-treated MCF7 cells (28, 30). The molecular weight 
of the markers is shown in kilobases, 3684 is a eDNA corresponding to the expression of a 
hormone independent gene (7). (Y. Cavailles et a!., submitted for pUblication). 
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Figure 4. Putative functions of estrogen-regulated secreted proteins, and peptides secreted by 
breast cancer cells. 

Estrogens, via their nuclear receptors (RE), induce several proteins and factors that are 
secreted by breast cancer cells. One category (growth factors) may act as autocrine factors which 
stimulate the growth of the same cells [10]. Other proteins, such as proteases, can potentially act 
as mitogens either directly or via the activation of growth factors. Proteases may also facilitate 
tumor invasion and angiogenesis via their proteolytic activity. 

unknown. A more direct action via specific receptors as in the case of throm­
bin [33] is however not excluded. 

The major normal functions of cathepsins occur in lysosomes at very low 
pH, where they degrade endogenous proteins [34]. Since a pro-cathepsin-D 
enzyme is secreted in large amounts at the periphery of cancer cells, the en­
zyme may acquire abnormal functions, such as facilitating cancer cell migra-
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tion and invasion by digesting basement membrane, extracellular matrix, and 
connective tissues. Cathepsin-D is secreted as an inactive proenzyme, but at 
acidic pH, it can be auto-activated by the removal of a small part of the N­
terminal pro-fragment [35]. The same is true of the breast cancer 52K protein 
[24]. Culture media conditioned under serum-free conditions by estradiol­
treated MCF7 cells contain potential proteolytic activities that can digest 
methemoglobin [27] and proteoglycans [24, 36]. It is conceivable that under 
certain circumstances, breast cancer cells develop a sufficiently acidic micro­
environment to allow the auto activation of the secreted 52K-cathepsin-D 
[36]. Recent clinical studies based on the use of monoclonal antibodies 
strongly support this hypothesis. 

6. Immunoperoxidase staining of the 52K-cathepsin-D in frozen sections 

Using monoclonal antibodies directed to the mature 34K enzyme [20] (Table 
1), we have examined frozen sections of several human tissues [37] with the 
peroxidase-anti-peroxidase technique of Sternberger. Most of the staining 
was granular in the cytoplasm and corresponded to lysosomes. No plasma 
membrane staining was detected. Among the different normal tissues studied, 
the protein appeared to be mostly concentrated in sweat glands and liver, but 
not in normal uterus or normal resting mammary glands collected by reduc­
tion mammoplasties. By contrast, immunostaining was observed in 43% of 
127 biopsies of benign mastopathies [37]. Gynecomastias, fibroadenomas, 
fibrous lesions, and lobular structures (adenosis, sclerosing adenosis, atypical 
lobular hyperplasia) were usually negative. The two groups of mastopathies 
that were highly stained consisted of cysts over 3 mm in diameter and ductal 
hyperplasias. 

When the different histological types were pooled into proliferative (high­
risk) and nonproliferative (low-risk) lesions, according to criteria defined by 
Dupont and Page [38], we found a significant correlation between prolifera­
tion and 52K protein staining. Among the 23% of the lesions that were proli­
ferative, nearly 80% were positive for the 52K protein. The negative cases 
were all lobular hyperplasia. In the non-proliferative group, only 32% of the 
tumors were stained. This positivity was due mainly to the presence of cysts. 
The use of 52K protein staining in predicting high-risk (proliferative) masto­
pathies may therefore be useful and complementary to histopathology, since 
91.5% of the 52K-protein-negative lesions were non-proliferative and 60.5% 
of the 52K-protein-positive (non cystic) lesions were proliferative. 

We also studied 52K-immunostaining of breast cancer tissue in an attempt 
to correlate its positivity with steroid-receptor content and other prognostic 
markers. We studied 232 primary breast carcinomas collected from April to 
September 1985, in three French cancer centers (Institut Gustave Roussy, 
Villejuif; Centre Antoine Lacassagne, Nice; Centre Paul Lamarque, Mont­
pellier). The 52K protein was evaluated in frozen sections by immunohisto-
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chemistry, and the concentration of estrogen receptors and progesterone 
receptors were assayed in the cytosol by the classical dextran-coated charcoal 
method [IS]. Altogether, the 52K protein was detected in 64% of the 232 
tumor biopsies. In SO% of the 52K-positive tumors, the staining was very 
heterogeneous and affected only 1-30% of the epithelial tumor cells. The 
staining was generally less homogeneous in breast cancer cells than in proli­
ferative benign mastopathies and in cells bordering the lumen of large cysts. 
In the four categories of tumors defined according to their positivity for estro­
gen and progesterone receptors, a similar proportion of tumors was found to 
be positive for the 52K protein [IS]. The estrogen receptor (RE) positive and 
progesterone receptor (RP) positive group was not significantly different 
from the RE negative and the RP negative group, or the total population 
(64%), with respect to 52K-protein immunostaining. Moreover, when the 
percentage of the 52K-protein-stained cells was plotted against the cytosolic 
RE and RP concentrations, no statistical correlation, either positive or 
negative, was observed between the estrogen or progesterone receptor con­
centration and the amount of 52K-positive cells. 

The absence of correlation between these two types of markers was also 
shown directly using fine-needle aspirates of breast carcinomas to perform 
double immunohistochemical staining of the nuclear NE and cytoplasmic 52K 
protein in the same sample [39]. The first results from 35 patients also indicate 
that the two markers are not correlated. There were tumor cells with 52K 
protein and without RE staining, and others with RE and without 52K pro­
tein. These data suggest that the amount of 52K protein is not correlated with 
that of the estrogen receptor in breast cancer cells. 

Among other cancers examined, some melanomas were found to be posi­
tive, while benign nevi were generally negative [37] suggesting that this 
marker will be useful in melanoma but further studies are required. 

To obtain a better quantification of the concentration of the 52K protein, 
we used a solid phase double-determinant immunoassay of the 52K­
cathepsin-D. 

7. Immunoassay of the total and cathepsin-D-like enzyme and its precursor 
(S2K) in soluble extracts 

Using two associations of antibodies that recognize two domains of the pro­
enzyme [20, 40,41]' both the precursor (52K) and its cellular products (4SK 
+ 34K) were assayed (Table 1). The technique was applied both in the culture 
medium and in the cytosol, to assay the secreted and total cellular forms, 
respectively. The concentration of the 52K protein was determined by refer­
ence to a standard purified 52K protein assayed by silver staining. 

The production and secretion of the 52K protein were compared in several 
RE positive and RE negative cell lines cultured in 10% fetal calf serum con­
taining estrogens [IS]. All RE-positive cell lines tested at confluency pro-
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duced the 52K protein in the presence of estradiol, but its secretion varied 
markedly according to the cell line and the subspecies. For instance, the secre­
tion of 52K protein by two MCF7 subspecies was quite different. 

Interestingly, the 52K-cathepsin-D was also produced and secreted by the 
two RE-negative breast cancer cell lines (BT20, MDA-MB231). The secre­
tion of 52K protein by RE-negative cell lines and their intracellular concen­
trations were even higher than in some RE-positive cell lines but were not 
regulated by estrogens. The high production of 52K protein by hormone­
independent breast cancer is in full agreement with its lack of correlation with 
the estrogen receptor. 

Since breast cancer cytosol is routinely used to determine estrogen and 
progesterone receptor levels, we recently assayed in this cytosol the level of 
the total cathepsin-D-like protein (using the antibodies to the mature 34K 
enzyme) [40] and that of the 52K precursor alone (using the antibodies to 
the pro-fragment) [41]. Each essay was a solid phase double-determinant im­
munoenzymatic assay. Two studies have been completed. The first is a pro­
spective study on 183 cytosols of primary breast cancers [42]. The results are 
summarized in Table 2. The concentration of total cathepsin-D-like enzyme 
varied markedly according to the patient, as did the proportion of the 52K 
precursor. The absence of correlation with the estrogen receptor was con­
firmed. The slight correlation with axillary lymph node invasion indicates that 
the assay of total enzyme in cytosol may be valuable as a prognostic marker 
for predicting the degree of invasiveness of breast cancers. 

These results suggested some relationship in primary tumors between high 
concentrations of 52K-cathepsin-D and the degree of invasiveness. A second 
clinical study was retrospective and included on 150 post-menopausal patients 
of the Danish Breast Cancer Cooperative Group, we assayed total 52K en-

Table 2. lEMA of 52K-cathepsin-D in cytosol from 183 primitive breast cancers 

l. A prospective study starting February 1985. Pre- and post-menopausal patients (Centre Paul 
Lamarque, Montpellier and other Languedoc Hospitals). 

2. Concentration of total52K protein (secreted + cellular) from 52 to 2,800 U/mg cytosol protein 
(mean = 40). 

3. No correlation with RE (r = 0.15) and a slight correlation with RP (r = 0.41). 
4. High concentrations of 52K (>700 U/mg proteins) are correlated with lymph node invasion 

(p < 0.(1) and RE. 
5. Variable proportion of the 52K precursor OD/" to 42 % of the total 52K cellular proteins 

(52 + 48 + 34). 
6. Not correlated with Scarff and Bloom grading, tumor size, or age of patients. 

Cytosol was prepared from non-irradiated breast cancers. The concentration of the 52K protein 
(toatl and precursor) was measured by a double-determinant immunoenzymatic assay using our 
first series of antibodies (Table 1). The concentration of RE was determined by a similar enzy­
matic assay using Abbott antibodies (kit ER-ElA) and that of RP sites by the classical charcoal 
assay. Axillary lymph node invasion was defined by the pathologist following radical mastectomy. 

Detailed information in Reference [42]. 
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zyme in cytosol collected at surgery 6 to 10 years earlier and kept at -70°C in 
the Fibiger Center-Finsen Institute by Dr. Susan Thorpe [43]. A significant 
correlation was found between patients with high (400 Ilimg protein) 52K 
protein concentrations and short recurrence-free survival. The 52K protein 
parameter was found in this study to be independent of the other prognostic 
parameters. 

The first clinical studies strongly suggest a role of this protease in the pro­
cess of tumor invasion and metastasis, which is the major cause of death in 
breast cancer. However, these results will have to be confirmed and extended 
in further studies and compared with those of other new prognostic markers 
[44]. 

8. Conclusions and perspectives 

It has long been proposed that proteases are involved in the process of in­
vasion and metastasis by cancer cells [see 45]. Collagenases [46] and plas­
minogen activator [47] have been the most extensively studied, and have been 
considered to be involved in the process of metastasis. However, at present, 
clinical studies do not show a correlation between plasminogen activator 
activity and bad prognosis of breast cancer [48]. By contrast, tissue plasmino­
gen activator appears to be more correlated with estrogen and progesterone 
receptor sites than with prognosis [49, 50]. On the other hand, there is con­
verging evidence favoring the idea that cathepsins are closely related to the 
metastatic and invasive processes in cancer. Cell transformation and several 
mitogens have been shown to stimulate the secretion of the precursors of 
MEP-cathepsin-L [51], cathepsin-B [52], and the 52K-pro-cathepsin-D. 

Moreover, the first clinical results indicate that high concentrations of the 
52K-cathepsin-D antigen in breast cancer cytosol is associated with invasive 
breast cancers. These results strongly support the idea that secreted lysosomal 
proteases as well as other secreted proteases [45] are involved in the process 
of tumor growth and invasion. We propose that the increased synthesis and 
secretion of 52K-cathepsin-D under estrogen control in well differentiated 
tumor, and constitutively in the hormone independent tumor may facilitate 
mammary tumor invasion and metastases [23, 53]. In support of this hypo­
thesis, 'estradiol appears to stimulate the migration of MCF7 cells through a 
reconstituted basement membrane [54]. Other cancers may also be controlled 
by this protease, but at present our immunoperoxidase staining has revealed 
high concentrations of it mostly in breast cancer cells and melanoma [37], 
suggesting that this cathepsin may act more specifically in these two types of 
cancer, which frequently result in metastases. 

The involvement of proteases in the control of cancer growth has important 
therapeutic implications [45]. Since the 52K protease, like other autocrine 
growth factors, is produced by both hormone-dependent and -independent 
breast cancer cells, the neutralization of its activity (by antibodies, analogs, 
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enzyme inhibitors, etc.) could be of considerable interest in treating breast 
cancer and melanoma and in preventing metastasis, in the same way as small­
cell lung cancer is treated by neutralizing bombesin-like growth factors [55]. 
These antimitogenic treatments would be of more general use than antihor­
mone therapy, whose efficacy is restricted to hormone-dependent cancers. 
Further studies are needed to prove the biological function of these proteases 
in carcinogenesis and to discover how to inhibit their putative destructive 
effects. 
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10. Tumor invasion and metastases: biochemical 
mechanisms 

Lance A. Liotta, and Mary L. Stracke 

1. Introduction 

Tumor invasion and metastases is the major cause of treatment failure for 
cancer patients. Approximately 30% of patients with newly diagnosed solid 
tumors (excluding skin cancers other than melanoma) already have clinically 
detectable metastases. This percentage has increased somewhat in recent 
years due to the widespread adoption of new imaging technology resulting in 
the detection of metastases at an earlier stage in their growth. Of those 60% 
of cancer patients which are clinically free of metastases, approximately half 
can be cured by local tumor therapy alone [1]. The remaining patients have 
clinically occult micrometastases which ultimately become manifest. The 
patient with metastatic disease succumbs to the direct anatomic compromise 
caused by the metastases or to complications associated with therapy. 

2. Multistep cascade of metastases 

A metastatic colony is the end result of a complicated series of tumor host 
interactions (Figure 1). Primary tumor initiation and progression is followed 
by the transition from in situ to locally invasive cancer and angiogenesis 
[3-6]. Newly formed tumor vessels are often defective and easily invaded by 
tumor cells within the primary mass. At the invasion front tumor cells also 
invade pre-established host blood vessels. Tumor cells are discharged into the 
venous drainage in single cell form and in clumps. For rapidly growing tumors 
1 cm in size, millions of tumor cells can be shed into the circulation every day. 
Fortunately for the patient, only a very small percentage « .01 %) of circu­
lating tumor cells initiate metastatic colonies. Tumors generally lack a well­
formed lymphatic network. Therefore, communication of tumor cells with 
lymphatic channels occurs only at the tumor periphery and not within the 
tumor mass. Tumor cells entering the lymphatic drainage are carried to re­
gional lymph nodes where they arrest in the large lymphatics of the subcap­
sular sinus. Within 10 to 60 minutes after initial arrest in the lymph node, a 
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Figure J. Multistep metastatic cascade. Following transition from in situ to invastive carcinoma, 
tumor cells gain access of host blood vessels and lymphatics. Tumor cells directly (or indirectly 
via lymphatic-hematogenous communications) enter the blood stream and are carried to the 
distant organ site. Here they arrest in the vascular bed, extravasate, and initiate a metastatic 
colony. Continued growth of the metastases requires angiogenesis and escape from host 
defenses. 

significant fraction of the tumor cells detach and enter the afferent lympha­
tics. These tumor cells eventually end up in the regional or systemic venous 
drainage due to the existence of numerous lymphatic-hematogenous com­
munications. Thus, the regional lymph node does not function as a true 
mechanical barrier to tumor dissemination. Lymphatic and hematogenous 
dissemination occurs in parallel. 

Circulating tumor cells utilize a variety of means to arrest in the vessels of 
the target organ where they will initiate metastatic colonies. The fate and time 
course of the arrested tumor cells differs depending on the mechanism and 
location of lodgement. Approximately 80% of the circulating tumor cells are 
in single cell form and directly attach to the intact endothelial surface or to 
pre-existing regions of exposed subendothelial basement membrane. Clumps 
of circulating tumor cells or tumor cells aggregated with host leukocytes, 
fibrin, or platelets can directly embolize, in the pre-capillary venules by 
mechanical impaction or can adhere to the endothelial lumenal surface of 
arterioles. Tumor cells adherent to the surface of venule or capillary endo­
thelium rapidly (1-4 hrs) induce the active retraction of the endothelial cells. 
The tumor cell then attaches avidly to the exposed basement membrane. 
Once the tumor cells have attached, the adjacent endothelial cells extend over 
the tumor cell and separate it from the blood stream. Tumor cells located 
between the endothelium and the basement membrane are held up in this 
location for 8 to 24 hrs. Local dissolution of the basement membrane is then 
observed in association with tumor cell pseudopodia traversing the basement 
membrane. This step is soon followed by complete extravasation of the tumor 
cell and quite often re-establishment of blood flow in the breached vessel. 
Tumor cells arrested in the arterial tree can remain in this location for two or 
three weeks. Endothelial retraction does not occur following arterial arrest. 
Intra-arterial tumor cells can actually proliferate and expand as colonies. As 
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the tumor colonies enlarge, they become covered by a host endothelial sur­
face which lacks a basement membrane. Once the tumor colony fills the 
arteriole, mechanical damage to the endothelium occurs, and this exposes 
the basement membrane. Tumor cells at the periphery of the interarterial 
colony then invade through the basement membrane and the elastic lamina 
of the arteriole wall to gain an extravascular position. 

At all stages of the metastatic cascade, tumor cells must overcome host 
defenses [3-5]. Although tumor-specific antigens have been identified in 
animal models, it still remains unclear whether similar antigens playa role in 
human tumors, and whether the recognition of these antigens can be boosted 
by adjuvant immunotherapy. Limited effectiveness of adjuvent immuno­
therapy of metastases may be due to tumor antigen heterogeneity, tumor 
antigen shedding, or absence of tumor cell immunogenicity. "Nonspecific" 
host defenses such as macrophages and natural killer cells may be more effec­
tive against heterogeneous tumor cell populations. In animal models these 
effector cells play an important role in the elimination of circulating tumor 
cells, and destruction of micrometastases. 

Extravasated tumor cells proliferate as colonies, but require a new vascular 
supply to grow larger than 0.5 mm. Thus angiogenesis is necessary at the 
beginning and the end of the metastatic cascade. Metastases can themselves 
metastasize, further amplifying the level of disease progression. Numerous 
clinical reports provide circumstantial evidence for the existence of dormant 
metastases [1]. Up to one third of the mortality from breast cancer, for in­
stance, occurs more than 5 years after removal of the primary tumor. Three 
potential mechanisms of tumor dormancy have been distinguished in animal 
models: 1) immunologic restraint such that the tumor population death rate 
equals its growth rate, 2) constitutive dependency of tumor cells on host 
growth factors, and 3) avascularity causing the metastasis to be limited in size 
due to deficiency in nutrient diffusion. 

3. Organ tropism for metastases 

The distribution of metastases varies widely depending on the histologic type 
and anatomic location of the primary tumor (Table 1). The most frequent 
organ location of distant metastasis in many types of cancer appears to be 
the first capillary bed encountered by the circulating cells. Major pathways 
of metastases determined directly by anatomic considerations are listed as 
follows: 

1. Sarcomas ansmg in the extremities metastasize primarily to the lungs. 
Sarcoma cells entering the tumor venous drainage are carried into the 
inferior vena cava, enter the right heart, and are carried via the pulmonary 
artery to the lungs. 

2. Lung cancer disseminates widely to multiple organs including brain. Lung 
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Table 1. Autopsy incidence of metastases 

Primary tumor (%) 

Organ of metastases Lung Colon Breast Melanoma 

Liver 30-50 50-60 40-60 58-70 
Lung 20-40 25-40 60-80 66-80 
Bone 30-45 5-10 50-90 30-48 
Brain 15-43 0-1 15-30 40-55 
Adrenal 17-38 14 38-54 40-47 
Pituitary 0-2 0-1 20 18 
Ovary 0-2 14 15-30 10-15 
Kidney 16-23 8 13 31-35 
Spleen 9 5 17 31 

cancer is the only tumor that has direct access to the general arterial circu­
lation via the pulmonary vein through the left heart ventricle [3]. 

3. Colorectal carcinomas tend to metastasize to the liver. Colorectal car­
cinoma cells enter the mesenteric lymphatics and portal venous system and 
are carried to the liver [1, 3]. 

4. Tumors of the testicle metastasize via the lymphatics to lymph nodes of 
the periaortic area and then enter the subclavian veins by lymphatic­
hematogenous communications. Tumor cells entering the subclavian veins 
go to the right heart and then to the lungs [1-3]. 

5. Prostate cancer metastasizes primarily (90%) to vertebral bone. The 
anatomic route is via Batson's plexus of paravertebral veins [2]. Tumor 
cells entering the prostatic plexus of veins are carried to the veins about 
the sacrum, ilium and the lumbar spine. 

6. Patterns of head and neck cancer metastases correspond primarily to the 
regions of local lymphatic drainage [1]. 

7. Ovarian cancer remains confined for long periods of time in the abdominal 
cavity. Local spread occurs to the peritoneal surfaces, the posterior gut­
ters, and the diaphragm. These tumors invade the liver in only a small per­
centage of cases at a very late stage. Liver invasion is usually by direct 
invasion from omental disease or by mesenteric venous emboli derived 
from omental implants. [1]. 

8. Breast cancer metastases are frequently found in vertebral bone. Based on 
dye injection studies, it has been demonstrated that the mammary venous 
drainage can communicate with Batson's plexus of paravertebral veins [2]. 
When dye was injected into a small mammary vein, the dye was found in 
the clavicles, intercostal veins, head of the humerus, cervical vertebrae 
and transverse cranial sinuses. 

However, there are many metastatic sites which cannot be predicted based 
on anatomic considerations alone, and can be considered examples of organ 
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tropism. For example, clear cell carcinoma of the kidney often metastasizes to 
bone and thyroid, and ocular melanoma frequently metastasizes to the liver. 
Theoretical mechanisms for organ tropism include the following [3, 5]: 1) 
tumor cells disseminate equally in all organs, but preferentially grow only in 
specific organs. Preferential growth may be induced by local growth factors or 
hormones present in the target organ for metastases; 2) circulating tumor cells 
may adhere preferentially to the endothelial lumenal surface only in the 
target organ for metastases. This hypothesis predicts organ-specific endothe­
lial determinants; 3) circulating tumor cells may respond to soluble factors 
diffusing locally out of the target organ. Such factors could act in a chemo­
tactic fashion to attract the tumor cells to extravasate. They could also cause 
the circulating tumor cells to aggregate and therefore embolize in the target 
organ. Research with animal models indicates that all of these mechanisms 
playa role to various degrees depending on the tumor model system [3, 5]. 

4. Tumor cell interaction with the extracellular matrix 

The mammalian organism is composed of a series of tissue compartments 
separated from each other by two types of extracellular matrix: basement 
membranes and interstitial stroma [4]. The matrix determines tissue architec­
ture, has important biologic functions, and exists as a mechanical barrier to 
invasion. During the transition from in situ to invasive carcinoma, tumor cells 
penetrate the epithelial basement membrane and enter the underlying inter­
stitial stroma. Once the tumor cells enter the stroma they gain access to 
lymphatics and blood vessels for further dissemination. Fibrosarcomas and 
angiosarcomas, developing from stromal cells, invade surrounding muscle 
basement membrane and destroy myocytes. Tumor cells must cross basement 
membranes to invade nerve and most types of organ parenchyma. During 
intravasation or extravasation the tumor cells of any histologic origin must 
penetrate the subendothelial basement membrane. In the distant organ where 
metastases colonies are initiated, extravasated tumor cells must migrate 
through the perivascular interstitial stroma before tumor colony growth 
occurs in the organ parenchyma. Therefore, tumor cell interaction with the 
extracellular matrix occurs at multiple stages in the metastatic cascade. 

General and widespread changes occur in the organization, distribution 
and quantity of the epithelial basement membrane during the transition from 
benign to invasive carcinoma. The human breast is a particular example. 
Benign proliferative disorders of the breast such as fibrocystic disease, sclero­
sing adenosis, intraductal hyperplasia, fibroadenoma and intraductal papil­
loma are all characterized by disorganization of the normal epithelial stromal 
architecture. Extreme forms can mimic the appearance of invasive carcinoma. 
However, no matter how extensive the architectural disorganization, these 
benign disorders are always characterized by a continuous basement mem­
brane separating the epithelium from the stroma. In contrast, invasive ductal 
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carcinoma, invasive lobular carcinoma and tubular carcinoma, consistently 
possess a defective extracellular basement membrane with zones of basement 
membrane loss around the invading tumor cells. The basement membrane is 
also markedly defective adjacent to tumor cells in lymph node and organ 
metastases. In some focal regions of well differentiated carcinoma, partial 
basement membrane formation by differentiated structures can be identified. 
These findings are of direct application to diagnostic problems in surgical 
pathology such as the differentiation of tangential sections of in situ lesions 
from true invasion, or differentiating severe adenosis from invasive car­
cinoma. Loss of basement membranes in human carcinomas significantly 
correlates with increased incidence of metastases and poor 5-year survival. 

5. Three-step theory of invasion 

A three-step hypothesis has been proposed to describing the sequence of 
biochemical events during tumor cell invasion of extracellular matrix. The 
first step is tumor cell attachment to the matrix. Attachment may be mediated 
by tumor cell plasma membrane receptors that interact with specific glyco­
proteins such as laminin and fibronectin. Following attachment, the tumor cell 
secretes hydrolytic enzymes (or induces host cells to secrete enzymes) which 
can locally degrade the matrix (including degradation of the attachment glyco­
proteins). Matrix lysis most likely takes place in a highly localized region close 
to the tumor cell surface where the amount of active enzyme outbalances the 
natural protease inhibitors present in the serum and in the matrix itself. In 
contrast to the invasive tumor cell, when the normal cell or benign tumor cell 
attaches to the matrix it may respond by shifting into a resting or differentia­
ted state. The third step is tumor cell locomotion into the region of the matrix 
modified by proteolysis. The direction of the locomotion may be influenced 
by chemotactic factors and autocrine motility factors. Autocrine motility fac­
tors (AMF) are a newly described class of proteins (see section below) which 
bind to a cell surface receptor and profoundly stimulate motility [4]. They are 
distinct from known growth factors, and their mechanism of action involves 
the membrane G protein pathway inhibited by pertussis toxin. The chemo­
tactic factors derived from serum, organ parenchyma, or the matrix itself 
[3,6] may influence the organ specificity of metastases. Continued invasion of 
the matrix may take place by cyclic repetition of these three steps. 

6. Autocrine motility factors 

Cell motility is necessary for tumor cells to traverse many stages in the com­
plex cascade of invasion. Such stages could include the detachment and sub­
sequent infiltration of cells from the primary tumor into adjacent tissue, the 
migration of the cells through the vascular wall into the circulation (intravasa-
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tion), and the extravasation of the cells to a secondary site. The movement of 
cells through biologic barriers such as the endothelial basement membranes 
of the vasculature may well occur by means of chemotactic mechanisms. 
Indeed, studies on in vitro chemotaxis of some tumor cells report that a 
variety of compounds such as complement-derived materials, collagen pep­
tides, formyl peptides, and certain connective tissue components can act as 
chemoattractants [7, 8]. While these agents may well contribute to the direc­
tional aspects of a motile response, they are not sufficient to initiate the 
intrinsic locomotion of tumor cells. The availability of soluble attractants to 
the tumor cell is greatly dependent upon the host even in those cases in which 
the production of attractants is the result of tumor cell-host tissue interaction. 
At best, it seems that the cell would have access to such motility stimuli at 
sporadic and irregular intervals, conditions unfavorable to a sustained migra­
tion of highly invasive cells. With these considerations in mind and stimulated 
by the studies of Todaro, Sporn and co-workers [9], in which they demons­
trated autocrine growth factors for transformed cells, we investigated the 
possibility that such cells could elaborate autocrine motility factors. The 
action of these substances might, in part, explain both the markedly invasive 
character and the metastatic property of malignant cells. Thus, under the in­
fluence of such an autocrine material, a tumor cell might move out into the 
surrounding host tissue and also exert a 'recruiting' effect on adjacent tumor 
cells in the presence of a gradient of attractant (Figure 2). Conceivably, such 
factors might also attract fibroblastic cells of the host, resulting in the pheno­
menon of desmoplasia, characteristic of invasive tumors. 

We have found that the human melanoma cell line A2058 and human 
breast carcinoma cells produce in culture a material that markedly stimulates 
their own motility [10]. These cells respond in a dose-dependent manner to 
various concentrations of conditioned medium obtained by incubating con­
fluent cells in serum-free medium, an indication that the motility factor is 
derived from the cell. Motility was measured by the modified Boyden cham­
ber procedure. Using this assay and the 'checkerboard' analysis [11], we have 
also found that the conditioned medium factor has both chemotactic (direc­
tional) and chemo-kinetic (randomly motile) properties. 

7. Isolation and characterization of a human melanoma autocrine motility 
factor 

Conditioned protein-free medium which elicited both large (10-15% of the 
cells migrated) dose-dependent chemotactic and randomly motile responses 
(checkerboard analysis) was used to isolate AMF. The conditioned medium, 
after concentration (Amicon), was subjected to molecular sieve chromato­
graphy. AMF emerged as a broad major peak between 40 and 65 kDa (data 
not shown). The AMF was further isolated by fast-performance liquid 
chromatography. 
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AMF HYPOTHESIS 

~ AMF 

Figure 2. AMF hypothesis: cells produce a protein factor (AMF) which binds to specific cell 
surface receptors resulting in the triggering of an intrinsic motile response. The factor or fators 
can also recruit neighboring cells via a paracrine mechanism. 

The AMF activity was iodinated and found to comprise a single major 
component ( electrophoresis) of "",,55 kDa without reduction of disulfide 
bonds. Upon reduction with 5 mM dithiothreitol, the migration of this 
component on the gel became slower, indicating the existence of interchain 
disulfide bonds. A maximal chemotactic response to the purified AMF was 
elicited at a concentration of 10 mM. Amino acid analysis of AMF revealed a 
high content of glycine, serine, glutamic acid, and aspartic acid residues. Both 
tyrosine and cysteine are present, the latter concordant with the existence of 
interchain disulfide bonds as indicated by the altered electrophoretic mobility 
of AMF before and after treatment with dithiothreitol. 

8. Transduction of the chemical signal in the motile response of tumor cells 

Because some cells require ongoing protein synthesis to develop a motile 
response, we determined whether inhibition of protein synthesis affected the 
response of the melanoma cells to its autocrine factor. We found that concen­
trations of cycloheximide that eliminated de novo protein synthesis had no 
effect on stimulated cell motility. Therefore, the cell protein components 
required for developing a motile response appear to be stable for the duration 
of migration (4 hrs). 

Studies with leukocytes [12, 13] have implicated a guanine nucleotide 
protein (G-protein) in the receptor-mediated initiation of a motile response in 
these cells. The evidence is convincing that the locomotion of certain tumor 
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cells also directly involves a G-protein [14]. Pertussis toxin, known to inhibit 
action of the Gi protein of the adenyl ate cyclase pathway [1S], profoundly and 
rapidly inhibited the AMF-stimulated migration in vitro of A20S8 melanoma 
cells [14] and two breast cancer cell lines [R. Guirguis et ai., submitted]. In 
the melanoma cell line O.S ~g/ml of pertussis toxin completely blocked motil­
ity without affecting growth in culture [M.L. Stracke, unpublished results]. 
However, the adenylate cyclase pathway does not appear to be directly in­
volved in the motility response since agents which selectively modulate or 
have a role in this pathway, e.g., cholera toxin, forksolin, the cyclic AMP 
analogue 8-bromoadenosine 3' :S'-cyclic monophosphate, and the cyclase in­
hibitor 2' ,S'-dideoxyadenosine, all had minor effects on cell migration. It is 
likely, then, that effector systems other than adenylate cyclase are mediated 
by a G-protein in producing tumor cell motility. G proteins have been shown 
to act in a variety of second messenger pathways including phospholipase A2 
[16], phospholipase C [17], and activation of calcium channels [18]. Speci­
fically, in the neutrophil pertussis toxin inhibits both lipase enzymes as well as 
motility [19, 20]. Evidence that suggests a role for phospholipase A2 in tumor 
cell locomotion has been obtained with the melanoma cell. Quinacrine, an 
agent that inhibits phospholipase A2, markedly reduced AMF-stimulated 
migration. Additionally, deaza-adenosine, an inhibitor of biological methyla­
tion [21], was found to reduce both membrane phospholipid methylation and 
AMF-stimulated motility, whereas AMF itself caused a sustained increase 
in the methylation of phosphatidyl choline (Ptd Cho) in melanoma cells. 
Since Ptd Cho is the major substrate for phospholipase A2, these findings 
are consistent with a role for this enzyme in tumor cell motility. Studies with 
a murine tumor cell thus, BU-L, suggest that metabolism of arachidonic acid, 
a product of the lipase reaction, may playa role in tumor cell motility [22]. 
Lipoxygenase inhibitors such as quercetin, nordihydroguaretic acid, and 
nafazatrom significantly reduced stimulated motility, but indomethacin, a 
cyclo-oxygenase blocking agent, had no effect. Calm-idazolium also substan­
tially inhibited motility. Collectively, these results are in accord with both 
the lipoxygenase pathway for arachidonate metabolism and a calmodulin­
mediated mobilization of calcium participating in migration of certain tumor 
cells. However, a role for the cyclo-oxygenase pathway cannot be ruled out. 
lt has been reported that phorbol myristate acetate and laminin-stimulated 
motility in murine fibrosarcoma cells are inhibited by prostaglandins of the 
E series [23]. Preliminary studies [M. Stracke, unpublished material] with 
human melanoma cells indicate that calcium channel blocking agents inhibit 
AMF-stimulated motility. On the other hand, calcium ionophores were found 
to stimulate motility. These results are consistent with the participation of 
phospholipase C (PDE Figure) and the generation of IP3 in initiating motility. 
Preliminary experiments clearly demonstrate that lithium, an inhibitor of the 
IP3 pathway, significantly reduces AMF-induced motility [Kohn et ai., in 
preparation] . 

From these considerations, it is likely that the generation of a motile re-
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Figure 3. Signal transducer pathways. Three major classes of second messenger pathways are 
depicted; the cyclic nucleotide pathway includes cyclic AMP (cAMP) and cyclic GMP (cGMP) 
gcnerated adenylcyclase (AC) and guanyl cyclase (GC), respectively. G proteins can regulate the 
production for both nucleotides througb a stimulatory (Gs) and inhibitory (Gi) arms. A separate 
series of effector pathways involves stimulation of phospholipase A~ (PLA2) and phospholipase 
C (PLC) are also regulated by G proteins (Go). PLC results in the activation of the calcium 
mobilizing factor IP, and diacycl glycerol. All the experiments to date indicate that the cAMP 
and the cGMP pathway is not centrally involved in the generation of a motile response in tumor 
cells. The pertussi~' toxin sensitive Go pathway plays a necessary role in the motile response. This 
pathway may mediate changes in membrane fluidity through PLA2 and changes in cytoskeleton 
organization through PDE and the IP, pathway which is known to alter actin binding calcium 
regulated events such as gelsolin action. 

sponse in tumor cells initially involves a direct role for a G-protein which 
interacts with an activated receptor and then transduces the signal to effector 
systems such as the phosphodiesterase 1P3 pathway and phospholipase A2 
(Figure 3). The subsequent production of arachidonate and its metabolism via 
lipoxygenase may contribute to the mobilization of calcium by IP3 and DAG, 
which could also be required for changes in the cytoskeleton that are essential 
for locomotion. With respect to a role for cathepsin B, it is conceivable that 
AMF may stimulate its activity within the membrane to cause a specific clea­
vage of a pro-enzyme whose active form, e.g., protein kinase C [24], is re­
quired for the motile response. 

Early events in migration may involve pseudopodia protrusion. During the 
course of invasion, the same tumor cell must interact with a variety of extra­
cellular matrix proteins as it traverses each tissue barrier. For example, the 



233 

tumor cell encounters laminin and type IV collagen when it penetrates the 
basement membrane, and type I collagen and fibronectin when it crosses 
the interstitial stroma. It has recently been shown that cells express specific 
cell surface receptors which recognize extracellular matrix proteins. The 
first example of such a receptor is the laminin receptor which binds to la­
minin with nanomolar affinity. Laminin receptors have been shown to be 
augmented in actively invading tumor cells, and may play an important role in 
tumor cell interaction with the basement membrane. RGD recognition re­
ceptors are another class of cell surface proteins which bind extracellular 
matrix proteins which in turn contain the protein sequence arg-gly-asp [8]. 
Such proteins include fibronectin, collagen type I, and vitronectin. The pro­
cess of cell migration undoubtedly requires a series of adhesion and detach­
ment steps resulting in traction and propulsion. Studies using the AMF 
stimulated motility as a model system have revealed an important role of 
pseudopodia protrusion in this process. AMF stimulates motility on a variety 
of different substrata. Therefore, its action is independent of the mechanism 
of attachment. Furthermore, AMF induces the rapid protrusion of pseudopo­
dia in a time and dose dependent manner [25]. Isolation of the induced pseu­
dopodia reveals that they are highly enriched in their content of laminin and 
fibronectin matrix receptors. Since cell pseudopodia formation is known to be 
a prominent feature of actively motile cells, we can now set forth a working 
hypothesis to explain the early events in cell motility. Cytokines such as AMF 
which stimulate intrinsic motility may induce exploratory pseudopodia prior 
to cell translocation. Such pseudopodia may express augmented levels of 
matrix receptors (and possibly proteinases). The protruding pseudopodia 
may serve multiple functions including acting as 'sense organs' to interact 
with the extracellular matrix proteins and thereby locate directional cues, 
provide propulsive traction for locomotion, and even induce local matrix 
proteolysis to assist the penetration of the matrix. 

9. Laminin receptors 

Cell surface receptors for the basement membrane glycoprotein laminin 
mediate adhesion of tumor cells to the basement membrane prior to invasion 
[4,26]. Laminin as visualized by rotary shadowing electron microscopy has a 
distinctive cruciform shape with three short arms (35 nm) and one long arm 
(75 nm). All arms have globular end regions. The specialized structure of the 
laminin molecule may contribute to its multiple biologic functions. Laminin 
plays a role in cell attachment, cell spreading, mitogenesis, neurite out­
growth, morphogenesis, and cell movement. Many types of neoplastic cells 
contain high affinity (nM kd) cell surface binding sites (laminin receptors) for 
laminin. The molecular weight of the isolated receptor is 65 kDa [26]. The 
laminin receptor binds to the 'B' chain (short arm) region of the laminin 
molecule. Laminin receptors may be altered in number or degree of occu-
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pancy in human carcinomas. This may be the indirect result of defective base­
ment membrane organization in the carcinomas. Breast carcinoma and colon 
carcinoma tissue contain higher numbers of exposed (unoccupied) receptors 
compared to benign lesions. The laminin receptors of normal epithelium may 
be polarized at the basal surface and occupied with laminin in the basement 
membrane. In contrast, the laminin receptors on invading carcinoma cells 
are amplified and may be distributed over the entire surface of the cell. The 
laminin receptor can be shown experimentally to playa role in hematogenous 
metastases. Treating tumor cells with the receptor binding fragment of 
laminin at very low concentrations markedly inhibits or abolishes lung meta­
stases from hematogenously introduced tumor cells. The mechanism of action 
involves blocking the adhesion of circulating tumor cells to the subendothelial 
basement membrane (Figure 2). 

10. RGD recognition receptors 

A family of cell surface glycoproteins, termed "integrins" has been identified 
which bind with low affinity (uM kd) to a variety of adhesion proteins inclu­
ding fibronectin, von Wille brand factor, fibrin, vitronectin, type I collagen 
and thrombospondin. The integrins are a complex of alpha (140 kDa) and 
beta (95 kDa) subunit proteins [27]. The functions of several of the integrins 
are inhibited by peptides related to the Arg-Gly-Asp (RGD) sequence of 
fibronectin. RGD sequences present on a wide variety of proteins may serve 
as the recognition site for binding of the integrins. It is likely that specific 
ligand sequences adjacent to the RGD site may confer preferential recog­
nition of one type of adhesion protein by certain members of the integrin 
family. Integrin proteins are thought to align adhesion proteins such as fibro­
nectin on the cell surface with cytoskeletal components such as talin and actin, 
thus altering cell shape. Integrin type proteins may play an adhesive role in 
platelet-tumor cell interactions, binding of lymphoid cells to endothelium, 
and the interaction of circulating tumor cells with endothelial surfaces, fibrin, 
von Willibrand factor or thrombospondin. In keeping with this concept, it has 
been reported that co-injection of tumor cells with large quantities of RGD 
peptides will inhibit metastases formation in animal models. The RGD pep­
tides may interfere with the adhesion of tumor cells to the endothelial surface 
which may be mediated directly or indirectly through integrin proteins. 

11. Tumor cell proteinases 

In vitro studies of tumor cell invasion of the extracellular matrix have shown 
that cell proliferation is not absolutely required. Invasion of the matrix is 
not merely due to passive growth pressure, but requires active biochemical 
mechanisms. Inhibitors of protein synthesis or inhibitors of proteinases block 
invasion of the matrix [4]. Many research groups have proposed that invasive 



Table2. 

Metastatic cascade event 

1. Tumor initiation 

2. Promotion and progression 

3. Uncontrolled proliferation 

4. Angiogenesis 

5. Invasion oflocal tissues, blood and 
lymphatic vessels 

6. Circulating tumor cell arrest and 
extravasation 
a. adherence to endothelium 

b. retraction of endothelium 
c. adhesion to basement membrane 
d. dissolution of basement membrane 

e. locomotion 
7. Colony formation at secondary site 

8. Evasion of host defenses and 
resistance to therapy 
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Potential mechanisms 

Carcinogenic insult, oncogene activation or 
derepression, chromosome rearrangement 

Karyotypic, genetic, and epigenetic instability, gene 
amplification; promotion associated genes and 
hormones 

Autocrine growth factors or their receptors, 
receptors for host hormones such as estrogen 

Multiple angiogenesis factors including known 
growth factors 

Serum chemoattractants, autocrine motility factors, 
attachment receptors, degradative enzymes 

Tumor cell homotypic or heterotypic aggregation 

Tumor cell interaction with fibrin, platelets, and 
clotting factors, adhesion to ROD type receptors 

Platelet factors, tumor cell factors 
laminin receptor, thrombospondin receptor 
degradative proteases, type IV collagenase, 

heparanase, cathepsins 
antocrine motility factors, chemotaxis factors 
Receptors for local tissue growth factors, 

angiogenesis factors 
Resistance to killing by host macrophages, natural 

killer cells and activated T cells, failure to 
express, or blocking of, tumor specific antigens, 
amplification of drug resistance genes 

tumor cells secrete matrix degrading proteinases. Collagen is an important sub­
strate because it constitutes the structural scaffolding upon which the other 
components of the matrix are assembled. Tumor derived collagenases which 
degrade interstitial collagen types I, II and III have been characterized by 
a number of investigators. They are metal ion (calcium and zinc) dependent 
enzymes which function at neutral pH. Classic collagenase produces a single 
cleavage in the collagen molecule (interstitial collagen types I, II and III) 
producing 3/4 and 114 size fragments (75% of the distance from the N termi­
nus). Tumor cells can degrade both collagenous and non-collagenous com­
ponents of the basement membrane [4, 5, 29]. Basement membrane specific 
collagen types IV and V are not susceptible to classic collagenase which 
degrades collagen types I, II and III. A separate family of collagenolytic 
enzymes (type IV collagenase) [4,29] cleaves the type IV collagen chain 114 
of the distance from the amino terminus. Type IV collagenases are augmen­
ted in highly metastatic tumor cells and in endothelial cells during angio­
genesis. Antibodies prepared against type IV collagenase react with invading 
breast carcinoma cells and breast carcinoma lymph node metastases by im­
munohistology. Amplification of type IV collagenase production is biochemi-
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cally linked to the genetic induction of metastases in experimental models 
[29]. 

12. Molecular genetics of metastases 

It is apparent that interactions in the complicated metastatic process involve 
multiple gene products. A cascade or coordinated group of gene products 
expressed above a certain threshold level may be required for a tumor cell to 
successfully traverse the successive steps in the metastatic process. The crucial 
gene products may regulate host immune recognition of the tumor cells, cell 
growth, attachment, proteolysis, locomotion, and differentiation. The speci­
fic family of gene products necessary for metastases may be different for each 
histologic type of tumor. 

The evidence linking oncogenes to the induction or maintenance of human 
malignancies has become increasingly compelling. In the past, oncogenes 
have been linked to unrestrained tumor growth. Recently, two different types 
of experimental approaches [5, 27, 28] have indicated that certain classes or 
combinations of oncogenes may play a role in the metastatic behavior of 
tumors. In the first type of experimental approach, human tumor DNA sam­
ples are surveyed for the level of oncogene expression and this is correlated 
with disease stage. In the second type of approach, tumor DNA or isolated 
oncogenes are transfected into recipient cells. The transfected cells are then 
studied for their metastatic propensity. Notable examples of these two 
approaches are work with the HER-21neu oncogene in human breast cancer 
[28] and transfection of the ras oncogene in rodent systems [29]. 

The HER-21neu (neu) oncogene (also termed c-erbB-2 and HER-2) 
encodes a protein which is a member of the tyrosine kinase family, and is 
related to, but distinct from, the EGF receptor gene. At the time of this 
writing, the ligand for the neu oncogene encoded receptor protein had not yet 
been identified. A significant increase in the incidence of neu gene amplifica­
tion is noted in breast cancer patients with >3 axillary lymph nodes positive 
for metastases. Amplification of neu was also highly correlated with disease 
relapse (actuarial survival) as well as tumor size. Thus, even though the func­
tion of neu is unknown, its level of expression may provide important 
prognostic information for breast cancer. 

Transfection of members of the ras oncogene family into suitable rodent 
recipient cells, including diploid rat embryo fibroblasts, can induce these cells 
to rapidly progress to express the complete metastatic phenotype [5, 29]. 
Other oncogenes, including myc, svc, and los, failed to induce metastases in 
rodent cells. Furthermore, when ras was transfected in combination with the 
abenovirus type 2 EIA oncogene, the recipient cells became very tumorigenic 
but totally non-metastatic [29]. Thus, some genes can suppress the action of 
ras to induce metastases. The current working hypothesis is that induction of 
the metastatic phenotype requires at least two (and possibly more) comple-
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mentary genes or gene products. In the correct rodent cells, one of these 
genes may be the activated form of the ras oncogene. When these genes inter­
act in the correct fashion, a cascade of specific gene products are elaborated 
which confer the metastatic phenotype. 

References 

1. Sugarbaker EV: Patterns of metastasis in human malignancies. Cancer BioI Rev 2:235, 1981. 
2. Weiss L, Gilbert HA: Bone Metastases. Boston, GK Hall, Medical Publishers, 1981. 
3. Schirrmacher V: Cancer metastasis: Experimental approaches, theoretical concepts, and 

impacts for treatment strategies. Advances Cancer Res 43: 1-73, 1985. 
4. Liotta LA: Tumor invasion and metastases-role of the extracellular matrix: Rhoads 

Memorial Award Lecture. Cancer Res 46:1-7,1986. 
5. Nicolson GL: Tumor cell instability, diversification, and progression to the metastatic pheno­

type: From oncogene to oncofetal expression. Cancer Res 47:1473, 1987. 
6. Furcht LT: Editorial: Critical factors controlling angiogenesis: Cell products, cell matrix, 

and growth factors. Lab Invest 55:505, 1986. 
7. Lam WC, Delikatny lE, Orr FW, Wass 1, Varani 1, Ward PA: The chemotactic response of 

tumor cells: A model for cancer metastasis. Am 1 Pat hoI 104:69-76, 1981. 
8. McCarthy IB, Basara ML, Palm SL, Sas DF, Furcht LT: Stimulation of haptotaxis and 

migration of tumor cells by serum spreading factor. Cancer Metastasis Rev 4: 125-152,1985. 
9. Anzano MA, Roberts AB, Smith 1M, Sporn MB, De Larco lE: Sarcoma growth factors 

from conditioned media of virally transformed cells composed of both type a and type B 
growth factors. Proc Natl Acad Sci USA 80:6264-6268, 1983. 

10. Liotta LA, Mandler R, Murano G, Katz DA, Gordon RK, Chiang PK, Schiffmann E: 
Tumor cell autocrine motility factor. Proc Nat! Acad Sci USA 83:3302-3306, 1986. 

11. Zigmond SH, Hirsch IG: Leukocyte locomotion and chemotaxis. New methods for evalua­
tion, and demonstration of cell-derived chemotactic factor. 1 Exp Med 137:387-410, 1973. 

12. Bokoch GM, Gilman AG: Inhibition of receptor-mediated release of arachidonic acid by 
pertussis toxin. Cell 39:301-308, 1984. 

l3. Smith CD, Cox CC, Snyderman R: Receptor-coupled activation of phosphoinositide-specific 
phospholipase C by an N protein. Science 232:97-100,1986. 

14. Stracke ML, Guirguis R, Liotta LA, Schiffmann E: Pertussis toxin inhibits stimulated 
motility independently of the adenylate cyclase pathway in human melanoma cells. Biochem 
Biophys Res Commun 146:339-345, 1987. 

15. Katada T, Ui M: Direct modification of the membrane adenylate cyclase system by islet­
activating protein due to ADP-ribosylation of a membrane protein. Proc Nat! Acad Sci USA 
79:3129-3l33, 1982. 

16. Okajima F, Ui M: ADP-ribosylation of the specific membrane protein by islet-activating 
protein, pertussis toxin, associated with inhibition of a chemotactic peptide-induced arachi­
donate release in neutrophils. A possible role of the toxin substrate in Ca2+-mobilizing 
biosignaling. 1 Bioi Chern 259:l3863-l3871, 1984. 

17. Kikuchi A, Kozawa 0, Kaibuchi K, Katada T, Ui M, Takai Y: Direct evidence for involve­
ment of a guanine nucleotide-binding protein in chemotactic peptide-stimulated formation of 
inositol bisphosphate and trisphosphate in differentiated human leukemia (HL-60) cells. Re­
constitution with Gi or Go of the plasma membranes ADP-ribosylated by pertussis toxin. 
1 Bioi Chern 261:11558-11562,1986. 

18. Hescheler J, Rosenthal W, Trautwein W, Schultz G: The GTP-binding protein, Go, regu­
lates neuronal calcium channels. Nature 325:445-447, 1987. 

19. Molski TF, Naccache PH, Marsh ML, Kermode J, Becker EL, Sha'afi RI: Pertussis toxin 
inhibits the rise in the intracellular concentration of free calcium that is induced by 



238 

chemotactic factors in rabbit neutrophils: possible role of the 'G proteins' in calcium mobil­
ization. Biochem Biophys Res Commun 124:644-650, 1984. 

20. Lad PM, Olson CV, Grewal IS, Scott SJ: A pertussis toxin-sensitive GTP-binding protein in 
the human neutrophil regulates multiple receptors, calcium mobilization, and lectin-induced 
capping. Proc Nat! Acad Sci USA 82:8643-8647, 1985. 

21. Guranowski A, Montgomery JA, Cantoni GL, Chiang PK: Adenosine analogues as sub­
strates and inhibitors of S-adenosylhomocysteine hydrolase. Biochemistry 20: 110-115, 1981. 

22. Boike GM, Sloane BF, Deppe G, Stracke M, Schiffmann E, Liotta LA, Honn KV: The role 
of calcium and arachidonic acid metabolism in the chemotaxis of a new murine tumor line. 
Am Assoc Cancer Res 28:82, 1987. 

23. He XM, Fligiel SE, Varani J: Modulation of tumor cell motility by prostaglandins and in­
hibitors of prostaglandin synthesis. Exp Cell Bioi 54: 128-137, 1986. 

24. Pontremoli S, Melloni E, Michetti M, Sacco 0, Salamino F, Separatore B, Horecker BL: 
Biochemical responses in activated human neutrophils mediated by protein kinase C and a 
Ca2+-requiring proteinase. J Bioi Chern 261:8309-8313,1986. 

25. Guirguis R, Margulier I, Taraboletti G, Schiffmann E, Liotta L: Cytokine-induced 
pseudopodia I protrusion is coupled to tumor cell migration. Nature 329:261-263,1987. 

26. Wewer UM, Liotta LA, Jaye M, Ricca GA, Drohan WN, Claysmith AP, Rao CN Wirth P, 
Coligan JE, Albrechtsen R, Mudryj M, Sobel ME: Altered levels of laminin receptor mRNA 
in various human carcinoma cells that have different abilities to bind laminin. Proc Natl Acad 
Sci USA 83:7137-7141, 1986. 

27. Hynes RO: Integrins: A family of cell surface receptors. Cell 48:549, 1987. 
28. Slamon DJ, Clark GM, Wong SG, et at: Human breast cancer: Correlation of relapse and 

survival with amplification of the HER-21neu oncogene. Science 235:177, 1987. 
29. Garbisa S, Pozzatti R, Muschel RJ, Saffiotti U, Ballin M, Goldfarb RH, Khoury G, Liotta 

LA: Secretion of type IV collagenolytic protease and metastatic phenotype: Induction by 
transfection with c-Ha-ras but not c-Ha-ras plus Ad2-Ela. Cancer Res 47: 1523-1528, 1987. 



11. Factors regulation basement membrane invasion 
by tumor cells 

E.W. Thompson, R. Reich, G.R. Martin, and A. Albini 

1. Introduction 

Breast cancer cells, initially dependent on estrogen for growth, frequently pro­
gress to a more aggressive, estrogen-independent state [1, 2]. Such a change 
in their phenotype is associated with the potential of the tumor cells to form 
metastatic lesions and with a poorer prognosis for the patient [3]. Current 
concepts suggest that the formation of metastases by tumor cells requires the 
completion of a complex series of events by which certain tumor cells leave 
the primary lesion, escape immune surveillance in the circulation, and pene­
trate and proliferate in normal tissue at a distant site [4, 5]. These are not 
random events but require distinct biochemical activities possessed by a limited 
population of cells which arises during tumor progression. The characteriza­
tion of metastatic cells and their activities has been greatly facilitated by the 
isolation of cell lines with high metastatic capacities. The initial metastatic cell 
lines were murine melanoma-derived [6-8]. A number of different breast 
cancer lines also now exist representing various stages of malignant develop­
ment [9, 10]. Many malignant cells possess the ability to degrade and traverse 
basement membranes and such invasive behavior is thought to be a necessary 
step in their metastasis [11]. Some pertinent steps in tumor cell invasion 
through basement membrane have been identified (Table 1). Studies on breast 
cancer cells have shown that their invasive behavior can be modulated [12]. 

2. The basement membrane: barrier to metastases 

The interaction of tumor cells with basement membranes is a critical step in 
metastasis, since the cells encounter and pass numerous basement membranes 
as they disseminate through the body [11]. Basement membranes are sheets 
of extracellular matrix which surround epithelial tissues, nerves and muscles, 
providing physical support to these tissues [13]. Their major components, 
collagen IV, laminin, and heparan sulfate proteoglycan are common to all 
basement membranes studied [14] and the ubiquitous occurrence of their 
common components may explain why similar biochemical events are asso-
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Table 1. Rate limiting steps in tumor cell invasion of basement membranes 

Step Mechanism 

1. Penetration of the Endothelial Cell Adherence: Ligands Unknown 
Barrier 

2. Attachment to Basement Membrane Laminin Receptor on Cell 
Binds to YIGSR Site of Laminin 

3. Degradation of Basement Membrane Plasminogen Activator Activates 
Plasmin, Plasmin Activates 
Collagenase IV, Collagenase IV 
Degrades Basement Membrane 

3. Motility Chemoattractants and Motility 
Factors Activate Cell Movement 

5. Proliferation Tissue Derived and Autocrine 
Factors Sustain Growth 

ciated with the behavior of a variety of metastatic cells. Invasion through 
basement membrane initiates with tumor cell attachment to its surface [15] 
thereby inducing the production of a cascade of degradative enzymes [16, 17]. 
The migration of the tumor cells may also involve matrix molecules and/or 
their fragments acting as chemotactic or haptotactic factors [18]. These, plus 
chemoattractants produced by normal cells [19] as well as tumor cells [20], 
increase the mobility of metastatic cells and their invasion into normal tissue. 
It is the purpose of this article to review studies on the interaction of tumor 
cells with basement membranes and the rate limiting steps in the dissemina­
tion of metastases. Much of this information appears to be applicable to 
malignant breast cancer cells. 

3. Components of basement membranes: collagen IV, laminin and heparan 
sulfate proteoglycan 

Collagen IV is the principal structural element of basement membranes. 
It forms a continuous, cross-linked network around which the other com­
ponents are organized [13]. The collagen IV molecule has a triple-helical 
structure but the helix has frequent interruptions which increase its flexibility 
and also serve as sites where other components bind [14]. Collagen IV and the 
network it forms are not susceptible to the collagenases that degrade fibrous 
collagens. Instead, a specific collagenase IV is associated with the digestion of 
this collagen [21]. Due to the nonhelical sequences in the protein, however, it 
is possible that other enzymes could play a role in its removal. As discussed 
below, the degradation of collagen IV by metastatic cells depends on produc­
tion of collagenase IV and invasion can be prevented by inhibitors of this 
enzyme. 

Laminin, a very large glycoprotein (Mr = 800,000) is one of the most 
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abundant components of all basement membranes [22]. A current model of 
laminin based on electron microscopy and chemical studies arranges its three 
chains in a cruciform shape, (Figure 1) [23]. Disulfide bonds, as well as the 
interaction of a-helices present in those portions of the chains forming the 
long arm, are believed to hold the chains together. Laminin is found only 
in basement membranes, probably due to its binding to collagen IV and to 
heparan sulfate proteoglycan whose occurrence are also limited to these 
structures. Laminin appears to mediate many of the interactions of cells with 
basement membranes by promoting their attachment, proliferation and 
differentiation [24]. One of the major cell attachment sites in laminin has 
been recently identified [25]. The minimal sequence with attachment activity 
-tyrosine-isoleucine-glycine-serine-arginine (YIGSR), is present in 
the B 1 chain of laminin in proximity to the intersection of the chains in the 
cross. Synthetic peptides with the YIGSR sequence, when coated onto plastic 
petri dishes, will support the attachment of MCF-7 breast carcinoma cells, 
CHO cells, PAM 212-epidermal cells, B16 melanoma cells and HTl080 fibro­
sarcoma cells [25, Graf, in preparation]. If laminin is used as a substrate, the 
YIGSR peptide is able to inhibit cells from attaching to it, presumably by 
competing for cell surface receptors. 

One of the principallaminin receptors (Mr = 67,000) is a membrane-asso­
ciated protein with a high affinity for laminin [26, 27]. This receptor is most 
commonly isolated by chromatography of a detergent extract of cell mem­
branes on a laminin-Sepharose column. Peptides from the Bl chain containing 
the YIGSR sequence are able to elute the laminin receptor from a laminin 
affinity column [25] suggesting that this sequence is a major determinant 

B1 CHAIN 
(Mr=215,OOO) 

a-Helical 
Coiled-Coil 

82 CHAIN 
(Mr = 205,(00) 

} Neurite Outgrowth 

} Heparin Binding 

Figure 1. Schematic diagram of the laminin molecule showing the structural and functional 
domains. 
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of receptor binding. There are undoubtedly other receptor binding sites in 
laminin however, such as a region at the end of the long arm which causes 
neural cells to form axonal-like processes [28]. Presumably the neural cells 
have a specific receptor which recognizes this region of laminin. 

A laminin receptor from human breast cancer cells has been isolated [26], 
cloned [29] and partially characterized. This receptor is widely distributed 
among cells and is involved in both the chemotactic and attachment responses 
of cells to laminin [25]. 

Several lines of evidence suggest that laminin and the laminin receptor are 
involved in the formation of metastases. For example, tumor cells of high 
metastatic potential bind better to laminin than to fibronectin [15]. Highly 
metastatic cells show increased laminin binding and have greater number of 
laminin receptors than their benign counterparts [29, 30]. Antibodies to 
laminin [15, 31], its cell attachment peptide (YIGSR) [32] and protease­
derived laminin fragments [33], are capable of binding to the laminin receptor, 
and are antimetastatic in an experimental, intravenous model of metastasis. 
Metastatic tumor cells exposed to laminin in culture produce more lesions in 
vivo [31]. Current concepts suggest that the high affinity that the metastatic 
cells have for laminin favors their binding to basement membranes and that 
the interaction between laminin and the laminin receptor triggers the produc­
tion of enzymes that degrade the basement membrane [34]. 

The heparan sulfate proteoglycan in basement membrane is a large protein 
with 3 or 4 heparan sulfate chains clustered at one end [14, 35]. Presumably 
the large protein tail is needed to fix the proteoglycan firmly to the basement 
membrane, while the heparan sulfate chains are arrayed along the surface of 
the basement membrane producing an anionic shield. These anionic groups 
are believed to resist the passage of negatively charged macromolecules and 
probably also impede the passage of cells [35]. Specific heparan sulfate 
degrading enzymes have been found to be produced by tumor cells [36, 37] 
and inhibitors of these enzymes inhibit tumor cell invasion [38]. 

4. In vitro systems for assaying tumor cell invasiveness 

A variety of in vitro systems have been devised to assess the invasiveness of 
tumor cells. Typically, a devitalized tissue such as the lens [39], bladder [8, 40] 
or amnion [41] is placed on flat filter separating two chambers. Cells placed 
above the tissue, if invasive, are able to cross through it over the course of 2 
or 3 days, while normal cells and benign tumor cells can not. 

More recently components of basement membrane, such as collagen IV or 
laminin or mixtures of these components have been used to form barriers on 
top of a porous filter separating the two chambers [42, 43] of a Boyden cham­
ber. The advantages of these barriers are that they are chemically defined, 
require only a few hours for invasive cells to cross and the cells crossing the 
barrier can be reisolated for further study. 
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5. Role of plasminogen activator and collagenase IV in invasion 

Tumor cells are known to secrete large quantities of proteolytic enzymes. In 
breast cancer the production of these enzymes appears to be hormonally 
regulated. Estrogens have been reported to increase plasminogen activator 
activity in DMBA-induced murine mammary tumors both in vivo and in cul­
tured cells [44] and in human carcinoma cell lines including MCF-7, ZR75-1 
and UCT-Br 1 cells [45-49]. Tamoxifen does not induce plasminogen acti­
vator but is effective in inhibiting the estrogen-induced enzyme in MCF-7 
cells [48]. A high level of plasminogen activator is associated with malignant 
breast lesions [50]. Although plasminogen activator is also produced by non­
malignant cell lines, it is higher in the invasive lines. 

Using the amnion as a barrier, Mignatti et al. [51], showed that metastatic 
melanoma cells secrete collagenase I and that inhibitors of this enzyme pre­
vented the passage of tumor cells across this barrier. This is not unexpected 
because the amnion is composed of stromal tissue as well as a basement 
membrane. While collagenase I does not degrade basement membrane col­
lagen, it is possible that collagenase IV could show a similar sensitivity to 
the inhibitors used in this study. Additionally, it was found that collagenase I 
was secreted in an inactive fonn and that its activation involved plasminogen 
activator and plasmin. The authors [51] proposed that a 'proteinase cascade' 
was involved in the invasion of the amnion. 

To assess the importance of specific enzymes in the invasion process, we 
have added proteases inhibitors to the in vitro assay measuring the ability of 
tumor cells to cross basement membrane barriers and found evidence for a 
coordinated cascade of proteases (Figure 2). Inhibitors of serine proteases 
and of collagenase IV, but not elastase inhibitors, blocked the penetration of 
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Figure 2. Schematic representation of the proteinase cascade required to produce active type IV 
collagenase for basement membrane degradation. 



244 

the cells (Reich, in preparation). Collagenase IV was found to be secreted as 
an inactive precursor which was activated via a plasminogen activator-plasmin 
cascade as suggested previously [51]. Since none of these inhibitors altered 
the movement of the tumor cells in the absence of the basement membrane 
barrier (Reich, in preparation), these results indicate that collagen IV is the 
critical component of the barrier restricting the migration of the cells. A 
comparison of various invasive and non-invasive cells showed that all lines 
produced plasminogen activator but only the invasive cells produced col­
lagenase IV. Disruption of the collagen IV network probably represents the 
key step in the tumor cell degradation of basement membrane. Specific 
enzymes appear to be involved in the breakdown of heparan sulfate pro­
teo glycan as well as other components of the basement membrane and to be 
required for invasion of basement membrane [38]. 

6. Chemoattractants 

Tumor cells respond to a variety of factors by directed movement, i.e. chemo­
taxis. Chemotactic factors for tumor cells include inflammatory mediators 
[52], certain growth factors [53], matrix molecules such as fibronectin and 
laminin [18], factors secreted by the tumor cells themselves [20], and proteins 
from normal cells [19] or from the tissues to which they metastasize (Table 2) 
[54]. The chemotactic response of the cells to these substances is thought to 
be a receptor-mediated event. The reaction between receptor and attractant 
creates a redistribution of receptors on the surface of the cell which allows the 
gradient to be detected and chemical reactions triggered by the occupied 
receptor initiate the movement of the cells. The effect of various chemoat­
tract ants on the invasive activity of tumor cells is readily demonstrated in 
vitro. The presence of chemoattractants increases the penetration of tumor 
cells across basement membranes some 5-10 fold [19] providing that the cells 
have the capacity to degrade this barrier [42]. It is interesting that mitogens 
can induce a strong chemotactic response in certain cells. For example, 
PDGF stimulates both the proliferation and the chemotaxis of mesenchymal 
cells, including many transformed fibroblasts [55]. Reaction of these mitoat­
tractants with their receptors has been shown to modulate or activate the 
phosphotidylinositol pathway and suggests that this pathway is involved in 
activating chemotactic as well as mitotic responses. 

Tissue-specific attractants have been identified in extracts of brain, liver 

Table 2. Chemoattractants in tumor cell invasion 

Mitoattractants 

Matrix molecules 
Tissue specific chemoattractants 

PDGF, TGFa, bombesin components of conditioned 
medium 

Laminin, fibronectin 
Proteins not identified 
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and lung which preferentially attract the tumor cells that metastasize to those 
particular sites [54]. This suggests that the unique pattern of dissemination of 
tumor cells may be due in part to responses of the cells to local chemoattrac­
tants [56]. Due to the semipermeable property of basement membrane, at­
tractants could be trapped in this struc'ture and serve as a unique recognition 
signal which elicits invasion following binding of the cells to its surface. Speci­
ficity has also been noted in the avidity with which metastatic cells bind to 
endothelial cells suggesting that this also is a regulating factor. Some data 
suggests that the tumor cells require a substantial amount of time (1 to 2 days) 
to penetrate through the endothelial cell layer [57]. 

7. Behavior of breast cancer cells in the invasion assay 

Some of the assays dt!scribed above have been carried out with breast cancer 
derived cell lines. Estrogen dependent breast cancer cell lines, such as the 
MCF-7 cells, show a low rate of growth and little or no ability to invade 
basement membrane barriers when deprived of estrogen for prolonged periods 
(Table 3) [12]. Estrogen stimulates both the growth of these cells and their 
ability to cross a basement membrane barrier. The implication is that the 
occupied estrogen receptor modulates those responses necessary for invasion. 

Breast cancer cells which have progressed to an estrogen independent 
state, such as MDA-MB23I, HS578T, HBLlOO, BT483 and BT549 cells or 
MCF-7 cells transfected with the ras oncogene, show a much higher degree 
of invasiveness and even higher levels of laminin receptors and chemotactic 
responsiveness [12]. These parameters correlate well with the malignant 
potential of the cells, and suggest that the quantitation of these responses 
could be useful in the clinical staging of these lesions. 

The effect of estrogen in these systems is not yet well defined at the mole­
cular level. Estrogen causes a moderate increase in the invasiveness of estrogen 
dependent MCF-7 cell [12]. This effect is labile in that the onset is rapid, (less 

Table 3. Variations in the invasive activity of breast cancer cells with Estrogen, Estrogen 
antagonists and ras transfection. 

Cell Growth Invasion 

MCF-7 Cells - Estrogen Deprived* + + 
+ Estrogen (lO-9M)* +++ +++ 
+ Tamoxifen (1O- 6M)* + ++ 
+ LY 117018 (1O- 7M)* + + 
Ras transfected ++ ++++ 

MDA-MB-231 Cells ++++ +++++ 

* Cells were maintained in charcoal stripped serum containing medium (steroid free) and treated 
for 5 days as indicated. 
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than 6 hrs.) and the effect is readily lost when estrogen is removed from the 
cells (Thompson, unpublished). In addition, invasiveness is greatest in cells 
grown to high density as is the chemotactic response of cells. Such observa­
tions suggest that the invasive activity of estrogen dependent breast cancer 
cells is variable and expressed most strongly when growth is minimal (E. 
Thompson, unpublished). Once progression has occurred the cells become 
very invasive and this activity is expressed constitutively. 

Anti-estrogens with partial agonist activity, such as tamoxifen and hydro­
xytamoxifen, can also elicit an invasive state in estrogen-dependent breast 
cancer cells. L Y 117018, L Y 156758 and ICI 164384, anti-estrogens with little 
agonist activity [58, 59] reduce both the growth of cells and their invasiveness. 
The data suggest that antiestrogens with minimal agonist activity may be 
more effective in suppressing the growth and spread of breast cancer than 
compounds with agonistic activity. The results further indicate that the effects 
of estrogens and anti-estrogens on growth are separable from their effects on 
invasiveness. 

8. Summary 

Basement membranes serve as significant barriers to the passage of tumor 
cells but ones which metastatic cells can pass. This involves the production of 
a cascade of proteases leading to the activation of a specific collagenase that 
degrades the unique collagen network in basement membrane. Breast cancer 
cells, when estrogen dependent, show a requirement for estrogen for invasive 
activity. However, when these cells progress to an estrogen independent state 
and increased malignancy, they express an invasive phenotype constitutively. 
Studies with various anti-estrogens suggest that these responses are mediated 
via the estrogen receptor. Anti-estrogens lacking agonist activity suppress 
invasiveness as well as growth of the breast cancer cells. 
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12. Regulation of development of the normal 
mammary gland by hormones and growth factors 

Barbara K. Vonderhaar 

1. Introduction 

During the life cycle of a female mammal, the mammary glands (or breasts) 
undergo a dramatic series of cyclical changes. The glands must first undergo 
morphogenesis to prepare for pregnancy-induced lactogenesis, followed by 
lactation and involution. This cycle continues and repeats with each subse­
quent pregnancy. Brief periods of cyclic growth and regression of the epithe­
lial component of the gland occur during the estrous or menstrual cycle in the 
adult female's nonpregnant intervals. 

The mouse mammary gland is an excellent system for studying hormonal 
and growth factor control as the mammary glands go through these natural 
development cycles of growth and morphogenesis, development and func­
tional differentiation, and involution in vivo. In addition, these events can be 
mimicked in vitro under controlled growth factor and hormonal conditions by 
using the whole-gland organ culture [1-4]. 

2. Morphogenesis in vivo 

2.1 Fetal mammary development 

In the embryonic state, the mouse mammary epithelial bud develops as a 
distinct entity within the primitive mammary fat pad. The regulatory mecha­
nisms involved in the process of fetal mammary development generally involve 
epithelial-mesenchymal (stromal) interactions, with little defined hormonal 
involvement. At about day 11 of gestation in the mouse, the mammary crest 
begins to appear on either side of the trunk in the form of a zone of raised 
epiderm [5]. In the mammary rudiment, mitosis occurs at a rate lower than 
that found in the surrounding epidermis. Thus, early fetal mammary devel­
opment is achieved by morphogenic movement of epidermal cells and dis­
placement of neighboring ectodermal cells [6]. The mammary bud then goes 
into a brief resting phase lasting 1 to 3 days, after which epithelial prolifera­
tion increases. This burst of growth results in formation of the primitive 
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ductal gland by day 19 of gestation. No further development of the mammary 
bud occurs until the postnatal period [7]. 

The hormonal controls involved in the process of nipple and primitive 
ductal formation are limited when compared with the adult animal. Sexual 
dimorphism is apparent in early fetal life. Between days 13 and 15 of gestation 
in the mouse, growth of the epithelium is inhibited, and the nipple attachment 
is severed in the male fetus [8-10]. This step coincides with the emergence of 
androgens from the developing fetal testes [11, 12]. The destruction of the 
mammary rudiment in the male mouse is a precisely timed biological event 
involving epithelial-mesenchymal interactions modified by hormones and 
growth factors [13]. These interactions can be mimicked in explant culture in 
vitro [14-17]. 

Development of the mammary bud in the female mouse fetus is indepen­
dent of ovarian function [18], although estrogen receptors are present in the 
mesenchyme but not the epithelium of 16-day female embryonic mammary 
tissue [19]. Exogenous estrogens can accelerate differentiation of the nipple 
and induce extensive proliferation of the surrounding mesenchyme at this 
time [20]. Pituitary hormones are not involved in normal morphogenesis of 
fetal mammary glands in either sex [21]. 

·2.2 Postnatal mammary development 

Although most organs of the body have completed morphogenesis at birth 
and subsequently develop by enlargement or replication of preexisting struc­
tures, the mammary gland undergoes most of its morphogenesis in the sub­
adult and adult animal under precise hormonal and growth factor control of 
both the epithelial and mesenchymal elements. 

Little change is observed in the gross morphology of the female mammary 
gland during the first 3 weeks of life. The gland at this time consists of the 
primary duct and a few primitive branched ducts emanating from the nipple 
and embedded in the fat pad (Figure la). At the beginning of postnatal week 
4, the ovaries begin to function in the female mouse and affect the develop­
ment of the mammary gland. Small dense end buds (Figure Ib) appear at the 
ends of the terminal ducts. These structures, which are believed to be the 
growing points of the glands [22-24], consist of layers of actively dividing 
epithelial and myoepithelial cells [25]. The growth and position of the end 
buds at the ends of the terminal ducts and at points of ductal branching 
regulate the ultimate spacing of the mammary tree [23]. The growth of the 
epithelial component occurs in an ordered fashion and is restricted by the 
dimensions of the fat pad. There is an inhibitory zone of unoccupied fat be­
tween each duct into which other ducts do not normally penetrate [24] so that, 
upon reaching sexual maturity (postnatal week 8-10), the female mam­
mary gland's epithelial component has filled the entire fat pad with a highly 
branched network of ducts with many growing ends. 

Several hormones and growth factors appear to be involved in the morpho-
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Figure I. Whole-mount preparations from number 4 abdominal mammary glands from 15-day­
old (a), 4-week-old (b), 3-month-old sexually mature (c), R-day pregnant (d), 20-day pregnant 
(e), and R-month postlactational (f) female C3H/HeN mice. Glands were stained with 
hematoxylin. N, nipple; PD, primitive duct; EB, end bud; AB, alveolar bud; LA, lobulo­
alveolar structures; A, mature alveoli within lobules. Bar = 1 mm. 

logical development of the mammary gland of the sub adult animal. Ovariec­
tomy causes regression of the end buds and cessation of growth within a few 
days [25]. This effect is easily reversed with exogenous estrogen. However, in 
triply operated animals (i.e., ovariectomy, adrenalectomy, and hypophysec-



254 

tomy), estrogen treatment is without effect. Maximal ductal stimulation is 
achieved with a combination of estrogen and growth hormone. This effect, 
however, is not fully equivalent to that seen in the endocrine intact animal 
[25], thus pointing out the complex interplay of several hormones, and possi­
bly undefined growth factors, in ductal branching morphogenesis. Richards et 
al. [26] have demonstrated a dependence on epidermal growth factor (EGF) 
for in vitro growth of isolated end buds from subadult mouse mammary 
glands. 

2.3 The adult mammary gland. 

2.3.1 The estrous cycle After full sexual maturity is reached (age 3 to 4 
months), the epithelial component of the mammary gland undergoes cyclic 
variations during the estrous cycle. During the routine 4- to 5-day cycle of the 
mouse, the concentrations of estrogen and progesterone, as well as follicle­
stimulating hormone, luteinizing hormone , and prolactin, vary in a cyclical 
manner [27]. The mammary glands, in response to these various hormonal 
stimuli, go through cycles of growth and regression. During proestrus, the 
estrogenic phase of the cycle [28], epithelial DNA synthesis is maximal. 
Mitosis occurs during late estrus and metestrus [29, 30] and results in small 
increments of growth with each subsequent cycle. The cumulative effect is 
extensive ductal side branching and, in some strains [22, 25, 31], the ap­
pearance of isolated alveolar structures (Figure lc). The difference in the 
ability of the alveolar buds to develop seems to be related to the presence of 
endogenous mammary tumor virus [32]. The estrogen responsiveness of the 
epithelium appears to result from epithelial-stromal cell interactions [33]. 

2.3.2 Pregnancy and lactation When the sexually mature female becomes 
pregnant, the mammary glands begin a pronounced cycle of lobulo-alveolar 
development that ultimately results in full functional differentiation and the 
production of milk. Proliferation of the epithelial component is a controlled 
event that occurs at the expense of the surrounding fat cells [34, 35]. Within 3 
days after coitus, in response to the pregnancy-induced sustained elevated 
levels of estrogen and progesterone [27, 36], increased ductal branching and 
extensive alveolar formation begin. Alveolar buds begin to form along the 
lateral walls of the mammary ducts and their numerous side branches. By 
day 6-8 of gestation, the alveoli have begun to cluster to form true lobulo­
alveolar structures surrounding small lumina (Figure Id). Toward the end of 
the second week of pregnancy, lobulo-alveolar development slows as these 
structures begin to dominate the glands. The lobules are well formed and 
composed of many alveoli. 

Cellular synthesis of the secretory products is initiated after the middle of 
pregnancy as the levels of prolactin begin to rise [37, 38] and in response to 
adrenal steroids [39]. This synthesis results in a marked increase in the size of 
the individual epithelial cells as the secretion products accumulate [40]. Thus, 
alveoli expand and unfold, resulting in a considerable increase in the thick-
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ness of the glands of the 20-day pregnant mouse (Figure Ie). This predom­
inance of the alveoli continues throughout pregnancy and active lactation. 

Maintenance of the alveoli in pregnant mice requires intact ovaries and 
pituitary gland [25, 41, 42]. In ovariectomized hypophysectomized animals, 
estrogen, progesterone, and growth hormone can maintain alveoli. Thyroid 
hormones, in concert with prolactin, stimulate the formation of alveoli in the 
mouse [43-46]. Maintenance of alveoli in the mouse is not affected by adren­
alectomy [25, 41], although adrenal steroids are important in lobule forma­
tion [47]. In triply operated mice, development of lobulo-alveolar structures 
requires prolonged treatment with estrogen, progesterone, deoxycorticos­
terone acetate, and prolactin and/or growth hormone [25, 48]. 

At parturition, the pregnancy-induced elevated levels of estrogen and pro­
gesterone [27, 49] abruptly drop, and active lactation begins [50]. Although 
the secretory cell population has increased dramatically during gestation (an 
estimated 78% of mammary cell growth takes place during this period [51]), 
there is a transient surge of cell proliferation between 3 and 5 days post­
partum [52-54]. At this time, the secretory process reaches a very high level, 
engorging the entire gland with milk. By 10 to 12 days postpartum, lactation is 
maximal. This appearance of the glands remains virtually unaltered through­
out the remainder of the 21- to 22-day lactational period in the mouse. 

2.3.3 Involution When the nursing young are weaned from the dam, the 
involution phase of the developmental cycle begins. Within a few days, break­
down of the basement membrane around the alveoli occurs [55], and degen­
eration of the alveolar structures follows. Within 5 days, milk accumulation 
has completely ceased, and extensive cellular debris is present in the lumen. 
By day 10 of involution, the lobules and alveoli have significantly decreased in 
number, and fat cells again appear in large number. The glands eventually 
regress until only a highly branched ductal system with a few alveoli remains 
(Figure If). The glands are similar in appearance to those of the sexually 
mature virgin female animal. The involuted glands continue to undergo 
periods of limited growth and regression as the postlactational animal goes 
through estrous cycles until another pregnancy intervenes, and the develop­
mental cycle of lobulo-alveolar development, lactation, and involution occurs 
agaIn. 

3. Mammary development in vitro 

3.1 Hormonal requirements 

The developmental cycle of growth and mammogenesis, lobulo-alveolar de­
velopment, and alveolar loss during glandular involution can be mimicked 
in vitro by using the serum-free whole-organ culture method [1, 2]. Full 
lobulo-alveolar development is achieved in culture by using chemically de­
fined hormonally supplemented medium and the entire second thoracic gland 
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from 3- to 4-week old female Balb/c mice primed with 17~ estradiol and 
progesterone (E+P) for 9 days (Figure 2) [56]. The length of time required 
for priming to allow for a full response in vitro varies among strains of mice 
[57] and is dependent on the hormones and growth factors in the medium [1, 
4,58]. Initial results, using glands from mice primed for 9 days, demonstrated 
an absolute requirement for a combination of insulin, prolactin, aldosterone, 
and hydrocortisone (IPr1AH) in the medium for a minimum of 5 to 6 days to 
achieve a single round of development [1,58]. Both estrogen and progesterone 
are required during the priming process (Table 1). 

Addition of estrogen and progesterone to the medium is not required, 
although these ovarian hormones are required for maintenance of alveolar 
structures in the sexually mature female mouse. Addition of E+ P to the 
medium along with the other four hormones is not sufficient to allow un­
primed glands to develop lobulo-alveolar structures in culture (Table 1). 

Once development has been achieved in vitro, subsequent cultivation of 
the glands in a medium containing insulin, prolactin, and hydrocortisone only 
results in the induction of milk-protein synthesis [59]. Viability of the ducts 
requires that only insulin be present in the culture medium [60], so that with­
drawing all hormones except insulin for an additional 9 days results in full 
alveolar regression similar to involution in vivo [61]. 

3.2 Epidermal growth factor 

After complete regression in vitro, a second round of development can only 
be initated if epidermal growth factor (EGF) is added to the culture medium 

Figure 2. Whole-mount preparations of second thoracic glands from 5-week-old female Balb/c 
mice primed with estradiol and progesterone for 9 days. Primed glands were either uncultured (a) 
or cultured for 9 additional days in the presence of IPriAH (b). Glands were stained with 
hematoxylin [56]. 
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Table 1. Hormones required during priming 
Four-week-ago Balb/c mice were either unprimed or primed with cholesterol-based slow 

release pellets containing estradiol-17~ (E), progesterone (P), or testosterone (T) alone or in 
various combinations [4]. The second thoracic glands were then cultured in serum-free medium 
containing IPrIAH and, where indicated, estradiol-17~ (lO-"M) and progesterone (1O- 7M). 
After 9 days of culture, glands were removed, fixed, stained with hematoxylin, and scored for 
lobulo-alveolar development. Glands with more than 20% lobulo-alveolar development were 
scored as positive [4]. Results are given as number of developed glands per total number of 
glands cultured. 

Priming conditions Hormones in culture 

Hormone Days IPrlAH IPriAH + E+P 

none 0115 0/9 
E+P 3 0/9 
E+P 6 0/9 
E+P 9 15/15 
E 9 0/9 
P 9 0/9 
T 9 0/6 
T+E 9 0/6 
T+P 9 0/6 
T+E+P 9 6/6 

along with IPrlAH [3, 62]. The second round of development can only be 
achieved if the mice are primed with E+ P for a minimum of 9 days before the 
onset of culture [3]. The requirement for EGF cannot be met by either plate­
let-derived growth factor or fibroblast growth factor [3]. The lack of a similar 
requirement for EGF in the initial round of lobulo-alveolar development is 
believed to reflect the presence of EGF or EGF-like growth factors carried 
into the culture by the primed tissue. 

When glands are removed from animals that have been primed for only 6 
days, fuillobulo-alveolar development is achieved in culture only if EGF or a 
related growth factor is added to the four hormone mammogenic combination 
(Table 2). Glands from unprimed animals or animals primed for only 3 days 
are unable to develop even in the presence of EGF [4]. 

3.2.1 Induction of mammary-derived growth factor The estrogen-proge­
sterone priming does not simply allow for carry-over of the steroids into the 
culture because unprimed glands cannot respond in culture in the presence of 
the IPrlAH and E+P (Table 1). The role of priming appears to be twofold. 
After only 3 days of priming, significant binding of EGF can be seen in the 
epithelial-rich region of mammary glands of primed animals. No binding is 
detected in unprimed glands or in the epithelial-free region of the glands from 
primed animals [4]. It is not clear whether these induced receptors are located 
on epithelial or stromal cells, both of which are targets for the growth factor 
[63-65]. Daniel and Silberstein [24] recently reported that, in ovarian intact 
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Table 2. Induction of lobulo-alveolar development in vitro by EGF and EGF-like growth factor 
in glands primed for 6 days with estradiol-17r~ and progesterone 

See Table I for description of glandular development in culture. 

Culture conditions 
Number of developed glandsl 
Total number of glands cultured 

IPrIAH 
IPrIAH + EGF (high)" 
IPrIAH + EGF (low)" 
IPrIAH + MDGF (primedy' 
IPrIAH + MDGF (unprimed)" 
IPrIAH + aTGF (high)d 
IPrIAH + aTGF (low)" 

"High = 60 ng/ml; low = 20 nglml. 
"0.3 ng EGF equivalents per milliliter. 
"No EGF equivalents per milliliter. 

0/30 
22/24 

216 
8111 
0/5 

\3/13 
13113 

dHigh = 1\0 ng/ml (recombinant) or 75 nglml (chemically synthesized); low 
(recombinant) or 7.5 nglml (chemically synthesized). 

II nglml 

sub adult mice, EGF receptors are located in stromal cells surrounding the 
growing end buds. 

The estrogen-progesterone priming results in increased submaxillary gland 
EGF content [4]. However, this increased EGF synthesis alone is not sufficient 
to prepare the glands to respond in culture to IPrlAH with lobulo-alveolar 
development. As shown in Table 1, 9 days of priming with testosterone, 
which elevates the submaxillary EGF content of a female mouse to that of a 
male mouse [66), does not allow the glands to respond to the four hormones 
in culture. Addition of estrogen or progesterone along with the testosterone is 
also ineffective. EGF itself, released over a lO-day period via an Alzet pump, 
also is ineffective (not shown). 

Acid-alcohol extracts of glands of mice primed by estrogen and progester­
one for 9 days do not contain immunologically detectable EGF [4]. However, 
these same extracts contain an activity that competes for EGF binding to its 
receptors. Table 2 shows that, when added with the four hormone mammo­
genic combination to cultures of glands from animals primed with estrogen 
and progesterone for 6 days, extracts of primed glands promote full lobulo­
alveolar development. This mammary-derived growth factor(s) (MDGF) is 
extracted from the epithelial-rich region of primed glands and is not present 
in similar extracts from glands of unprimed animals. Detectable levels of 
MDGF are present in extracts of glands as early as 3 days after the initiation 
of estrogen-progesterone priming and continue to rise for at least 9 days [4]. 

MDGF is more effective than EGF, since levels as low as 0.3 ng EGF 
binding equivalents per milliliter result in morphological development equal 
to that attained with 60 ng EGF/ml. Thus, it may appear that estrogen­
progesterone priming induces an EGF-like growth factor in the mammary 
glands of mice as well as inducing EGF receptors in those same glands. 
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3.2.2 Transforming growth factor Alpha transforming growth factor (TGFa) 
is also a member of the family of peptides that are like EGF [67, 68]. This 
factor competes for EGF receptors on target tissues [69] but, in addition, 
promotes anchorage-independent cell growth and promotes the loss of con­
tact-inhibited cell movement and growth [6, 7, 70, 71]. Because TGFa has 
been isolated from non-neoplastic normal tissues [72-76], as well as from 
neoplastic tissues [67,75,77-79], this member of the EGF family was also 
tested for its ability to promote fulliobulo-alveolar development in vitro. As 
shown in Table 2, TGFa (either recombinant from Genentech [San Fran­
cisco, CAl [80] or chemically synthesized by Peninsula Laboratories [Bel­
mont, CAD was fully active at high (equivalent to 60 ng EGF/ml in an EGF 
receptor-competing assay) as well as low (one-tenth the high value) doses in 
promoting full lobulo-alveolar development of 6-day primed glands in the 
presence of IPriAH. EGF at one-third of the high dose was only partially 
effective in culture, suggesting a greater sensitivity of the glands to the action 
of aTGF. 

4. Direct local effects of growth factors 

These same growth factors promote localized lobulo-alveolar development of 
the mammary epithelium when inserted directly into the growing gland in 
vivo. The use of slow-release pellets inserted directly into the glands helps to 
assess the effects of various mammotrophic agents in vivo, in that local effects 
can be more easily distinguished from systemic effects. Ductal morphogenesis 
in subadult animals can be stimulated locally by using Elvax plastic pellets to 
directly insert growth-promoting agents, such as deoxycorticosterone acetate, 
dibutyryl cAMP, and cholera toxin, into the glands [81, 82]. 

Slow-release cholesterol-based pellets [4] inserted directly into the gland 
were used to assess the effects of EGF, MDGF, and TGFa in vivo. Four days 
after insertion of the growth factor-containing pellets, the mammary glands 
were examined for branching morphogenesis and lobulo-alveolar develop­
ment using the whole-mount technique. Figure 3b shows the localized growth 
obtained in Balb/c mice treated with EGF pellets. This localized growth was 
not seen in the contralateral glands containing pellets made with cholesterol 
only (Figure 3a). In contrast to the growth factor-stimulated glands, which 
show definite alveolar structures and many branch ducts in the area where the 
pellet had resided, the area around the cholesterol-only pellet contains only 
crude ducts with prominent end buds similar to the structures present in un­
treated glands. The effect is only local, since areas distant from the site of the 
growth factor-containing pellet contain only crude ducts (see Figure 3b, 
arrow) similar to those of untreated or cholesterol-only-treated glands. 

The local growth effects obtained with EGF or MDGF require the simul­
taneous presence of a subcutaneous pellet containing estrogen and proges­
terone (Table 3). The effect of the estrogen and progesterone is systemic in 
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Figure 3. Local in vivo effects of EGF on mammary gland lobulo-alveolar development in female 
Balb/c mice 32-35 days old. Control pellets of cholesterol only (a) or containing to !-lg EGF 
(b) were placed directly in the number 4 abdominal mammary fat pad near the growing end of 
the gland, directly posterior to the central lymph node (day 0). Animals simultaneously received 
an estrogen-progesterone pellet subcutaneously [4]. On day 4, when >80 of the growth factor had 
been released from the pellets, the glands from each animal were whole-mounted and stained 
with hematoxylin. Large circular area (P) was site of pellet implantation . Arrow shows 
undeveloped area distant from site of growth factor-containing pellet. LN, lymph node; EB , end 
bud; L, lobules, BD, branched ducts. 

this case but is not sufficient in itself to cause proliferation of the gland during 
the 4 days of these experiments [4]. MDGF from 9-day estrogen-progesterone­
primed glands, but not from unprimed glands, also promoted local develop­
ment (Table 3). 

In a similar system that used 5-week-old C3H/HeN mice, TGFa gave some­
what different results. This growth factor also stimulated localized growth, 
but without the steroid supplement (Table 3). The degree of development 
was somewhat diminished in the animals without the subcutaneous estrogen­
progesterone pellets but was consistently observed. A lower dose of EGF 
equal to the dose of aTGF used in these experiments (i.e., 2 ~g EGFIlO-mg 
pellet) was ineffective, even with the steroid supplement. Lower doses of 
aTGF were not tested. 

The circulating levels of estrogen and progesterone in these ovary-intact 
sub adult animals are not sufficient to support the local growth effects of EGF 
or the crude MDGF, but they can support, to a limited extent, the growth­
promoting action of TGFa. However, the aTGF is maximally effective in the 
presence of the hormonal supplement. This apparent increase in sensitivity 
of the glands to the TGFa appears to be regulated by the female steroid 
hormones, possibly by induction of the growth factor receptor in the epithe­
lial-rich region of the gland [4]. Whether these effects on growth factor induc­
tion and receptor regulation are due to estrodiol alone, progesterone alone, 
or both hormones in combination needs to be elucidated. The nature of the 
lobulo-alveolar development-promoting agent(s) in the crude MDGF pre­
parations is not known. Although it competes with EGF for receptor binding, 
MDGF is immunologically distinct from EGF, and its relationship to TGFa is 
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Table 3. Locallobulo-alveolar development of the mammary glands of subadult mice induced by 
EGF-like growth factors 

All glands treated with growth factor-containing or cholesterol-only pellets were examined by 
the whole-mount technique 4 days after insertion of the pellets as described in the legend to 
Figure 3. Each animal received a cholesterol-only pellet in the gland contralateral to the gland 
receiving the growth factor-containing pellet. MDGF was prepared from glands of animals 
treated with a subcutaneous pellet of estrogen and progesterone for 10 days (primed) or from 
untreated animals (unprimed) by the acid-alcohol extraction method and used without further 
purification [4]. 

Pellet in gland 

A. Ba\b/c mice cholesterol only 
+ EGF (10 !-Ig) 
+ MDGF (primed) 
+ MDGF (umprimed) 

B. C3H/HeN mice cholesterol only 
+EGF( IO !-lg) 
+ EGF (2 [!g) 
+ aTGF (2 [!g) 

"N.T. = not tested. 

Number of developed glands/ 
Total number of glands examined 

No subcutaneous pellet E+ P subcutaneous pellet 

0133 0/34 
0/18 14119 
9/10 8/10 
0/5 0/5 

017 0113 
0/2 4/4 
N.T." 0/4 
5/5 5/5 

untested as yet. The site of synthesis as well as the actual target cells within 
the mammary gland are also unknown at this point. Whether MDGF's mode 
of action is autocrine or paracrine [83, 84], as well as whether it is present in 
growing mammary tissue during other stages of development or in mammary 
preneoplasias and/or tumors, remains to be shown. The whole-organ 
mammary culture and slow-release pellets in vivo provide excellent models 
for answering these questions and, thus, shedding light on the events involved 
in the natural developmental cycles of the mammary gland. 

5. Conclusions 

In vivo, the mammary glands go through natural developmental cycles of 
growth, morphogenesis, differentiation, and involution under the influences 
of a variety of hormones and growth factors. These cycles can be mimicked in 
culture using thoracic glands from subadult female mice primed with estrogen 
and progesterone. This priming induces mammary gland EGF receptors and 
the production of a mammary-derived, EGF-like growth factor, MDGF. 
EGF, TGFa, and MDGF are able to promote lobulo-alveolar development 
of glands from primed mice in vitro in the presence of the four mammo­
genic hormones: insulin, prolactin, aldosterone, and hydrocortisone. The 
same growth factors are able to promote local lobulo-alveolar development 
in vivo when inserted directly into the mouse mammary gland in slow-release 



262 

cholesterol-based pellets. Both in vitro and in vivo, the mouse mammary 
gland is more sensitive to TGFa than to EGF in terms of lobulo-alveolar 
development. 
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13. MMTV as a model for gene expression in 
mammary tissue 

Gordon L. Hager 

1. Introduction 

Studies on mechanisms of gene regulation in mammalian cells have been 
greatly aided by the use of viral model systems. The small-to-intermediate 
sized DNA viruses (SV40 and Adenovirus) have been particularly useful be­
cause their genomes are relatively simple and they rely to a great extent on 
components of the host cell transcription apparatus for expression of their 
genetic information. Members of the retrovirus family, although studied pri­
marily because of their oncogenic activity, offer an additional utility as 
models of gene regulation. When integrated in the host cell chromosome, 
these viruses adopt a low copy template structure (provirus) more similar to 
host cell genes than that of the high copy DNA viruses. 

One member of this family, mouse mammary tumor virus (MMTV), has 
become a fruitful model for the study of hormone regulation of gene expres­
sion at the transcriptional level. MMTV, the etiologic agent of mammary 
adenocarcinomas in murine strains harboring infectious virus, was discovered 
in early investigations to be responsive to regulation by glucocorticoid hor­
mones, and was the first system in which this regulation was rigoroously 
shown to occur primarily at the transcriptional level [1, 2]. Shortly after re­
combinant clones of the virus were isolated [3], cis-acting regulatory sequen­
ces required for hormone regulation were shown to be encoded within viral 
DNA [4, 5, 6]. These experiments eliminated any major role for host DNA 
sequences (adjacent to the proviral integration site) in the hormone response, 
and set the stage for a series of rapid advances on the molecular mechanisms 
involved in steroid hormone regulation. 

Both the general biology of MMTV [7], and regulation of viral expression 
[8, 9] have been the subject of several reviews. The purpose of this discussion 
is to examine mechanisms of MMTV transcriptional regulation in the context 
of the nucleoprotein structure acquired by proviral DNA in the living cell. 
Recent experimentation indicates that the viral LTR, which harbors the cis-
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acting regulatory sequences, assumes a specific and reproducible chromatin 
organization when introduced into cells by a variety of routes. This nucleo­
protein structure also undergoes specific alterations in response to promoter 
activation. Our knowledge of the diffusible protein components involved in 
transcriptional activation at this promoter is sufficiently advanced to begin a 
characterization of the template in the living cell with which these compon­
ents interact. In particular, the question of whether the template is involved 
in any significant way in the actual mechanism of transcriptional regulation 
can now be addressed. 

2. Primary sequence structure of the MMTV promoter 

The organization of the MMTV promoter in the context of proviral DNA is 
presented in Figure 1. The promoter resides within the long terminal repeat 
(LTR) , which is particularly large, 1328 bp [10], compared to other retro­
viruses. The molecular basis for this large size is unknown, but the U3 region 
encodes an open reading frame for a 37kd protein, in addition to the pro­
moter and regulatory sequences. The role of this 'fourth gene' in the retro­
virus life cycle has yet to be discovered, although it must be functional, since 
the reading frame has been maintained in all strains of MMTV that have been 
sequence [11-15]. 

Initiation of RNA synthesis from proviral DNA occurs at bp 1195 of the 
LTR [10, 14]. Polyadenylation of MMTV transcripts occurs in the down­
stream (or 3') LTR at position. The inferred signal for this event is the 
AGTAAA at position 1186, a deviation from the standard AATAAA [13, 
14]. The resulting terminal redundancy (or R sequence) in the MMTV genome 
is only 15 nucleotides in length (by far the smallest for any of the retroviruses), 
defining thus far the minimal size sequence necessary for reverse transcrip­
tase to transfer (or 'jump') templates. 

3. Promoter regulatory elements 

Well-characterized cis-acting regulatory elements of the MMTV promoter are 
summarized in Figure 1. The promoter contains a TA TA motif at position -34 
relative to the site for transcription initiation. This signal is thought to direct 
the binding of a protein, common to the great majority of mammalian pro­
moters, that is involved directly in formation of the initiation site complex. 
Such a protein has actually been visualized in vivo on the MMTV promoter 
(discussed further below). 

Upstream of the TAT A position, between bp -58 and -79, a site exists for a 
DNA binding activity originally described either as a nuclear protein from 
chick oviduct, the TGGCA protein [16], or as a DNA replication factor 
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Figure 1. Structure of MMTV proviral DNA. The region of the LTR containing the promoter 
elements is described schematically. MMTV sequences [JO] protected by glucocorticoid receptor 
[20,21] are overlined (sense strand) and underlined (antisense strand). The TGTTCT consensus 
motifs are indicated by the lines between the strands. Individual receptor binding sites 
distinguishable by ExoIII mapping in vitro [23] are designated HRE's I, 2, 3, and 4. The box 
encloses sequences that represent a direct repreat. 

isolated from Adenovirus infected HeLa cells, NFl [17]. The precise charac­
terization of these proteins is incomplete, but both are currently thought to be 
identical to a factor (CTF [IS]), also from HeLa cells, isolated as a transcrip­
tion-stimulating activity. A mouse cell homologue of NFl has been clearly 
identified as a transcription factor for MMTV [19], and shown to bind to the 
promoter in a hormone-dependent fashion (see below). 

Located further upstream are two regions identified by DNase I footprin­
ting in vitro as binding regions for activated glucocorticoid receptor-hormone 
complex [20, 21]. There is slight disagreement in reported DNaseI footprints, 
but the two regions described in Figure 1 are common in the protection ex­
periments, fit well with linker scanning analysis of the hormone response [22], 
and also correlate with exonuclease III (ExoIII) foot-printing in vitro with 
purified receptor [23]. These domains have been termed glucocorticoid re­
sponse elements (or GRE's), based on their receptor binding properties and 
their ability to function at some distance from the promoter [24, 25]. They will 
be referred to heretofore in this discussion as the distal (-192 to -166) and 
proximal (-125 to -72) HRE's (hormone response element), because of 
recent findings that several different steroid receptors can activate the MMTV 
promoter by binding to overlapping regions within these elements [23]. 



270 

4. Additional promoter sequence elements 

In addition to the well characterized promoter elements described above, 
several poorly understood features of the MMTV promoter have emerged 
from recent studies. Using the highly sensitive techniques now available to 
observe the interaction of DNA-binding proteins with high-affinity sites in 
vitro, factors have been detected that bind to specific sequences in the MMTV 
LTR. One of these, F-i [19], binds to the TAT A region, and will be discussed 
further below. A second protein, MP2, protects sequences between -195 and 
- 215 (Figure 2), and is present in nuclei from both uninduced and hormone­
treated cells in apparently equal concentrations (Cordingley and Hager, sub­
mitted). The significance of this factor awaits further investigation. 

A binding activity has also been observed (Figure 3) that protects sequen­
ces -115 to -140, and more weakly sequences in the -190 to -170 region. 
The positions of these protections are of some interest in that they correlate 
with a set of sequences directly repeated at the left edge of the distal and 
proximal HRE's (see boxed region, Figures 1 and 3), even though the re­
peated sequence in HRE2 is not protected by receptor. As shown in Figure 3, 
each of these sites contains a core sequence with homology to the observed 
consensus for NFl, and therefore represent potential secondary binding sites 
for this factor. The NF-l protein binds to the -70 MMTV region with extra­
ordinary affinity in vitro, and one must be cautious in the interpretation of 
binding events with cross homology to the NFl site. Since the factor(s) that 
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bind to these sites have not been purified, or otherwise characterized, their 
potential role in transcription at the MMTV promoter remains speculative at 
this time. 

5. Tissue specific expression 

It is also clear that the MMTV promoter manifests some element of tissue 
specificity. The promoter responds weakly in many cell types when fused to 
reporter genes [4, 26], despite relatively efficient levels of expression obser­
ved in cell lines derived from MMTV virus-induced tumors. Perhaps the most 
striking evidence of cell-specific expression is provided by the transgenic ex­
periments of Mitchell and Leder [27], who found that animals harboring myc 
sequences expressed from the MMTV promoter manifested a myc tissue ex­
pression profile remarkably similar to that for MMTV expression in animals 
infected with the virus. Elements of the MMTV promoter associated with this 
tissue specificity have yet to be identified. 

6. Chromatin structure of the MMTV L TR 

The DNA of eucaryotic cells is condensed via its association with histones 
into a repetitive array of nucleosomes. This polynucleosomal array can be 
further compacted into increasingly ordered structures, permitting the large 
amounts of DNA found in these cells to be packaged in the smallest possible 
volume. We now know that these highly ordered structures are incompatible 
with active gene expression, and are dissociated in regions where active tran­
scription is underway. These regions are characterized by an increased sen­
sitivity to DNaseI, and are often referred to as active chromatin. 

In addition to the increased sensitivity of transcribed chromatin to nucle­
olytic attack, highly localized regions of 'hypersensitivity' are frequently 
observed. The underlying mechanism responsible for the phenomenon of 
hypersensitivity has been hypothesized to result either from a region of 
nucleosome-free DNA [28], or to the development of regions subject to un­
usual torsional stress [20]. Whatever the mechanism responsible, it is clear 
that these hypersensitive sites frequently correspond to binding sites for 
regulatory molecules. 

Activation of the MMTV promoter is accompanied by the acquisition of 
such an hypersensitive site the the LTR [30, 31, 32]. We have carried out a 
series of experiments to explore the nature of this hormone-dependent hyper­
sensitivity, and to investigate its potential role in promoter activation. To 
facilitate a detailed examination of LTR chromatin structure, we developed a 
series of cell lines with the MMTV promoter mobilized on bovine papilloma 
virus (BPV) episomes. This permits an examination of the promoter both in 
the amplified state, and isolated from potential position effects of adjacent 
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Figure 4. Structure of episome pM22. A schematic representation of a typical MMTV-BPV 
chimeric episome. This molecule contains the v-rasH gene downstream of the MMTV promoter, 
followed by a a 3' terminal region of the CAT gene. SV 40 small-t splice donor and acceptor sites, 
and the SV40 early polyadenylation signal. Prior to transfection into mammalian cells, pBR322 
sequences are deleted by restriction at the two Sail sites and religation. 

cellular DNA sequences. In addition, the copy number of BPV-based epi­
somes (50-200) is not so high as to titrate critical components of the tran­
scription apparatus. 

The development of the minichromosome system was successful, in that 
stable cell lines with non-rearranged episomes could be isolated, and hor­
mone activation of transcription could be demonstrated [33]. We have util­
ized this system to examine nucleoprotein organization of the MMTV LTR, 
and hormone-dependent changes to that structure. The structure of a typical 
BPV-based episome is presented in Figure 4. In this particular molecule, the 
v-rasH oncogene has been placed under control of the MMTV promoter. The 
transcript also contains a 3' portion of the chloramphenicol-acetyl-transferase 
(CAT) gene, SV40 small-t antigen splice donor and acceptor signals, and the 
SV40 early message polyadenylation signal. In cells containing such episomal 
chimeras, MMTV-v-H-ras-SV40 fusion transcripts are correctly initiated and 
strongly responsive to hormone regulation [33, 19]. 
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Figure 5. Nucleosome boundaries for MMTV L TR sequences. Site-specific localization of 
nucleosomes over the MMTV L TR, as inferred from MPE and micrococcal nuclease digestion 
studies [32], is summarized. Cross-hatched areas represent sequences associated with nucleosome 
cores. Positions above the lines indicate respectively the centers of linker regions, and the centers 
of core regions. Positions below the lines represent core boundaries. 

The organization of nucleosomes over the MMTV L TR in these episomes 
was examined to determine if promoter sequences were phased or random 
with regard to nucleosome position. Utilizing both micrococcal nuclease and 
methidium-propyl-EDT A (Fe ++) as probes of linker-specific DNA, it was 
found [32] that nucleosome boundaries on the episomes were site-specific 
over the complete LTR region, as well as adjacent sequences insofar as ex­
amined. Furthermore, these boundaries were invariant with regard to the 
orientation of the L TR in the BPV vector, suggesting that phasing was an 
intrinsic property of LTR DNA. A summary of inferred nucleosome boun­
daries is presented in Figure 5. 

It is to be emphasized that the nucleosome positions indicated in Figure 5 
represent a pattern that is highly reproducible, irrespective of: a) the type of 
gene driven from the L TR promoter , b) the type of cell in which the episome 
is replicating, c) the copy number of the episome, or d) the orientation of 
the LTR cassette in the vector. In addition, we have recently determined 
(Richard-Foy and Hager, unpublished) that nucleosomes are similarly posi­
tioned on the LTR in a cell line with a single, integrated copy of the MMTV 
sequence. We conclude that LTR sequences acquire a phased array of nu­
cleosomes, irrespective of the method by which the sequences are introduced 
into the cell and unaffected by sequences adjacent to the LTR. The nucleo­
protein structure of LTR chromatin, as deduced from this series of experi­
ments, is depicted schematically in Figure 6. 

When the MMTV promoter is induced, a broad hypersensitive site appears 
in LTR chromatin between positions -50 and -200 [30, 31, 32]. This site is 
clearly associated with the binding of glucocorticoid receptor to the LTR, 
since both HRE elements are located within the boundaries of hypersensi­
tivity. What emerges from the analysis of chromatin structure, however, is 
the striking parallel between the region of hypersensitivity and the position 
of nucleosome B in the phased array. Given only the correlation between the 
position of the HREs and the hypersensitive site, one might argue a local 
change in torsional stress contributes to the mechanism of hypersensitivity. 
However, knowing the structure of LTR chromatin, it is more likely that the 
hypersensitive site results from the displacement of nucleosome B from chro­
matin, as depicted in Figure 6. 
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Figure 6. MMTV LTR chromatin structure. The proposed structure of LTR chromatin is 
indicated schematically, letters indicating phased nucleosomes whose boundaries are summarized 
in Figure 5. The figure also indicates the proposed model for generation of the hormone­
dependent hypersensitive site. 

The model of LTR nucleoprotein structure and hormone-dependent hy­
persensitivity proposed in Figure 6 is supported by evidence based on re­
striction enzyme access to sequences in MMTV chromatin. The ability of 
a restriction endonuclease to cleave at its recognition site in chromatin is 
also dependent on nucleosome position. We have determined accessibility of 
L TR sequences in minichromosome chromatin for a number of restriction 
enzymes. These data are summarized in Figure 7. Enzymes whose ability to 
cleave chromatin is unaffected by hormone treatment of cells are indicated 
above the line, while enzymes whose access is strongly hormone dependent 
are listed below the line. It is seen that the enzyme access profile is strikingly 
consistent with the nucleosome positioning data. If an enzyme site is present 
in linker DNA, access is relatively efficient, and unaffected by hormone sti­
mulation. If the recognition site is present on nucleosome B, however, access 
is quite dependent on promoter activation. Data for enzymes whose sites are 
located on nucleosomes further upstream are not included, since these en­
zymes do not cleave chromatin under any condition, and a positive control is 
not available. These results are exactly as would be predicted by the nucleo­
some displacement model. 

7. Formation of an active transcription initiation complex 

The availability of the minichromosome system described above has also 
permitted us to investigate hormone dependent binding of proteins to L TR 
DNA in vivo. If LTR chromatin in isolated nuclei is first digested with a re­
striction endonuclease whose access is unaffected by hormone treatment (as 
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Figure 7. Restriction enzyme access to MMTV LTR chromatin. The susceptibility of LTR DNA 
to restriction enzyme cleavage when organized in chromatin is summarized. Cross-hatched areas 
represent sequences associated with nucleosome cores, as in Figure 5. Enzymes listed above the 
lines demonstrate hormone-dependent cleavage of L TR DNA, while enzymes listed below the 
line digest LTR chromatin from induced and noninduced cells with equal efficiency. 
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Figure 8. Hormone-dependent ExoIII footprint. Boundaries resistant to exonuclease III 
digestion that form over LTR DNA sequences in response to hormone stimulation [19] are 
depicted schematically. 

described above), then exonuclease III (ExoIII) is allowed to enter chromatin 
at the restriction site, one can map boundaries that appear in regions adjacent 
to the restriction site (ExoIII footprinting; Figure 8, [34]). These boundaries 
provide unique information concerning the molecular events which occur at 
the promoter in response to transcriptional activation. Not only can proteins 
that interact with a given DNA be identified, but the subnuclear localization 
of these factors can be monitored at various stages of gene activation. 

Binding of proteins to the MMTV promoter was investigated by digesting 
minichromosome chromatin upstream of the promoter at a HaeIII site, or 
downstream at a BamHI site (Figure 8). Using appropriate indirect end­
labelled probes, boundaries could be located over promoter sequences. A 
very pronounced ExoIII footprint was detected in these experiments [19] with 
boundaries at bp -82/83 and +6 relative to the cap site (Figure 8). This foot­
print was present on the promoter only in cells that had been induced by hor­
mone, indicating that a transcription initiation complex was assembled on the 
promoter in response to hormone stimulation. Promoter chromatin from non­
stimulated cells was completely free of ExoIII resistant boundaries. These 
results indicated that the process of promoter activation by glucocorticoid 
receptor resulted in the formation of an initiation complex, rather than the 
attraction of RNA polymerase to a preexisting pre initiation complex. 

The large size of the ExoIII footprint also suggested the participation of 
several components. Subsequent comparison of the in vivo footprint with 
partially purified factors from crude extracts has provided the following in­
formation (see Figure 9) . The -82 to +6 footprint is composed of at least two 
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Figure 9. Components of the ExoIII footprint. The ExoIII boundaries formed in vitro by the two 
known components [19; Cordingley and Hager, submitted] of the in vivo ExoIII footprint are 
shown. In addition, the DNasel resistance footprint for NFl is indicated. 

separate factors. The 5' boundary corresponds to the mouse cell homologue 
of NFl (see introduction); the 3' boundary results from a factor we have de­
signated F-i [19], which probably corresponds to a TATA binding activity 
common to many promoters. 

Two further observations from this series of experiments are of particular 
interest. First and most surprising was the absence of a detectable boundary 
by glucocorticoid receptor at either of the putative receptor binding sites. 
One of two possibilities are the likely explanation for this observation. It is 
conceivable that the binding of receptor to its site is transitory, or that it 
follows a two-stage process, with initial DNA-binding followed by a shift into 
a multimeric protein complex composed of factors with which the receptor 
interacts (possibly the transcription initiation complex itself). Alternatively, 
the receptor may simply be unusually sensitive to ExoIII displacement. This 
possibility seems unlikely, given that ExoIII footprints have been obtained in 
vitro with purified glucocorticoid receptor [23], but it cannot be excluded. 

A second observation from these experiments is also of considerable in­
terest. For both of the factors involved in the -82 to +6 footprint, no change 
in either the affinity of the protein for promoter DNA, or nuclear concen­
tration of the protein, could be detected in response to hormone stimulation 
(Cordingley and Hager, submitted; [19]). Thus, both factors are present in 
the uninduced nucleus in a form with high affinity for the promoter, yet are 
excluded from MMTV chromatin. This is particularly striking for NFl, which 
binds very tightly to MMTV DNA in vitro. 

8. Mechanism of steroid hormone action 

Hormone activation of the MMTV promoter occurs via the formation of a 
transcription initiation complex that is assembled on the promoter in direct 
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Figure /0. Recruitment of factors to a promoter by protein-protein interactions. Alternative 
models are presented for the formation of a transcription initiation complex at a target promoter 
by interaction between receptor and other factors. A. Direct interaction between receptor and an 
adjacent promoter site, as in the MMTV case. B. Interaction between receptor and a promoter at 
a distance. C. Recruitment of a transcription complex via a bridging protein. 

response to binding of activated glucocoritcoid receptor. This complex is 
composed of a TATA-binding activity, and a mouse cell protein that is either 
identical to, or very similar to, the NFl (CTF) protein from He La cells. The 
mechanism of steroid hormone action, insofar as the MMTV model can be 
generalized, therefore focuses on the molecular events involved in receptor­
stimulated formation of the NFl-Fi complex. Assuming that protein-protein 
interactions [35] are crucial, a search for direct interactions between receptor 
and the NFl-TFIID complex, or possibly a third 'bridging' protein would 
seem appropriate (Figure 10). Although mutational analysis of steroid recep­
tor proteins has not yet identified a region of the molecule involved in such 
interactions, it is possible that a protein interaction region could be closely 
associated with other critical features, not easily separable, and that more 
detailed analysis will eventually identify such a region. 

The highly organized nucleoprotein structure of the MMTV promoter also 
invites further attention to the potential role of chromatin organization in 
promoter activation. It is remarkable that NFl, which has such a high affinity 
for the -70 MMTV region, is completely excluded from MMTV chromatin in 
vivo. One might imagine that the -70 site is to some extent sequestered by 
the presence of nucleosome B, limiting the access of NFl to its site as it exists 
in chromatin (Figure 11). Such a mechanism would provide the cell with a 
certain economy, in that general transcription factors such as NFl (CTF) , 
which undoubtedly interact with a large number of cellular promoters, would 
be completely excluded from chromatin in the absence of 'triggering' factors 
specific for each promoter, or class of promoters. 

A more general consideration relative to chromatin participation in gene 
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Figure 11. Potential role of chromatin in modulating factor access. Thc possible role of 
nucleosomes in blocking access of factors whose binding sites are unfavorably positioned in the 
polynucleosomal array is described. 

activation concerns the enormous stimulation observed for some enhancers in 
vivo. The SV40 enhancer, for example, has been estimated to stimulate the 
SV40 early promoter by a factor of at least 2,000-fold. It is possible that the 
polynucleosomal arrays with which the transcription components interact in 
vivo are much more refractive to 'non-induced', or 'leaky' transcription in 
the absence of the appropriate stimulating factor, and the use of such tem­
plates in vitro would provide more pronounced stimulation ratios. As our 
understanding of chromatin structure advances, and the factors involved in 
specific promoter activation are identified, these more sophisticated (and 
more difficult) issues can be addressed. 

9. The interaction of regulatory molecules with chromatin 

The studies that have been reviewed here, while directed at understanding 
the mechanism of steroid hormone action, have produced findings that bear 
on a more general question. While the repeating nucleosomal structure of 
chromatin has been understood for some time, only recently has it become 
generally accepted that nucleosomes can be specifically positioned, or 
phased, over some cellular DNA sequences [36, 37]. With this acceptance 
comes a renewed interest in the extent to which chromatin structure (i.e., 
nucleosome positioning) can effect the binding of site-specific regulatory 
proteins. 

It has been suggested [38] that a competition could exist between nucleo­
some core particles and site-specific binding factors. Under this model, 
nucleosomes could exclude a site-specific factor except during DNA repli­
cation, when the nucleosomal array is temporarily dissociated. According to 
this model, nucleosome displacement and the generation of a resultant hyper­
sensitive site would require both the appearance of a developmentally regu­
lated site-specific factor in the nucleus, and at least one round of DNA 
replication. 

Our data suggests this model is not appropriate for the interaction of recep­
tor with LTR chromatin. If the structure that protects the -60 to - 220 region 
of the L TR is in fact a nucleosome, then one is forced to conclude that gluco­
corticoid receptor can actually displace an existing nucleosome core from its 
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pOSItion. Activation of MMTV transcription, and concomitant induction of 
the hypersensitive site, is quite rapid and can occur in the absence of DNA 
replication. 

Following this line of argument, a further suggestion is that some DNA 
binding proteins (glucocorticoid receptor, for example) can successfully 
interact with their recognition sites even when organized in nucleosomes, 
while others (NFl as a possibility) cannot. Alternatively, the exact 'path of 
the DNA' on the face of the nucleosome could critically determine if recogni­
tion sites are available for interaction. 

Studies on the interaction of site-specific DNA binding proteins with 
chromatin are still in their infancy. The preparation of DNA templates in 
vitro that are organized in polynucleosomal arrays with the same phasing 
pattern found in vivo has not been accomplished, or even attempted. 
Whether such templates can be extracted from cells in sufficient quantity to 
be useful remains a daunting goal. It is unlikely that a complete understand­
ing of the interaction of regulatory molecules with eucaryotic genomes can be 
achieved until these reagents can be successfully manipulated in the test tube. 
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14. The activation of cellular oncogenes by proviral 
insertion in murine mammary cancer 

Roel Nusse 

1. Introduction 

In this chapter, I shall review our current knowledge of the mechanism of 
mammary oncogenesis by the Mouse Mammary Tumor Virus (MMTV), with 
particular emphasis on the activation of cellular oncogenes by insertion of 
MMTV proviral DNA. The properties of these newly discovered cellular 
oncogenes will be described in some detail, and finally, I shall speculate a 
little on the mechanism of action of these genes. As an introduction, some of 
the relevant earlier discoveries on MMTV will be summarized to provide a 
framework of the biology of viral mammary tumorigenesis. More encyclopedic 
overviews of the biology and molecular biology of MMTV are found in refer­
ences 1, 2 and 3. 

2. The mouse mammary tumor virus 

MMTV was one of the earliest tumor viruses discovered, as a milk factor 
inducing mammary tumors in mice [reviewed in 2]. Despite its importance as 
a causative agent in an animal model of a prevalent form of human cancer, 
MMTV has for a long time been a stepchild in the large family of RNA tumor 
viruses. This was not due to a lack of interest, but was caused by difficulties in 
handling MMTV in in vitro cell systems and the lack of rapid and reliable 
assays for biologically active virus. Even the best virus preparations, which 
are highly oncogenic in susceptible mice, are very poorly infectious in cul­
tured cells. Consequently, MMTV has never been biologically cloned, nor 
have variants of MMTV been separated from each other in a rigorous way. 
The genetics of MMTV is therefore virtually nonexistant and limited to the 
description of properties of virus variants isolated from different strains of 
mice, assayed in a time consuming tumorigenicity experiment [4]. 

With the advent of molecular cloning in bacterial plasmid vectors, a cir-
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cumvention of this problem seemed within reach, but to make things worse, 
MMTV proviral DNA appeared to be refractile to molecular cloning. Most 
attempts to isolate the MMTV genome as recombinant DNA have yielded 
molecular clones lacking a part of the viral genome thought to contain a 
socalled poisonous sequence [5-8]. Some recombinant bacteriophages with a 
complete viral genome have been obtained and were useful to establish the 
nucleotide sequence [9, 10], but plasmid subclones of the part with the 
poisonous sequence usually had sustained mutations. It has recently been 
shown that these mutations often are caused by insertion of bacterial trans­
posable elements [11]. Only a few apparently complete forms of proviral 
DNA have been reported to be stable upon propagation in bacterial hosts. 
When transfected in eukaryotic cells, these recombinant DNA molecules give 
rise to viral proteins and particles [12-14], but it has not been shown that such 
viruses are infectious or tumorigenic. For a properly designed reverse genetic 
experiment-manipulation of cloned DNA and assaying the biology of the 
resulting virus-it is imperative to generate oncogenic virus by transfection. 

Thus, in an era of rapid development of tumor virology, resulting in detailed 
insight in the replication cycle of retroviruses [1], progress in understand­
ing MMTV propagation has been very slow. The genetic content of many 
tumor viruses has been described in detail by the availability of mutants and 
the nucleotide sequence of the genome, but we still have no formal genetic 
proof of any gene in the MMTV genome. Only very recently has its complete 
nucleotide sequence been established [10]. Let me give an example of the 
practical consequences of these difficulties: the Long Terminal Repeat (LTR) 
of MMTV, which is unusually long for a retrovirus, contains an open reading 
frame, encoding a protein with no homology to other viral or cellular genes, 
called orf [6, 15-19] (see Figure 1). The function of this novel gene could 
have been delineated by generating site-specific mutations in the coding 
domain and testing the replication and oncogenicity of such mutant viruses. 
Largely because of the inability to generate infectious, oncogenic wild-type 
virus from cloned MMTV DNA, is is still unknown what the function of the 
orf gene is. 

There are nevertheless a number of unique properties of MMTV which 
have significantly advanced our knowledge of tumor virology and molecular 
biology in several areas. 

1. It was recognized early in the history of tumor virology that MMTV 
could be inherited as a Mendelian gene, from parents to offspring without 
replication through the cycle of milk-borne transmission [20]. This was shown 
before the introduction of molecular hybridization techniques [21], by careful 
genetic experiments on mammary tumor incidence in crosses involving the 
GR strain of mice. These results provided a strong argument to postulate the 
existence of a provirus, an integrated DNA copy of the viral genome. 

2. MMTV has been an ideal model system to study steroid hormone in­
duced transcription. Virus production in some tumor cell lines and from in­
fected cells can be stimulated by glucocorticoids [22-24], pointing to the 
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Figure 1. A map of the MMTV genome from the virus of the C3H strain. The position of some 
restriction sites is given (R:EcoRI; P:PstI: S:SacI; B:BamHI) and the position of genes encoded 
by the viral genome. P* is the PstI site not present in some endogenous MMTV variants. gag 
codes for the viral core proteins, pol for the reverse transcriptase, env for the viral envelope 
proteins, and ort indicates the gene of the viral long terminal repeat (L TR) with an unknown 
function, indicated by a stippled area. U3 and U5 are the parts of the LTR derived from the 3' 
and 5' end of the viral RNA, respectively. R is the repeat at the termini of the viral RNA and the 
start point of transcription of the provirus. The cross-hatched area in the L TR indicated the 
domain that is deleted in variant MMTVs which are implicated in lymphoma induction. TATA 
indicates a promoter element , ORE is the glucocorticoid responsive element, the portion 
conferring steroid hormone-inducible transcription. The arrow indicates the position of the 
poisonous sequence, the part of the gag gene that is difficult to clone in prokaryotic vectors. 

existence of regulatory elements on the viral genome reacting with steroid 
hormone receptors. This was extensively documented when the MMTV LTR 
was molecularly cloned and proven to contain such elements [25-30] (Figure 
1). The MMTV LTR is still used in assays for the interaction of receptors with 
DNA, even nowadays when genes encoding steroid hormone receptors have 
been cloned and their functional domains are dissected by mutation [31, 32]. 

3. MMTV has been one of the first viruses successfully used in the ap­
proach of identifying oncogenes by provirus tagging, which is the topic of this 
review. 

3. Tumorigenesis by MMTV 

MMTV usually causes adenocarcinomas of mammary epithelial tissue, which 
is a property unique to this virus [2]. MMTV expression and replication have 
also been associated with various types of other tumors, such as lymphomas 
and kidney carcinomas but these systems are less amenable to experimental 
manipulation and therefore much less understood [33, 34]. Mammary tumor­
inducing virus preparations can be isolated from the milk of several high 
cancer incidence mouse strains like the C3H, the RIll and the DBA. In these 
strains, the virus is naturally transmitted from mother to offspring, caus­
ing the high spontaneous tumor incidence. Fosternursing of other mice on 
mothers from milk-transmitting strains results in a similar high incidence of 
tumors. Conversely, most high incidence strains can be cured from exogenous 
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MMTV by fosternursing on virus-free mothers, except for the GR. In this 
strain, the virus causing the high tumor incidence is present as an endogenous, 
germ-line transmitted provirus and is expressed in the mammary gland of all 
female mice [reviewed in 35]. 

It is unknown what the route of the virus is from the ingested milk to the 
mammary gland in the more mature animals. Lymphocytes serve perhaps as 
intermediate cells. In studying the path of infection in an animal, one could 
learn much from the distribution of virus receptors, but only a few retroviral 
receptor molecules have been identified and the MMTV receptor is not one of 
them. It usually takes several pregnancies and 6-12 months for tumors to 
develop, indicating that hormones play an important role as cofactors. In 
most strains, the tumors arising through virus infection and hormones are 
themselves independent of hormones, i.e., they grow continuously. Some 
other strains first develop hormone dependent tumors, that regress after 
pregnancy and lactation. These hormone dependent tumors arise early, and 
may become hormone independent after some cycles of growth and regres­
sion [reviewed in 35]. 

4. The molecular biology of viral tumorigenesis 

Molecular hybridization techniques showed that in most strains of mice viral 
DNA was present in varying copy numbers, as endogenous, germ-line trans­
mitted proviruses [21]. Tumors induced by MMTV had acquired additional 
MMTV sequences, as a consequence of integration of proviral DNA in the 
host cell genome [36, 37]. The structure of newly acquired and endogenous 
MMTV proviral DNA could be examined incisively with the aid of restriction 
enzymes and probes obtained from reverse-transcribing viral RNA [38, 39]. It 
was very helpful that, in the C3H strain, the endogenous proviruses had Pstl 
restriction sites different from the milk-replicating virus [40, 41]. Using these 
polymorphic restriction sites in the diagnosis of virus-infected but otherwise 
normal mammary gland tissue, Cohen et al., could establish that proviral 
DNA from the exogenous virus was already integrated in normal mammary 
cells, in copy numbers not significantly lower than in tumors [41]. Other 
restriction enzymes, such as EcoRI, cut only once in the provirus, generating 
fragments depending in size on the the actual site of integration. The absence 
of detectable junction fragments in infected normal glands demonstrated that 
no population of cells with the provirus at the same site existed [41]. 

The tumors, however, did contain junction restriction fragments, in stoi­
chiometries indicating that most, if not all cells in a tumor contained a pro­
virus at the very same location [41-47]. Thus, tumors were clonal for the 
proviral integration sites, and normal tissue was not. The interpretation of 
this experiment was that acquisition of proviral DNA is not sufficient for 
tumorigenic transformation, and that only a few or even one cell from an 
infected population grows out into a tumor [41]. 
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Similar findings were made in other forms of viral tumorigenesis [48-50], 
and shared most conspicuously with viruses which, like MMTV, were unable 
to transform cells in vitro, and gave tumors after long periods of latency. In 
contrast, retroviruses that transform cells in culture are generally rapidly on­
cogenic and contain a viral oncogene, also identified by molecular approaches 
[1 ]. 

The clonal emergence of tumors from mass-infected populations of cells 
gave a plausible hypothesis to explain viral oncogenesis without viral on­
cogenes: proviral insertion causes a mutation in the host cell, and only muta­
tions at sites predisposing to tumorigenic growth cause cell transformation 
[51]. This working hypothesis predicted that different tumors would share 
proviral integration sites, assuming that only a few of such cellular regions 
would exist. 

A rigorous test of the model was possible by molecular cloning of inserted 
proviral DNA, thereby isolating the integration site. But before these attempts 
succeeded, Hayward et at. showed that a known cellular gene was among the 
targets for proviral integration in another system [52]. The majority of Bursal 
lymphomas induced by Avian Leukosis Virus [AL V], contained proviral 
DNA integrated near the c-myc gene and high levels of c-myc transcripts. The 
proviral insertions near c-myc showed for the first time that cellular pro­
genitors of retroviral oncogenes could indeed be activated in natural tumors. 
In other forms of slow viral oncogenesis, proviral insertions were also found 
near known oncogenes, for example the ALV insertions near c-erhB in 
erythroleukemias [53]. 

To return to mammary tumorigenesis, no oncogene known from trans­
forming retroviruses has ever been found to be rearranged by proviral insertion 
of MMTV. It was hence necessary to identify insertion ally activated genes 
by a technique generally known as transposon tagging, originally used in 
Drosophila molecular genetics [54]. The principle is to search for tumors with 
a single or few acquired proviruses, expecting that the relevant mutation 
has then to be caused by the particular insertions [51, 55]. Molecular clones 
from the provirus linked to host cell sequences are isolated from tumor cell 
recombinant DNA libraries. Appropriate fragments of the host cell DNA are 
then used as a probe on restriction digests of other tumors. The presence 
of novel, tumor specific restriction fragments that also hybridize with viral 
probes, is taken as evidence for a common integration site. The relevant 
gene within the integration domain can be identified by searching for tumor­
specific transcripts hybridizing with the host cell probes. Ultimately, a bio­
logical assay in which the gene of interest is introduced into appropriate target 
cells, can provide formal evidence that indeed an oncogene has been un­
covered. The assignment to a chromosomal location can indicate whether 
other genes are near or even identical to the integration domain. 

In MMTV -induced mouse mammary tumors, three genes, called int-l, int-
2 and int-3 have now been identified and characterized to a variable extent, 
and the existence of several other genes has been inferred from less complete 
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Figure 2. Physical maps of the different int regions, with position of some restriction sites. 
R:EcoRI; K:KpnI; X:XbaI. The arrows indicate the site and orientation of MMTV proviral 
insertion in tumors; closed blocks at int-l and int-2 correspond to the open reading frame; open 
blocks are transcribed, non-coding parts. The cross-hatched blocks at int-3 and int-4l indicate the 
position of probe fragments that hybridize with mRNA from tumors. int-P is a rare common 
integration site from P-type mammary tumors in GR mice, recently shown to be linked to int-2. 
The maps of int-2 and int-P overlap partially. 

data_ The individual properties of these genes will be reviewed in the next 
section_ Figure 2 and Table 1 summarize various data on the different int loci. 

5. Int-! 

The int-l gene was the first cellular oncogene found by transposon tagging 
techniques. It was cloned by Nusse and Varmus from a mammary tumor in 
C3H mice bearing a single inserted MMTV copy [56]. Probes from the host 
cell DNA adjacent to the provirus detected insertions of MMTV in 70% of 
other C3H tumors, and a transcript of 2.6 kb found in tumors but not in 
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TableJ. Properties of different int genes 

mouse human transcript protein frequency of activation 
gene chromosome chromosome (kb) (kD) in mouse strains 

int-l IS 12 2.6 41 80% C3H 
70% BR6 
30%GR 

int-2 7 11 3.2,3.0, 27 6S% BR6 
1.8, 1.4 S%C3H 

20%GR 
int-3 17 ? 2.4 ? 40% CzII 

8%BR6 
int-4 11 ? ? ? lO%GR 
int-41 ? ? S.2 ? # 

The data on frequency of activation are obtained in our lab, or derived from references 78, 91 
and 94. 
The molecular weight of the proteins is deduced from the nucleotide sequence. 
# int-41 has found to be rearranged in one mammary tumor and one kidney carcinoma. 

normal mammary tissue. The transcribed area was named the int-l gene (for 
integration domain) and mapped on mouse chromosome 15 [57]. Rather 
surprisingly, the activated gene was situated upstream from the originally 
cloned provirus, at a considerable distance. This configuration proved sub­
sequently to be the rule: many other proviruses were found to be inserted 
either upstream from the int-1 gene in the opposite transcriptional orientation, 
or downstream in the same orientation [57] (Figure 2). 

Some proviruses were inserted within the int-l gene itself, in the 3' un­
translated region [57]. In these tumors, int-1 transcripts were found to be 
longer than the usual 2.6 kb, and shown to be composed of cellular sequences 
covalently linked to MMTV LTR sequences. Such transcripts presumably 
arise by read-through transcription from int-1 into the U3 domain of the L TR. 
The absence of the regular 2.6 kb transcript in those tumors showed that the 
proviral activation of int-1 occurred in cis, indicating that int-l is normally not 
transcribed in the cells forming the tumor [57]. 

In a few tumors, proviruses were inserted upstream in the same orientation 
as int-1. In one of these tumors, transcripts have been detected starting in the 
promoter of the 3'LTR of the provirus, proceeding into int-l. This represents 
a rare case of transcriptional activation by promoter insertion, which is seen 
predominantly in ALV integrations near c-myc [52, 58]. There is otherwise 
little clustering of MMTV insertions in different tumors; very few of the novel 
int-l fragments are by restriction enzyme analysis identical in size [57]. 

The structure the int-l gene has been resolved by nucleotide sequence 
analysis of the area hybridizing with the tumor transcripts, combined with 
nuclease Sl analysis and cDNA cloning to map the position of the exons 
[59-61]. The gene consists of four exons that together encode the int-l pro­
tein. The first protein-encoding exon is preceded by TAT A box. Primer 
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extension experiments (F. Rijsewijk, unpublished experiments) have shown 
that the boundary is a genuine startpoint of transcription. The Sl analysis 
however also indicates the presence of a longer version of the first exon, but it 
is yet unknown where the promoter of this transcript is [59]. 

The sequence around the first AUG on the int-l sequence does not con­
form to a translational start consensus structure [62], and is soon followed by 
a stop codon. Theoretically, a small peptide of 10 amino acids could be 
synthesized. The second AUG obeys the translation start signal rules, and is 
followed by an open reading frame of 370 amino acids, predicting a protein of 
41, 185 daltons. In vitro translation of int-l mRNA generated by SP6 tran­
scription of cDNA yields a protein of approximately 37 kd [60, 61]. The 
protein-encoding domain of int-l is always present in an intact configuration 
in tumors [59], arguing convincingly that the high frequency of insertions at 
int-l is the consequence of selection for expression of the int-l gene product 
and is not due to preferred integration as such. 

Conspicuous properties of the int-l protein, as deduced from the nucleotide 
sequence, are a hydrophobic leader sequence and a carboxy terminal half 
which is rich in cysteine residues. These are features shared with growth 
factors and growth factor receptors and may indicate that the int-l protein 
functions in signalling between cells. The lack of a transmembrane domain in 
int-l could be taken as evidence that the protein is secreted and functions as a 
ligand for a receptor. Assessment of the value of these predictions relies 
heavily on antisera to detect the actual site of the int-l protein in the cell 
but such sera have been hard to obtain. By synthesis of short peptides and 
bacterial fusion proteins containing int-l sequences, several antisera of 
variable quality have been made (A. Brown, J. Papkoff and H.E. Varmus, 
pers. comm. and unpublished data from our own lab). These antibodies detect 
several forms of the int-l protein, differing in extent of glycosylation, by 
immunoprecipitation from cells expressing the gene. The affinity of the anti­
bodies is rather low, and not sufficient for localization studies by in situ 
techniques. Cell fractionation studies have revealed that int-l protein species 
enter the secretory pathway, although no direct evidence has obtained for 
extracellular forms of the protein (J. Papkoff and H.E. Varmus, pers. 
comm.). 

Recent findings have shed light on the biological properties of the int-l 
gene. Its nature as a genuine oncogene has been illustrated by an in vitro 
transformation assay and expression of the gene in normal tissue has been 
detected. To introduce the gene in target cells, both retroviral vectors and 
DNA mediated transfection have been successfully used. A cell line, called 
C57MG originally derived from normal mammary gland tissue of the C57/Bl 
mouse strain [63], becomes morphologically transformed by an int-l retrovirus 
[64]. The cells are also suitable for a focus assay in which groups of trans­
formed cells can be detected on monolayers of flat epithelial cells. Our lab has 
used another cell line, called RAC, which has been isolated originally from a 
mammary tumor but has lost its tumorigenicity. Transfection of these cells 
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with activated int-1 copies and co-selection for transfected cells by a dominant 
marker leads to morphologically transformed cells that, unlike the trans­
formed C57MG cells, are tumorigenic in syngeneic animals [65]. 

These experiments demonstrate that int-l is truly an oncogene and under­
score the validity of the approach taken to identify oncogenes by analysis of 
mutation sites in tumor cells. A point of concern, nevertheless, is that the 
cells transformed in vitro by int-l are very different from mammary tumor 
cells in which the gene is activated by MMTV [65, 66]. The latter cells have 
usually retained many markers of mammary epithelial tissue, detected by 
monoclonal antibodies to cell surface or intermediate filament proteins [67, 
68]: These markers are absent on the RAe cells transfected with int-l. The 
tumors from the transformed cells can be classified as carcinosarcomas, which 
are otherwise only seen as rare, progressed forms of the characteristic differ­
entiated adenocarcinomas induced by MMTV [66, 67]. It seems necessary 
therefore, to devise assays for the oncogenic action of int-1 that reflect its 
in vivo action more faithfully, for example by gene transfer into primary 
mammary gland cells. 

What about the normal function of int-1 ? In most adult tissues, the gene is 
not detectably expressed, except for the testis of mature mice, presumably in 
post meiotic cells [69]. The size of the testis int-1 transcript differs slightly 
from the RNA seen in tumors, but it is not known whether the proteins thus 
made will differ. During embryogenesis of the mouse, int-l is transiently 
expressed, between day 8 and day 13 [69]. The site of expression is in the 
brain, most notably in the mid and hindbrain, but not in the forebrain [69a]. 
By sophisticated in situ RNA hybridization techniques, Wilkinson et al. 
[69b] have detected int-l expression in the developing neural plate and tube, 
especially at the site of folding of the neural tube. Although these findings do 
not give immediate clues, they indicate that the normal function of int-l has to 
be sought in embryonic development of the nervous system. The restricted 
timing of expression may be taken as evidence for an important role in deci­
sions made during neural differentiation. 

More recently, a Drosophila homologue of int-l has been cloned, and 
sequence analysis has shown that the structure of the gene is conserved to a 
high degree in flies [69c]. The Drosophila int-l gene is expressed in most 
stages of development, including embryos, larvae, and pupae, but hardly 
detectable in adult flies. By in situ hybridization, a segmented pattern of 
expression is detectable in embryos. The gene maps at position 28A, and has 
been shown to be identical to the segment polarity gene wingless, a gene 
involved in pattern formation in insect development. The structure of the 
Dint-llwingiess gene product indicates that the protein functions in morpho­
genesis as a signal in cell-cell interaction. These findings underscore the 
important function of int-l in development, and represent the first example of 
an oncogene with known developmental mutations, allowing a systematic 
attack on its function. 

The high degree of evolutionary conservation of int-1 is one of the most 
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striking properties of the gene. A human homologue of int-1 has been cloned 
and sequenced, and shows only four amino acid differences with the mouse 
gene [70, 71]. The changes are restricted to the amino terminal domain 
and do not affect the hydrophobic character of the leader. The gene has 
been mapped on chromosome 12 of man, probably at the cen-q14 region 
[71]. Expression or rearrangements of int-1 in normal human tissue or in 
human tumors tumors has not been found (M. van de Vijver and R. Nusse, 
unpublished) . 

6. Int-2 

The int-2 gene was discovered by Peters et al. in essentially the same way as 
int-1, but starting from a tumor with multiple acquired proviruses, which were 
cloned [72]. The flanking sequences from one of these proviruses detected 
independent integrations in other tumors. The original virus came from a 
BALB/c mouse fostered on C3H mothers, whereas the other tumors were all 
from the BR6 strain of mice, a strain generated by crossing the C57/B1 with 
the RIll. The virus associated most frequently with int-2 insertions is there­
fore from the RIll strain. 

The proviruses at int-2, with a few exceptions, point away from the gene, 
and are scattered over relatively large regions [73] (Figure 2). As a matter of 
fact, probes from the two sides of int-2 were originally obtained indepen­
dently, from different tumors; both first indicating a common integration 
domain which later turned out to be closely linked [73]. A common integration 
from P-type mammary tumors in GR mice, first thought to be independent 
from the known int loci, has recently been found in fact to be closely linked to 
int-2 [73a, G. Peters and R. Michalides, pers. comm.]' but at a distance of 
20 kb from the gene itself. In between the two groups of insertions is the tran­
scriptional unit of int-2, which appears to be quite complex [73, 69, 66]. At 
least four different transcripts are detected in tumors and in normal tissue 
(see below) that may arise through the use of different promoters and different 
polyadenylation signals (Peters and Dickson, pers. communication). These 
transcripts are 3.2, 3.0, 1.8 and 1.4 kb long. The gene has been mapped on 
mouse chromosome 7 [74]. 

The structure of the gene has been resolved with nucleotide sequencing 
and cDNA cloning but is yet incomplete due to the complex pattern of tran­
scription [75]. The assignment of the open reading frame and the derived 
amino acid sequence of the protein has been less problematic, and was aided 
by proviral insertions close to the gene but outside of this reading frame. One 
such insertion is a solitary LTR, causing relatively high amounts of int-2 RNA 
starting at the viral promoter [75]. int-2 encodes 245 amino acids, predicting a 
protein of 27 ,000 daltons that recently has been shown to be homologous to the 
fibroblast growth factor family [75, 75a]. The high proportion of arginine and 
lysine residues, often in pairs, may be indicative of proteolytic processing of 
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the protein, but good antisera to assay for the int-2 gene product have not 
been developed yet, nor is a biological test available for testing its oncogenic 
properties. The homology to FGF nevertheless predicts some testable pro­
perties of the int-2 protein, such as binding to heparin. 

Peters et al. have explored the biology of the mammary tumors in the BR6 
strain to demonstrate that proviral activation of int-2 is an early event in the 
history of the tumor [76]. When hormone-dependent BR6 tumors are followed 
during several cycles of pregnancy, leading to cycles of growth and disappear­
ance of the tumor, it appears that successive tumors have the same int-2 
rearrangement [76]. The tumors can thus regress in spite of a rearranged 
gene, indicating that the cells with the int-2 activation are present in a pre­
malignant state in the non-hormone stimulated mammary gland and need 
additional events to become hormone independent. 

Indirect evidence for the oncogenicity of int-2 expression comes from the 
RAC mammary tumor cells [66]. This line is clonal for insertion of MMTV 
near int-2, but sublines nevertheless show dramatic differences in expression 
of the gene and tumorigenicity. One vclriant grows as differentiated polygonal 
cells, positive for many markers of normal mammary epithelium. These cells 
are tumorigenic, they give rise to adenocarcinomas and express int-2. In cul­
ture, polygonal cells can convert to a nontumorigenic large cuboidal pheno­
type. The loss of tumorigenicity is accompanied by loss of int-2 expression. To 
complicate matters, however, the cuboidal cells can transform spontaneously, 
but also after transfection of activated ras or int-l [65], into highly malignant 
elongated cells, still negative for int-2 or mammary cell markers, and giving 
rise to undifferentiated carcinosarcomas [66]. 

The function of int-2 in normal physiology is probably in early devel­
opment, even at an earlier stage than int-l involvement [69]. The gene is 
expressed in mouse embryos at day 71f2, and in several embryonic cell lines 
induced to differentiate into the endodermal lineage. int-2 is one of the few 
genes exclusively expressed during this type of differentiation [69], indicating 
a key role for the gene in events occurring during early embryogenesis. The 
findings on expression of the int genes during development have attracted 
wide attention from developmental biologists. 

A human homologue of int-2 has been isolated and mapped on chromo­
some 11, band q13 [77]. Expression of int-2 in human tumors has not been 
reported. Restriction fragments hybridizing with int-2 probes are only detected 
in mammalian species and not in phyla where mammary tumors cannot occur. 

7. Int-3 

Gallahan and Callahan screened a number of mammary tumors in the CzII 
strain for MMTV insertions near int-l and int-2, and found that the majority 
were negative. This CzII strain of mice is particularly suitable for studying 
MMTV insertions in tumors because it lacks endogenous MMTV proviral 
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DNA. The proviruses detected in tumors therefore all come from a con­
genital, milk transmitted infection. The strain has been isolated recently from 
the wild. The presence of identical viral restriction fragments in different 
tumors encouraged a search for a new common integration site. Molecular 
cloning and isolation of host cell probes showed indeed that five out of 16 
tumors contained a provirus at a new chromosomal area, called int-3 [78]. An 
additional case of an int-3 insertion has been found by Peters et al. (pers. 
comm.) in one of the few BR6 tumors that were negative for int-l or int-2. A 
tumor specific int-3 transcript of 2.4 kb is found with probes upstream from 
the main cluster of insertions, which also appears to be conserved among 
mammalian species. int-3 has been mapped on mouse chromosome 17 [79] 
and has no appreciable homology with other known genes by molecular 
hybridization. Unlike the proviruses near int-l and int-2, the insertions at int-
3 are very close to each other, some of them indistinguishable by restriction 
enzyme analysis. Further cloning of the area is in progress, and may well 
reveal more insertions at the other side of the transcriptional unit. 

8. Int-4 

The characterization of this integration area is still in its infancy. Probes from 
a novel common insertion site have been obtained by molecular cloning of a 
single acquired provirus from a tumor in Balb/c mice in which the GR virus 
was introduced by fosternursing. Four independent tumors showed insertions 
in the cloned area, called int-4. A transcript has hitherto not been found. int-4 
has been mapped on chromosome 11 in the mouse (H. Roelink, J. Hilkens 
and R. Nusse, in preparation). 

9. Mutant MMTVs in other diseases; int-41 

The tumorigenic spectrum of MMTV is not restricted to mammary onco­
genesis. The virus has also been implicated in formation of lymphomas in 
several strains of mice, most notably in males of the GR [34, 80, 81]. There 
is one report of MMTV involvement in kidney carcinomas in a Balb/c sub­
strain developed by Claude. The virus variants of MMTV that apparently 
cause these diseases differ from mammary tumor inducing strains in having a 
different L TR. In particular, regions upstream from the promoter are changed 
[82-85] (Figure 1). It has been proposed that these alterations generate novel 
enhancers, that may then cause virus replication in cells otherwise nonper­
missive for MMTV [82]. This is an attractive possibility, because it would 
explain both the high expression of the virus and the induction of a novel type 
of tumor; by cis-enhancement of cellular oncogenes. In one such rearranged 
LTR, core sequences corresponding to enhancers have indeed been found, 
but direct evidence for their transcriptional potency has been lacking thusfar. 
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There is an analogy with Murine Leukemia Virus [ML V] variants that differ 
in enhancer sequences in the L TR can cause a wide spectrum of diseases. 
By so-called mix and match experiments-exchanging parts of variant viral 
genomes and mapping of the disease tropism-it could be shown that indeed 
L TR differences can change the type of disease induced by these ML Vs [86, 
87]. Such a degree of sophistication cannot be attained for MMTV, due to the 
difficulties in cloning the virus but the variant viruses do provide interesting 
material to examine integration domains in other types of tumors induced by 
the virus. 

Garcia et al. have found an integration domain, called int-41 , that originally 
was cloned from a mammary tumor in the C3H strain [33]. No other mammary 
tumors contained an MMTV provirus near int-41 , but surprisingly, one 
kidney carcinoma had a rearranged int-41 allele, probably due to an MMTV 
insertion [33]. In addition, probes from the region detected transcripts of 
various lengths, whose expression could be influenced by dexamethasone 
indicating that they may have arise as a consequence of an adjacent MMTV 
enhancer. 

10. Various cases of integration domains 

A good indication for new common integration sites is sometimes given by 
comigrating restriction fragments of MMTV, especially if common fragments 
are produced by more than one enzyme. Two claims for common integrations 
based on restriction mapping have been made [89, 90]; one such region is 
called int-H, implicated in preneoplastic lesions called hyperplastic alveolar 
nodules (HANs). These findings need further documentation by molecular 
cloning, but suggest the possible existence of novel oncogenes, the more since 
the known int genes are rarely activated in these premalignancies. 

11. The frequency of activation of the int genes; complementation between 
different genes 

At first sight, there are some striking differences in the frequency of re­
arrangements of the different int genes between strains of mice. int-l is acti­
vated in 70-80% of C3H tumors, which have only a few int-2 insertions, and 
int-2 is frequently found in the BR6 strain, carrying the RIll variant of 
MMTV. The CzII strain is strongly associated with int-3, in turn rarely seen in 
other strains (Table 1, see also reference 91). These frequencies would suggest 
that there is some preference for certain int genes by virus variants, or mouse 
strains for that matter. On the other hand, these differences are by no means 
absolute, exemplified by the original cloning of int-2 from a BALB/cfC3H 
tumor, which, incidentally, has also been cloned by two other groups from a 
GR tumor [73a, 92]. The issue is also complicated by the poor characterization 
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of the MMTV variants, which, as outlined before, have never been cloned. 
Nevertheless, what mechanism could underly such preferences: It is possible 
that MMTV-induced mammary tumors are not all alike, and that different int 
genes act on different target cells. Another explanation could be that the 
MMTV enhancers activating these genes do not work equally well on different 
promoters, as shown by the IgG enhancer that works optimally on the IgG 
promoter [93]. 

Peters et al. have reported that in the BR6 strain many mammary tumors 
actually have MMTV insertions at both int-l and int-2 [94]. From the stoi­
chiometry of the restriction fragments, and from the fact that transplantation 
of the tumors did not result in selection for cells with one or the other gene 
rearranged, it appeared that the tumors are clonal for both int-l and int-2. 
Thus, the genes can act within the same cell, and can perhaps cooperate in 
transformation. Complementation between different oncogenes has also been 
observed in fibroblast transformation experiments, and underscores the 
importance of multi-step mechanisms of oncogenesis. Tumors with a single 
acquired provirus would then have additional mutations not caused by inser­
tion of viral DNA. It is however not yet clear whether MMTV-induced tumors 
in other strains have the same frequency of concerted activation of different 
genes. With probes for more genes available, these issues can now be inves­
tigated thoroughly. 

A different form of complementation between the int genes is suggested 
by the behavior of early, hormone-dependent mammary tumors in the GR 
strain. Many of these tumors appear to be oligoclonal for insertions near the 
different int genes, and consist of balanced populations of cells with one or 
the other gene rearranged [95-97]. We have recently found one tumor with 
even three different int genes rearranged, co-existing during several transplant 
generations (unpublished). The retention of oligoclonality is highly suggestive 
for interdependent complementation between cells expressing various int 
genes. The later arising hormone indendent tumors are usually clonal for one 
of the int genes and are probably caused by additional mutations within the 
hormone-dependent populations. 

12. The mechanism of activation of in! by MMTV 

How is the transcriptional activity of the int genes in tumors brought about? 
The genes are silent in normal mammary tissue, and the altered size of the 
transcripts in those tumors where MMTV has inserted within the transcrip­
tional unit shows that only the int allele next to the provirus is transcribed 
[57]. The insertions have thus induced a normally silent gene to become 
transcribed. 

Usually, the provirus is at a distance from the int promotor sequences, 
points away from the gene, and therefore has to act in an indirect manner on 
the transcription of the int genes. This situation resembles rare cases of ALV-
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induced tumors where myc is activated by other than promoter insertions 
[58]. In those tumors, transcriptional activation of myc is attributed to the 
relative strong enhancer on the U3 domain of the ALV LTR [98, 99]. We 
have proposed, based on the distance and orientation of the MMTV pro­
viruses at int-l, that the transcriptional activation of the gene is also caused by 
an enhancer. The restricted orientation of the MMTV provirus near the int 
genes -pointing away from the gene- could be a consequence of the inability 
of enhancers to act beyond the first promoter encountered, as documented 
for the SV40 enhancer [100]. The orientation generally seen for MMTV pro­
viruses near the int genes avoids a viral promoter in between the viral enhancer 
and the int promoter. 

By gene transfer experiments with recombinant MMTV LTR constructs, it 
has indeed been shown that the MMTV L TR has an orientation-independent 
cis-acting transcriptional enhancer [27-32]. This enhancer is relatively weak 
in most assays however, and needs dexamethasone to become active. More 
recently, is has been reported that another steroid hormone, progesterone, is 
able to activate the MMTV enhancer [101]. This finding raises the possibility 
that the activation of the int genes is likewise mediated by sex steroid hor­
mones, an appealing suggestion in view of the role of hormones in initiation 
of tumorigenesis. 

There is nevertheless no evidence that the transcription of int genes in 
mammary tumor cells is controlled by steroid hormones. One way of testing 
hormonal influences on transcription is by using cell lines from mammary 
tumors, cultured under defined conditions. Many such permanent mammary 
tumor derived cell lines are available, and the MJY and the Mm5mtcll have 
MMTV proviral insertions near int-l. We have measured int-l transcription in 
these lines in the presence and absence of dexamethasone, but we found 
hardly detectable amounts of RNA. A more extensive analysis of these 
phenomena has been presented by Sonnenberg et al., using the RAC cells 
mentioned before [66]. There are three variants of this line, with dramatic 
morphological and biological differences, but yet clonally derived from each 
other. Polygonal cells are positive for MMTV and int-2 expression, which is 
not influenced by dexamethasone. Cuboidal RAC cells have no int-2 expres­
sion under any circumstances whereas MMTV expression is dexamethasone­
inducible. 

More recently, we have made a cell line derived from a tumor with an int-l 
insertion, called 201, that has been selected on retention of mammary epithe­
lial markers: the line produces small polygonal cells, sometimes growing as 
domes. It this highly differentiated cell line, expression of int-l is as high as in 
tumors, even in the absence of steroid hormone. 

Based on these results, we have suggested that the MMTV provirus has a 
cell type dependent enhancer that is active in well differentiated epithelial 
cells. This enhancer is relatively strong and responsible for the long range cis­
activation of the int genes. In other cells, the steroid hormone-dependent 
enhancement of MMTV would suffice for activation of the viral promoter, 
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but does not induce the int genes [66]. A further analysis of these phenomena 
is in progress. 

13. Other oncogenes in murine mammary tumors 

Besides MMTV and the int genes, there are two systems of experimental 
mammary tumorigenesis with activations of known oncogenes. Chemical car­
cinogens, when injected in mice or rats during the development of the 
mammary gland, give rise to mammary tumors later in life, after several 
cycles of pregnancy. In these tumors, reproducible mutations at the Ha-ras 
gene have been detected by transfection of tumor DNA and/or oligonucleotide 
hybridizations [102-104]. The interest in this system from the point of view of 
mammary tumor biology is that MNU, a carcinogen that directly acts on the 
DNA, is very-short lived and has to exert its action within hours after applica­
tion. The latency that is apparently necessary for the tumors to develop 
indicates therefore that additional events must take place before tumors 
become manifest. The cycles of proliferation of the mammary cells during 
pregnancy would favor tumorigenesis by enlarging the pool of cells on which 
such secondary events can occur. 

Similar observations have been made in another system: the generation of 
transgenic mice carrying a myc gene activated by the MMTV LTR as promoter 
[105-106]. These transgenic mice are excellent models for genetic predisposi­
tion to tumors, as they have an activated oncogene in all cells. Mammary 
tumors only develop after cycles of pregnancies and then at one site in the 
animal, suggesting that additional events leading to clonal outgrowth are 
involved. 

The nature of the secondary events is unknown; activation of the int genes 
or other MMTV-related mutations have not been found in these tumors. The 
biology of MMTV-caused tumors is actually rather similar to the transgenic 
mice or the chemical carcinogenesis system. In all three models, oncogene 
activation is an early event; hormonal stimulations by pregnancy is essential; 
and clonal tumors finally arise that are themselves not dependent on hormones 
anymore for growth. Further progression is possible from hormone indepen­
dent adenocarcinomas towards highly malignant sarcoma-type tumors, but 
here too, we have no knowledge of relevant oncogene activations. The latter 
step can be mimicked in vitro by transfection of activated ras, but also by 
int-1, into the aforementioned cuboidal RAC cells. This may indicate that 
oncogenes can be interchangeably involved in initiation or progression of 
tumorigenesis. There is yet no support for this theory from what is known of 
the in vivo course of events. 

It is noteworthy that myc, once activated by an MMTV LTR inserted in the 
germ line can cause mammary tumors, but that no proviral insertions near 
myc have been found in 'natural' MMTV induced tumors despite a systematic 
search (unpublished results). In fact, none of the oncogenes known to us 
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through other means than by transposon tagging have been reported to be 
rearranged in virus-induced mammary tumors. Perhaps the growth advantage 
conferred to cells when the 'non-int' oncogenes are activated is not sufficient 
because these oncogenes are usually transcriptionally active in normal cells, 
and the increase upon MMTV activation would not be enough to allow selec­
tive outgrowth. For the int genes, completely inactive in normal cells, a small 
difference in level of transcription after proviral insertion would then have 
large consequences in cell proliferation. 

At this point, it could also be mentioned that no case of transduction of a 
cellular oncogene by MMTV has even been observed. In other tumors, pro­
viral insertions near oncogenes are often precursors for transduction of 
the cellular gene by the virus, illustrated by ALV insertions near c-erhB in 
erythroleukemias [107]. The type of insertions found in those tumors are 
indeed very favourable for transduction: the provirus and the adjacent c-erhB 
gene are transcribed into a hybrid mRNA that is already quite similar to a 
viral RNA from an oncogene carrying retrovirus [108]. Such configurations 
leading to hybrid mRNA are seldomly found at MMTV insertions near the int 
genes, which could explain why the gene has not been transduced. 

14. Concluding remarks 

MMTV has set a prime example for the proposition that retroviral integra­
tion sites can point to the existence of novel cellular oncogenes. The most 
absorbing task facing us now is to find out how the int genes work, which is 
still difficult in spite of the recent findings on the expression of the genes 
in embryogenesis and the homology between int-2 and FGF. From the 
sequence of int-l we can infer that the protein is involved in signal trans­
mission from cell to cell, because of the superficial resemblance to the cysteine­
rich growth factors and their receptors, but we have no probes yet to sustain 
such speculations. 

In natural tumorigenesis by MMTV, activation of the int genes is an early, 
perhaps the first, event, as concluded from the presence of cells with re­
arranged genes in hormone-dependent tumors [76, 95]. But these tumors are 
not very malignant; withdrawal of hormones makes them to disappear. More­
over, a superficial look at the histopathology of these early tumors shows that 
they are not very different from normal mammary gland tissue; the tumors 
are well differentiated with ductal and alveolar structures [109]. Therefore, 
one cannot expect that the effect of the int genes as such will be dramatic, and 
in designing gene transfer experiments one has to take these facts into account. 
To mention other complications for such assays: mammary tumors with acti­
vated int genes can also be hormone-independent, grow rapidly and kill a 
recipient mouse within a few weeks. These cells can thus be called malignant, 
but yet they do not grow in soft agar, otherwise a good parameter for cell 
transformation, nor are they immortal in cell culture. 
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Perhaps most informative with respect to the mechanism of action is the 
expression of int-l and int-2 in embryogenesis. It is now clear that the identi­
fication of int-l in Drosophila as the segment polarity gene wingless will lead 
to incisive information of its actual function in development and perhaps, 
by extrapolation, in tumorigenesis. We may even be dealing with a whole 
new class of mechanisms in oncogenesis, caused by proteins which in normal 
development are instrumental in differentiation during embryogenesis, work­
ing through signalling between cells. The homology between int-2 and FGF, 
and the activity of FGF-like molecules in mesoderm induction in Xenopus 
embryos point in the same direction [109a]. 

In studying the mechanism of action of the int genes in tumuorigenesis, we 
also wish to learn where in tumors the int genes are expressed. In the cell lines 
that our lab has derived from mammary tumors, expression of int-l and int-2 
correlates with differentiation and follows the dexamethasone-independent 
expression of MMTV. If one looks by immunoperoxidase techniques at the 
actual site of expression of MMTV in primary tumors, one sees, not sur­
prisingly, that the viral antigens are made in the diffentiated luminal cells. 
Are those cells also the cells making int products? In the absence of good 
antisera we can only guess that they do. But differentiated luminal cells have 
lost proliferative capacity and are unlikely to become transformed. It is more 
plausible that the stem cells in the basal layers are the precursors of tumors 
[110]. I would therefore like to speculate that expression of the int genes 
generates a signal from the differentiated layer in the mammary gland towards 
the basal cell layer, disturbing the normal signals that the differentiated cells 
use to arrest proliferation of their basal precursor cells. Such a state of con­
tinued proliferation would generate the kind of hyperplasia found in the early 
hormone-dependent GR tumors, where it seems indeed that different cells 
grow in an interdependent fashion. 

Needless to say, these speculations are far-fetched, but they may serve as a 
working hypothesis to design experiments in a system that is of general impor­
tance in the biology of epithelial tumorigenesis. 
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15. Steroid hormone regulation of cultured breast 
cancer cells 

Philippa D. Darbre, and Roger J.B. King 

1. General introduction 

Most of the information we have about the regulation of breast tumor growth 
relates to hormones, especially steroid hormone effects. Such actions are 
diverse and complex involving direct effects on the tumor cells and indirect 
effects via other endocrine and non-endocrine organs. Because of this com­
plexity, it is extremely difficult to interpret in vivo data at the required level of 
cellular and molecular organization so cell culture systems have to be exten­
sively used. Despite the general dogma that 'cancer cells have escaped from 
growth control', establishment of cultures from primary breast tumors has 
been difficult, more difficult in fact than with normal mammary cells [1]. 
Furthermore, the establishment of meaningful hormonal regulation of such 
cultures has been elusive. This has led many workers, ourselves included, to 
use established cell lines to answer the question of how do steroids affect 
mammary tumor cell growth? Cell lines clearly have the advantage of relative 
cellular homogeneity, reproducibility from one experiment to another, ease 
of experimental manipulation and an approximately defined medium in which 
growth can be studied. The word 'approximately' is used because, although 
serum free conditions have been used for looking at short to medium-term 
effects of steroids [2-4], serum is present in the majority of such experiments 
and is always used for long-term maintenance of such cultures. Despite all 
these advantages, it is noteworthy that until relatively recently debate con­
tinued as to whether or not steroids such as oestradiol had direct mitogenic 
effects on target cells [4-6]. Whilst there are undoubted indirect influences of 
steroid hormones, we feel that the ability to reproducibly demonstrate proli­
ferative effects of steroids on cultured cells especially under serum-free condi­
tions adequately justify the view that steroids do have direct effects on cell 
growth. However, it is equally true that many other factors also influence 
proliferation and by relatively simple manipulation of culture conditions such 
as raising the serum concentration one can accelerate growth in the absence 
of steroid to a stage where steroid addition has no effect [7]. 

On the debit side, cell lines must be acknowledged to be very abnormal be­
cause of their selection from a minority of the original population and because 
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of their immortality. Furthermore, the very reasons for their use as outlined 
above cannot detract from the fact that the complexity of in vivo conditions is 
the norm. 

As a final general point, one should ask the question of what parameter of 
cell behavior in culture is most relevant to conditions that modulate the size of 
a tumor in vivo? Whilst it is obvious that cell proliferation is important, it is 
pertinent that in culture the phenomenon of density regulation ensures a 
limiting cell density above which proliferation is markedly reduced. Yet, in a 
small tumor lump, the cells are already crowded together and yet the lump 
can be made to grow much larger. From this type of logic we feel that our 
present state of biological ignorance dictates that steroid effects on all cell 
biological properties should be investigated. 

Questions about steroid regulation of cultured breast tumor cells can 
essentially be broken down into two parts. Firstly, one can ask, in the short 
term, how do steroid hormones control tumor cell growth? In other words, 
how do steroids affect the rate of cell proliferation and the loss of control on 
growth? Secondly, the longer term question asks what renders a breast cancer 
cell hormone sensitive or insensitive, and why do cancer cells progress to the 
inevitable state of steroid hormone autonomy? Although not explicitly stated, 
it is generally accepted that these two questions are intimately related but this 
is not necessarily the case and we have addressed both these problems. 

1.1 Mammary tumor cell lines 

At the time we started our work no human lines were available and so we 
followed the initial observation of Meakin [8] by generating an androgen 
responsive cell line [7] from the spontaneous mouse mammary carcinoma 
of Shionogi D D/Sio mice [9]. This tumor (designated Shionogi 115) shows 
androgen-dependent growth but, after androgen withdrawal, manifests tem­
porary regression followed by androgen-independent growth [10, 11]. The 
cell line we produced came from this Shionogi S115 tumor and the line was, 
with great ingenuity, called S115. Its general characteristics have been 
detailed elsewhere [11,12] and the main features described in the older litera­
ture are given in Table 1. The overall picture is of a receptor mediated series 
of events which led, after a significant lag phase, to increased DNA synthesis 
in monolayer culture. 

More recent studies have used a clone of androgen-responsive cells from 
this original line. These cloned S115 + A cells are now used as our in vitro 
model system for study. When these cells are maintained in tissue culture in 
the presence of testosterone, they exhibit cellular and molecular responses to 
androgen. However, long term maintenance of such cells in the absence of 
steroid results in the cells becoming unresponsive to androgen and such cells 
are then termed -A cells. Thus, these cells provide a model system for study­
ing both short-term steroid hormone action on breast tumor cells and the 
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Table 1. General characteristics of the SIIS mouse mammary tumor cell line. 

Property Comments 

1. Receptor content. Contain androgen and glucocorticoid receptors; estrogen and 
progestin receptors undetectable. 

2. Cell growth. Proliferation is stimulated by testosterone and Sa 
dihydrotestosterone; testosterone effective without metabolism 
to Sa dihydrotestosterone. Glucocorticoids inhibit log-phase 
growth. Pharmacological levels of estradiol, but not 
diethylstilboestrol, stimulate proliferation via the androgen 
receptor. 

3. Receptor function. Proliferative effects are receptor mediated; high concentrations of 
estradiol stimulate proliferation via the androgen receptor. 

4. Post receptor events. Lag of about 8 hr between steroid addition and increased DNA 
synthesis. Ribosomal RNA synthesis changes at about the same 
time. No increase in total poly A+ mRNA or total protein 
synthesis occurs on steroid addition. 

S. Mechanism. Androgen accelerates proliferation by increasing the probability of 
overcoming a block towards the end of the GI phase of the cell 
cycle. 

6. Chromosome content. Polyploid. 

These early data are taken from [11, 12]. 

longer term problem of how breast tumor cells progress to a state of steroid 
hormone autonomy. 

We have more limited experience with the ZR-7S-1 human breast cancer 
cell line derived from a clinically hormone unresponsive pleural effusion from 
a breast cancer patient [13]. Although there is no way of being certain, the 
apparent anomaly of getting a hormone sensitive cell line from an unres­
ponsive tumour is probably explained by cellular heterogeneity of the original 
tumour. We have used the ZR-7S-1 line in preference to the more common 
MCF-7 line as we find the former to be more reproducible in its responsive­
ness to estrogens. 

2. Mechanism of steroid action 

2.1 Steroid regulation of S115 cell biology 

SllS + A cells possess receptors for androgen (61 fmol/mg protein) and gluco­
corticoid (237 fmol/mg protein) but not estrogen or progestin. In accordance, 
growth of these cells is responsive to both testosterone and the synthetic glu­
cocorticoid, dexamethasone but not progesterone or physiological levels of 
estradiol. Growth has been studied as either anchorage-dependent (mono­
layer culture) or anchorage-independent (suspension culture) and each can be 
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Figure 1. Effects of testosterone (T) and dexamethasone (D) on growth of S115 +A cells in 
monolayer (A) and suspension (B) culture. Cells were grown with 3.5 x IO-KM testosterone 
(e-e), with 1O-7M dexamethasone (0-0), with both hormones (---) or without 
either hormone (0----0). Taken from [15]. 

described in terms of log-phase proliferation rate, saturation density or cell 
morphology. 

In monolayer culture, testosterone increases both growth rate and satura­
tion density (Figure lA) [7, 14, 15] and in addition causes a marked change 
from epithelial morphology (- hormone) to fibroblastic morphology (+ hor­
mone) (Figure 2) [16]. In the absence of hormone, there is an increased sen­
sitivity to growth stimuli, such as serum concentration [14] and marked 
changes occur in the cell membrane and cytoskeletal structure. Specific focal 
adhesions appear between cell and substrate, there is an increase of cell sur­
face fibronectin, and intracellular actin becomes organized into well-defined 
microfilament bundles [17, 18]. Dexamethasone exerts the same stimulation 
of saturation density (Figure lA) and the same morphological changes 
(Figure 2) in monolayer as testosterone, but the effects on log-phase growth 
are different-it is increased by testosterone but decreased by dexametha­
sone (Figure lA) [15]. 

In suspension culture, a dramatic difference is seen between growth in the 
presence and absence of steroid (Figure lB, 2) [17]. In the absence of steroid, 
the cells remain viable but static, whereas in the presence of either testos­
terone or dexamethasone, rapid growth occurs [15]. Thus, whilst growth in 
monolayer is only responsive to steroid, growth in suspension is totally depen­
dent on steroid. These same effects are also seen in agar and methylcellulose 
semi-solid culture systems, implying that steroids result in loss of dependence 
on anchorage to the substrate for growth. 

Dose-response curves for the effects of testosterone and dexamethasone 
~n log-phase growth and saturation density in monolayer and on growth in 
suspension, revealed maximal effects at about 1O-8M in each case (Figure 3) 
[15]. Interestingly, there is no additive effect of the two hormones in either 
monolayer (Figure lA) or suspension (Figure lB) culture. 
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Figure 2. Photographs of Sl15 + A cells growing in monolayer (a-d) and suspension (e-f) culture 
either in the presence (a,c,e) or absence (b,d,f) of 3.5 x lO-HM testosterone. Photographs were 
taken by phase contrast at mag. x 100 (a,b,e,f) or by scanning electron microscopy at mag. 
x5100 (c) or mag. x4500 (d). 

The effects of steroids on the cell biology of SIIS + A cells are summarised 
in Table 2. It is evident that steroid hormones affect many different para­
meters of cell growth, but not always in the same way. Thus, similar steroid 
effects on one parameter do not necessarily imply similar effects on all the 
other parameters. Another question which arises concerning steroid effects is 
that of the interrelationship between the different parameters. More recently, 
we have been able to show separation of some of the parameters. From the 
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Figure 3. Effects of steroid hormone concentration on parameters involved in growth of S 115 
+A cells in monolayer and in suspension culture. Dose response curves are presented for 
testosterone (A 1-3) and dexamethasone (81-3) effects on log-phase growth in monolayer (AI, 
8 I), on saturation density in monolayer (A2, 82) and on growth in suspension (A3, 83). Results 
are expressed as ratios of cell numbers per dish in the presence and absence of steroid, and effects 
of dexamethasone are presented in both the presence (.--.) and absence (0---- 0) of 3.5 x 
1O-"M testosterone. 

Table 2. Effects of steroid hormones on growth of S liS + A cells 

Property - Hormone + Testosterone + Dexamethasone 

I. Monolayer growth 
Growth rate + t ~ 
Saturation density + t t 
Overall cell morphology E F F 
Focal adhesions + 
Fibronectin + ~ 
Microfilaments + 
Sensitivity to growth stimuli + t 

2. Suspension growth 
Growth rate t t 
Maximal density t t 
Cell morphology Tightly clustered spheroids 

Code to symbols: + parameter present; parameter negative; t increased compared to no 
hormone; ~ reduced compared to no hormone; E epithelial morphology; F fibroblastic 
morphology 
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androgen and glucocorticoid effects on cell biology, a separation can be seen 
of cell morphology/saturation density/anchorage dependence from cell proli­
feration rate at log phase of monolayer growth (Table 2) [15]. Using trans­
fection experiments, it has been possible to separate the androgen-regulated 
stimulation of cell proliferation from the androgen-regulated cell morphology 
changes, although the same separation was not achieved for glucocorticoid 
regulation [15]. In addition, androgen- and glucocorticoid-stimulation of 
suspension growth were also separable [15]. A means of separating these 
different parameters will undoubtedly prove useful in molecular studies of 
steroid-regulated cell growth. 

From these studies, we have developed the model that in cell biological 
terms, androgens convert S115 cells from a normal (- hormone) to a trans­
formed ( + hormone) phenotype [11, 16-18]. Since these cells are tumor cells 
and form tumors in nude mice [19], these phenotypic alterations in culture 
cannot be linked directly to tumorigenesis in vivo but they do indicate some 
fundamental effects of steroids. Evidence for steroid-regulation to a trans­
formed phenotype has been obtained now in human breast cancer cell lines 
and may be a more universal mechanism than thought previously [20 and 
see below]. Possible molecular mechanisms by which such steroid-mediated 
phenotypic and proliferative changes could occur are illustrated in the model 
in Figure 4. Under physiological conditions there is little, if any, firm evidence 
for non-receptor mediated pathways being important and so it can be accep­
ted that action begins with steroid-receptor interation. Pathways of response 
can then be divided into three routes. Route 1 involves direct stimulation of 
the proliferation pathway. While DNA polymerase and nucleotide pools are 
increased by steroid hormones at the start of S phase of the cell cycle, these 
are relatively late effects of the hormone. Alterations in non-histone chro­
mosomal proteins and enzymes like creatine kinase BB are potential candi­
dates but most current interest centres on routes 2 and 3. Route 2 results in 
alteration of membrane sensitivity to external agents, and there is no doubt 
that steroids do alter sensitivity of cells to serum growth factors [14]. Route 3 
suggests that growth factors could be produced capable of acting by autocrine 
and/or paracrine loops (see other chapters in this book). 

2.2 Molecular markers of steroid action 

Given the parallel to phenotypic change in transformation and in view of the 
well-documented involvement of mouse mammary tumor virus (MMTV) in 
the development of mammary carcinomas in the mouse, we considered it a 
possibility that viral elements could play a role in these steroid-regulated 
phenotypic changes in the S 115 cell line. No virus particles have been detec­
ted in the S115 cells [17] but absence of exogenous viral units is not critical in 
that most inbred strains of mice contain also endogenous inherited MMTV 
sequences [21, 22] and it could be these latter units that are involved. 

Proviral MMTV DNA contains at least three genes, gal, pol and env which 
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Figure 4. Possible mechanisms of steroid hormone effects on cultured cells. Steroids (S, e) by 
combining with their specific intracellular receptors (€») initiate multiple events that culminate 
in the generation of a transformed phenotype. These processes are reversed on removal of 
ster6id. Changes in behavior could be mediated directly (1), by altering membrane sensitivity to 
external agents (2), or by autocrine/paracrine loops (3). 

are bounded at both ends by long terminal repeat (LTR) regions [23] (Figure 
5). As yet, no oncogene has been defined in this virus and its mechanism of 
carcinogenesis is suggested to result from the site of viral integration and re­
sulting altered expression of the neighboring int genes [24-27]. However, 
from sequencing studies [28-30] and in vitro translation [31], an open reading 
frame (orf) has been found within the LTR which has coding potential for 
additional proteins which could also be involved in some way. 

S115 cells possess about four endogenous MMTV proviral units [32]. S115 
cells appear to contain no additional sequences as compared to normal DNA 
from the mice in which the tumor arose, suggesting that integration of new 
exogenous units was not involved in production of this tumor. These cells 
appear to contain the endogenous Mtv17 unit [25], the RIll unit which has 
two Eco R1 sites within the env region (unpublished data) and the small 1.8 
Kb LTR unit [32]. 

The Sl1S +A cells produce at least four MMTV-LTR-related RNA species 
[32] (Figure 6). The major RNA is about 16S in size and encodes mainly LTR 
sequences with a small portion of the env gene [33], which suggests it could 
encode the putative orf protein. Smaller amounts of the viral 3SS, 24S and 
20S RNAs are found also (Figure 6). However, this contrasts strongly to the 
pattern of MMTV RNAs found in most situations where the 16S RNA is 
barely detectable. Furthermore, production of these RNAs is regulated in the 
short-term in the cells by both androgen and glucocorticoid (Figure 6) [32, 
34]. Regulation occurs within hours [34], at a time before any increase in 
DNA synthesis is detectable [11], thus providing a marker of an early post­
receptor molecular event in steroid action on these cells. These two steroid 
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Figure 5. Structure of proviral DNA of mouse mammary tumor virus. 
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Figure 6. Regulation by both testosterone (T) and dexamethasone (D) on MMTV-LTR-related 
RNA in Sl15 +A cells. Northern blot of MMTV RNA to show short-term regulation by 3.5 x 
lO-xM testosterone and 1O-7M dexamethasone. Cells were grown under steroid conditions for 
the number of days or hours as indicated. Taken from [34]. 

hormones act via their own receptors [34], there is no metabolic cross con­
version of the steroids [35] and the effects occur at transcription, not on stab­
ilization of m-RNA [34]. Interestingly; the effects of the two hormones are 
not additive [32, 36] implying a similarity of action. Yet differences also exist 
in that MMTV RNA appears to respond faster to glucocorticoid than to and­
rogen and whilst dexamethasone acts directly without dependence on protein 
synthesis, the testosterone-induced MMTV RNA accumulation shows a 
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partial dependence on protein synthesis [34, 36]. Thus it remains in question 
whether the androgen action is direct or via intermediate proteins and could 
imply differences in action of the two steroids. However, the faster response 
of glucocorticoid could be due to lower androgen receptor levels or lower 
affinity of the androgen for the target site in the DNA and does not neces­
sarily imply a separate mode of action. Similarly, a partial block of effects 
with cycloheximide could be explained by instability of the androgen receptor 
itself in the absence of protein synthesis. 

The question remains as to the relationship between steroid-regulation of 
the cell biological parameters and of the MMTV RNAs. Since androgen and 
glucocorticoid have opposing effects on cell proliferation rate in monolayer 
(Figure 1, Table 2), yet both increase MMTV RNA accumulation in the short 
term (Figure 6), these parameters are clearly not linked. However, it is pos­
sible that the 16S MMTV RNA could be involved in the steroid-mediated 
effects on cell morphology, density regulation and/or anchorage indepen­
dence, possibly by some effects on cell membrane function. At the very least, 
the 16S MMTV RNA provides a useful early marker of postreceptor events in 
steroid action in S115 cells. 

2.3 Multi-hormonal regulation on MMTV-LTR: transfection studies 

Glucocorticoid regulation of MMTV RNA production has been established 
for some time [37]. Glucocorticoid receptor binds to specific regions within 
the proviral LTR [38-40] and these DNA sequences show enhancer-like 
properties [36, 41-45]. However, regulation of MMTV RNA by androgen as 
well as glucocorticoid in S115 cells [32] raised the possibility of multi­
hormonal regulation on the L TR. The reason why this had not been sus­
pected earlier was because the appropriate receptors had never been present 
in the cells used [46]. 

We have used transfection experiments to confirm that the androgen action 
on MMTV RNA occurred directly through the LTR region and not via adja­
cent host cell DNA at the site of proviral MMTV integration [36]. The LTR 
of MMTV was joined to the coding sequence of genes not normally expressed 
in S115 cells so that expression of the foreign genes could be assayed for 
steroid regulation following transfection into S115 cells. Two marker genes 
were used: the genomic rat C3(1) gene for prostatic steroid binding protein 
and the ~-interferon c-DNA. All 5' sequences were eliminated so that the 
promoter and any upstream control elements needed for transcription were 
provided solely by the MMTV-LTR. These chimaeric genes were transfected 
into S115 cells in the pSV2gpt transfection vector (Figure 7) and their steroid 
regulation studied in clones of stably transfected cells. Expression of the 
C3(1) gene and ~-interferon was regulated by both androgen and glucocorti­
coid but not by oestrogen or progesterone (Figure 8) [36]. Since S115 cells 
possess only receptors for androgen and glucocorticoid but not estrogen or 
progesterone, this hormonal regulation follows the receptor status of the 
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Figure 7. Construction of transfection vectors used to study steroid hormone regulation of the 
L TR of mouse mammary tumor virus in S liS cells. The L TR was linked to a marker coding 
sequence (either the rat C3(1) gene or human (:I-interferon) and the chimaeric gene inserted into 
the pSV2gpt vector [60]. 
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Figure 8. Steroid hormone regulation of expression of the transfected rat C3( I) gene (A) and 
human (:I-interferon gene (B) in SIIS + A cells. Northern blots of C3 and interferon RNA from 
two clones of transfected cells to show regulation by testosterone (T), dexamethasone (D), 
estrogen (E) and progesterone (P). (d-days; h-hours) . Taken from [36]. 

cells, suggesting that receptor status or even receptor levels are critical in 
determining the hormonal regulation of genes in a cell. This is further sub­
stantiated by the demonstration that regulatory elements in DNA for dif­
ferent steroid hormones share some structural similarities [47, 48]. 
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The steroid regulatory effects on these transfected genes were specific and 
not merely a reflection of altered total RNA levels, were via transcriptional 
changes and at least partially independent of simultaneous protein synthesis 
[36]. The faster response of the transfected genes to glucocorticoid as com­
pared to androgen and the partial inhibition of androgen but not glucocorti­
coid action by cycloheximide are the same problems encountered with the 
endogenous MMTV RNA and have been discussed earlier. Thus, it is a real 
probability that androgen and glucocorticoid act both at a similar place and by 
a similar mechanism directly on the LTR of MMTV. Data from transfection 
assays using cells with the relevant receptors have shown that the LTR can 
respond directly also to progesterone [49, 50]. 

Models of the mechanism of carcinogenesis by MMTV stress the impor­
tance of the regulatory regions of the L TR in that they could control expres­
sion levels of adjacent oncogenes [43, 51-54] or other cellular genes [55, 56] 
but the biological relevance to tumor production of a region sensitive to only 
glucocorticoids is unclear. However, new biological importance is revealed 
by regulation on the LTR of androgen in cells derived from an androgen­
regulated tumor and of progesterone in pregnancy-dependent mouse mam­
mary carCInomas. 

2.4 Enhancer-like activity of MMTV-LTR 

DNA sequences, termed enhancer elements, located upstream of the pro­
moter and transcription start site have been shown to regulate transcription of 
several genes [57, 58]. Such enhancer sequences are able to stimulate gene 
transcription from long distances and appear to be very flexible in their re­
quirements for spacing and orientation relative to the start site of transcrip­
tion. It is now accepted that steroid hormones can exert their effects through 
such enhancer like elements and such DNA sequences, called hormone re­
sponse elements (HRE), have been characterised in the LTR ofMMTV [41-
45]. However, it is becoming evident that hormonal regulation through these 
HRE in the L TR may not be confined only to the coding regions controlled by 
the L TR promoter but that other adjacent promoters and/or enhancers can 
also be affected [43, 59]. Such effects became evident to us when regulation of 
the cotransfected gpt gene was assayed in the clones of transfected cells used 
for the previous studies of multihormonal regulation on the L TR. 

Since in the vectors used for our transfection studies, transcriptional regu­
lation for the gpt gene is provided by SV 40 sequences (Figure 7) [60], no hor­
monal regulation of the gpt transcripts would be expected. However, we 
found that the gpt RNA was also regulated by both androgen and glucocor­
ticoid (Figure 9) [36]. The regulation is less than for the C3 or interferon 
RNA (Figure 8) but is nonetheless present. 

To demonstrate that hormonal regulation on the gpt gene was solely due to 
DNA sequences of the LTR in the vector and not merely an internal function 
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Figure 9. Steroid hormone regulation of expression of the co-transfected gpt gene in S115 +A 
cells. Northern blots of gpt RNA from cells transfected with vector pSV2gpt DNA with or 
without an inserted chimaeric L TR-C3 sequence to show regulation by testosterone (T) and 
dexamethasone (D) (d-days; h-hours). Taken from [36]. 

of S115 cells, vector pSV2gpt DNA was transfected into cells alone without 
any inserted chimaeric gene. The cells then produced gpt RNA which was no 
longer affected by hormonal manipulation (Figure 9) [36]. The lack of hor­
monal control could not be explained by the cells having become unrespon­
sive to steroids since both cell pr01iferation and MMTV-LTR RNA were still 
regulated by hormones [36]. 

Such hormonal regulation of the gpt transcripts suggests that the LTR can 
confer hormonal control not only on its own promoter (regulating C3 or inter­
feron RNA) but also on the neighboring gpt gene. Since SV40 promoter and 
enhancer sequences are present in the vector to control transcription of the 
gpt gene, this suggests that hormonal effects through the LTR must be able to 
operate over and above not only the adjacent viral promoter but also the viral 
enhancer sequences. Thus, insertion of an LTR in the genome could have far­
reaching effects on hormonal regulation of neighboring genes by means of a 
type of enhancer insertion mechanism, although it remains to be seen how far 
through the genome such effects might operate. 



320 

3. Mechanism of loss of steroid sensitivity 

3.1 Loss of steroid sensitivity: introduction 

Manipulation of the steroid environment affects breast tumor growth in many 
species [61, 62] but only on a temporary basis, and even in rodents, where 
effects are greatest, it never eliminates the tumor completely [63]. In man, 
30% of breast cancers regress under endocrine therapy, but regression is 
invariably of a temporary nature, to be replaced by growth of hormone­
independent tumors and metastatic disease. This progression to steroid 
hormone inmsensitivity is a major clinical problem. 

A recent approach to breast cancer management has been to select hor­
mone-sensitive tumors by measuring their oestrogen and progesterone re­
ceptor levels [64]. Implicit in this, is the assumption that loss of receptor is a 
fundamental event in the progression from a responsive to an unresponsive 
state. However, the presence of receptors alone is clearly not the whole story 
because not all receptor-positive tumors respond to endocrine therapy. 

It is now accepted that the origin of mammary tumors is monoclonal [65], 
but tumors themselves are composed of very mixed populations of cells. 
Steroid sensitivity/insensitivity is only one of many phenotypes which diverge 
during tumor progression. Cells from individual rodent mammary tumors 
have been shown to differ not only in hormone receptor content [66] and 
hormone-dependent growth [67, 68], but also in immunological properties 
[69], transplantability [70], metastatic capability [71], tumorigenicity [72], 
drug resistance [73], growth rate [74], karyotype [74, 75], MMTV expression 
[70] and MMTV proviral copies [76]. The mechanism by which such diversity 
arises could be genotypic or phenotypic. Evidence for a genotypic mechan­
ism, involving mutation followed by cell selection, has been implied from 
karyotype studies [74, 75, 77] and from changes in exogenous integrated 
MMTV [76]. A phenotypic mechanism would involve stable alterations in the 
program of gene expression without mutation and could result from either 
selection of phenotypically altered cells (e.g., hormone-unresponsive cells 
growing selectively under low hormone conditions) or universal change 
throughout the whole cell population. Evidence for phenotypic mechanisms 
is much more recent [77-79]. 

Experiments designed to elucidate the origin of such heterogeneity are 
fraught with difficulties and the best way in which meaningful data can be 
obtained is to study divergence of cloned cells in tissue culture. We have used 
cloned S115 + A cells as our in vitro model. These cells were cloned from a 
tumor which progressed in vivo from a steroid sensitive to insensitive state 
but also mimicked this progression in vitro (see 'general introduction'). 

3.2 Loss of steroid sensitivity: cell biology 

For analysis of loss of steroid sensitivity, cloned S115 + A cells were kept 
long-term as stock monolayer cultures in the absence of any steroid. To study 
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recovery of responsiveness, steroid was added back to the medium of some 
stock cells. Such cells were then assayed for steroid sensitivity at various time 
intervals by removing an aliquot of cells from stock cultures and carrying out 
short-term growth curves in the presence and absence of steroid. Analyses of 
these growth curves up to and including confluence have enabled us to study 
the time course of loss of steroid sensitivity in the S115 cells in terms of proli­
ferative, saturation density and morphological responses in monolayer [78] 
and in terms of responses in suspension growth [15]. Taken all together, the 
data demonstrate that in a cloned hormone-responsive cell line, the transi­
tion to steroid autonomy can involve a rapid, ordered series of phenotypic 
changes. 

Proliferative response to androgen in monolayer was calculated with 
respect to the doubling time of the cells in the short-term presence and 
absence of testosterone (Figure 1OA). Stock androgen-responsive + A cells 
grow much faster in the presence than in the absence of testosterone (week 0, 
Figure 1OA). After 2 weeks of androgen withdrawal the rate of cell growth 
dropped but especially in the short -term presence of testosterone. However, 
after 3 weeks of androgen withdrawal, the rate of growth increased in the 
short-term absence of testosterone, such that after 4 weeks of androgen de­
privation the stock cells grew faster without than with testosterone. There­
after, the rate of cell growth recovered both with and without testosterone, 
until after 9 weeks of androgen deprivation, the cells had lost all proliferative 
response to androgen and were growing both with or without steroid at the 
same rate as the + A cells with steroid. 

Loss of androgen sensitivity in monolayer culture was also studied in terms 
of morphological and saturation density responses. These features took about 
twice as long to be lost as the proliferative response. Cell morphology was 
examined by phase-contrast microscopy and cell numbers per dish at con­
fluence were plotted for all short-term growth assays. Observed changes in 
cell morphology and saturation density of the cells occurred simultaneously, 
and could be broadly divided into four stages: a) Stock androgen-responsive 
+ A cells grew to much higher saturation densities in the presence than in the 
absence of testosterone (week 0, Figure 1OB). In the presence of testo­
sterone, the cells at confluence were of rounded fibroblastic morphology 
(Figure 2), forming an uneven spread on the dish, with dense piles of cells 
in some areas of the dish and empty patches in between. Removal of testo­
sterone resulted in a change to very flattened epithelial morphology (Figure 
2), and increased anchorage dependence which prevented the cells piling up 
on top of each other, and this is reflected in the much lower cell number at 
saturation density. b) After 2 weeks of androgen deprivation in stock cul­
tures, the saturation density in the presence of testosterone dropped (Figure 
lOB). At this stage, the cells lost their ability to revert to the fibroblastic mor­
phology after 1 week in the presence of testosterone. c) After 3-14 weeks of 
androgen withdrawal in stock cultures, the cells now grew to lower saturation 
density in the presence of testosterone than in its absence (Figure lOB). The 
stock androgen-depleted cells maintained an epithelial morphology through-
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Figure 10. Loss of proliferative (A) and saturation density (B) responses in monolayer culture 
after long-term withdrawal of steroid in stock S115 cell cultures. Changes in rate of cell 
proliferation are expressed as cell doubling times in the short-term presence (e--e) or absence 
(0----0) of 3.5 x lO-"M testosterone. Changes in saturation density are expressed as the 
greatest cell numbers per dish attained in the short-term presence (----) or absence 
(0----0) of 3.5 x lO-x testosterone. 

out but changed from a circular to a more elongated form. The elongated cells 
packed together more closely into an even monolayer than did the circular 
cells and grew to higher saturation densities. After 1 week in the presence of 
testosterone, the cells were of the circular epithelial form and grew to lower 
saturation density than in the absence of testosterone where all cells were of 
the elongated form. d) After even longer periods of androgen withdrawal in 
stock cultures, saturation density of the cells both in the presence and absence 
of testosterone increased, such that after 20 weeks of androgen deprivation, 
the cells had lost all androgen responsiveness in terms of saturation density 
(Figure lOB). No further morphological changes were observed. The cells 
grew in elongated form in well-packed even monolayer under all androgen 
conditions. 

Loss of androgen sensitivity in terms of suspension growth was studied 
both for proliferative and maximal density responses (Figure 11) [15] and 
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Figure 11. Loss of proliferative (A) and maximal density (8) responses in suspension culture 
after long-term withdrawal of steroid in stock S 115 cell cultures. Changes in the rate of cell 
proliferation are expressed as cell doubling times in the short-term presence (e--e) or absence 
(0----0) of 3.5 X 1O-"M testosterone. Changes in maximal density are expressed as the 
greatest cell numbers per dish attained in the short-term presence (---_) or absence 
(0----0) of 3.5 x 1O-"M testosterone. 

similar trends were seen in both cases. Stock androgen-responsive + A cells 
grow in suspension only in the presence of steroid (week 0, Figures lIA and 
lIB). Following initial androgen deprivation, both proliferation and maximal 
density dropped in the short-term presence of steroid but recovered several 
weeks later. At the same time as this recovery, the cells began to grow in sus­
pension without steroid and progressed to a state of steroid autonomy, 
growing well both with or without steroid but only after 42 weeks of androgen 
deprivation. 

Although cell numbers suggested the growth of the - A cells in suspension 
to be indistinguishable from that of + A cells in the presence of steroid, be­
havior of these cells in suspension was different. Phase contrast photographs 
of the - A cells in suspension (Figure 12) showed that although spheroids 
were formed in the presence of testosterone, the cells held together much less 
tightly (Figure 12A) than in the +A androgen-responsive colonies (c.f. Figure 
2). Without hormone, the -A cells held together even more loosely (Figure 
12B). This phenomenon of loss of cell contact in the - A spheroids is seen 
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Figure 12. Photographs of steroid unresponsive SIIS -A cells growing in monolayer (a,b) and 
suspension (c,d) either in the presence (a,c) or absence (b,d) of 3.5 x IO-NM testosterone. 
Photographs were taken by phase contrast microscopy at magnification x 125 (a,b) or x 100 (c,d). 

even more clearly in histological sections (Figure 13) and suggests that loss of 
steroid sensitivity in these cells could involve a loss of cell-cell interactions. 

Attempts to recover androgen sensitivity were made on several occasions 
[78]. In principle, processes were reversible only for a specific period of time 
and the longer the cells had been maintained without steroid, the longer it 
took to reverse the process. Fully unresponsive (-A) cells kept in androgen­
supplemented medium for 42 weeks never reattained any hint of respon­
siveness. 

Since S115 + A cells are evidently sensitive not only to androgens but also 
to glucocorticoids (see earlier), the question of interaction between steroids 
during loss of sensitivity has arisen. Both normal and tumor mammary cells 
have complex endocrine requirements, yet until recently responsiveness had 
only ever been assessed in anyone system in terms of response to one steroid. 
Recent data with S115 + A cells has demonstrated that they can be protected 
against any loss of response to either androgen or glucocorticoid with either 
steroid alone (Figure 14). Androgen protects against loss of glucocorticoid 
sensitivity and glucocorticoid protects against loss of androgen sensitivity 
[118]. 
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Figure 13. Histological sections of the balls of androgen responsive SI15 +A (a) and androgen 
unresponsive SI15 -A (b) cells growing in suspension culture in the presence of 3.5 x IO-"M 
testosterone. Sections were stained with haematoxylin and eosin, and photographed at 
magnification x500. 

3.3 Loss of steroid sensitivity: molecular markers and role of DNA 
methylation 

For reasons outlined earlier, we have been interested in the role of MMTV in 
steroid regulation of Sl1S cells, and in this context we have used the hor­
mone-regulated production of MMTV RNA as a molecular marker of steroid 
action. Proviral MMTV sequences are present in the DNA of Sl1S cells and 
no gross genotypic change accompanies the transition from hormone-respon­
sive (+ A) to unresponsive (-A) state [32]. However, RNA from MMTV is 
present only in + A cells and not in - A cells [32]. A time course of loss of this 
RNA from + A cells during androgen withdrawal revealed loss of RNA after 
6 days and complete disappearance by 9 weeks [78]. Recovery of this RNA by 
readdition of androgen could be achieved but only for a specific period of 
time (Figure 15) [78]. 
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Figure 14. Androgen protects against loss of glucocorticoid sensitivity and glucocorticoid 
protects against loss of androgen sensitivity. Growth curves in monolayer culture are shown of 
S115 cells grown in the short-term presence or absence of 3.5 x lO-"M testosterone (AI-3) or 
10-7 M dexamethasone (B 1-3) following prior treatment for 15 weeks with testosterone alone 
(AI, BI), dexamethasone alone (A2, B2) or neither steroid (A3, B3). 

As was seen for the cell biology, glucocorticoid also interacts in regulation 
of MMTV-LTR-related RNAs in these cells. Dexamethasone does not in­
crease MMTV RNA production in + A cells grown already with testosterone, 
and cannot stimulate any RNA production in -A cells. The only time when 
dexamethasone affects MMTV RNA levels is following limited-term andro­
gen withdrawal. We have thus concluded that either androgen or glucocorti­
coid alone is sufficient to prevent loss of MMTV RNA, and either steroid 
alone will result in recovery of the RNA following total steroid deprivation 
for a limited period. Once fully unresponsive, the RNA cannot be recovered 
with either steroid. 

Interestingly, the loss of MMTV RNA following total steroid withdrawal is 
accompanied by increased methylation of proviral copies in the DNA [32, 
7S]. Methylation studies have utilized cleavage of MMTV -L TR sequences 
with the isoschizomeric restriction enzymes Hpall and MspI, which cut un­
methylated DNA at the same sites but differ in their specificity to cytosine 
methylation [SO]. Since androgen-maintained + A cells show different 
patterns with Hpall and MspI (Figure 16), the LTR sequences of S115 +A 
cells are methylated already to some extent. Major increases in methylation 
at Hpall-sensitive sites were obvious after 35 weeks of androgen deprivation 
but subtle changes began much earlier (Figure 16) [7S]. 

This increase in methylation occurs late in the sequence of events, after 
loss of all other detectable responses to androgen but interestingly, at a time 
when reversal ceases to be possible. Since it occurs many weeks after MMTV 
RNA production has been lost, it cannot be involved in initial loss of the 



28SrRNA-

18SrRNA--

1 2 3 4 5 

-0 
\D -0 

I-Vl-o-oO 
+ I ~.,-

I- a + 
+ + .. 
'~, -0 -0 
lJ')lJ')lJ') 

VlVlVl , , , 

6 7 8 9 

~oXoX ~ ~ 
I- ~.- M 
+ Vl I- I-, + + 

" ii 
NN 
~ ~ 

VlVl , , 

327 

10 11 12 13 14 15 16 

.. 

oX oX .:£ oX..x oX 
~ ~ ~ ~ ~ ~ I-lf)co co NN N + M I- a ~ ~ ~ 

Vl" ~ a I-V) 
'.:£ + , + 

~ ~ 
~ ~ M 
Vl Vl , , • • • • • • RNA protected 

REVERSIBLE IRREVERSIBLE 
by either 

• • • • steroid alone 
RESPONSIVE UNRESPONSIVE 

Figure 15. MMTV-LTR RNA as a molecular marker of loss of steroid sensitivity in S115 +A 
cells. Northern blots of MMTV-LTR RNA following treatment of Sl15 cells with 3.5 x lO-sM 
testosterone (+T), 10-7M dexamethasone (+ D) or neither steroid (-S) for the number of days 
(d) or weeks (wk) indicated. MMTV RNA regulation by steroid can be classified as responsive 
(1-5), response lost upon removal of steroid but can be recovered by readdition of steroid (6-9), 
or irreversible unresponsive (10-13). Loss of MMTV RNA can be protected by either androgen 
(14) or glucocorticoid (16) alone. 

RNA. However, methylation could be involved in the final irreversible steps 
towards steroid insensitivity. Whether it is a direct ultimate control mechan­
ism or merely a consequence of long-term lack of expression remains unclear. 
DNA methylation has been implicated in eucaryotic gene expression regula­
tion [81-84], in viral regulation [85], in control of MMTV expression [86], in 
tumorigenesis in mice [87-89] and in human cancer [90-93] as well as in 
tumor progression to steroid insensitivity [78, 94]. It is noteworthy that 
changes in methylation are associated with changes in glucocorticoid sen­
sitivity of both the metallothionein-I gene [95] and lymphoma cells [94, 96] 
and with activation of the estrogen sensitive vitellogenin gene [97]. It may 
be, however, that it is the site and not the extent of methylation which is im­
portant. We have been unable to detect gross methylation of cytosine re­
sidues in SU5 -A cells by high pressure liquid chromatography methods (A. 
Darbre and P. Darbre, unpublished results) and evidently, all genes in the 
- A cells are not switched off, since if they were the cells would no longer 
grow. Recent genomic sequencing methods suggest that specifically methyl a-
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Figure 16. Methylation of MMTV-LTR sequences in the DNA of cloned SIIS + A cells following 
androgen withdrawal (-T) for the number of weeks (wk) indicated. Restriction endonuclease 
analysis of DNA either undigested (X) or digested with HpaJI (H) or MspJ(M). Molecular weight 
standards were provided by a Hind III digest of bacteriophage A DNA and their positions are 
indicated by horizontal arrows. Major increases in methylation are obvious when the other 
parameters have become steroid unresponsive and irreversible, although subtle changes do occur 
earlier. 

tion of cytosine residues at receptor binding sites in the DNA could provide 
an answer [97]. 

3.4 Loss of steroid sensitivity: role of receptors 

The majority of steroid hormone effects are mediated by intracellular recep­
tor proteins. However, transition from steroid-sensitive to insensitive state is 
not always associated with loss of receptor. Examples ofreceptor positive but 
steroid insensitive cells have been described for glucocorticoid-lymphoma 
[98, 100], androgen-skin [101, 102], estrogen-mammary gland [103] and 
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estrogen-mammary tumor [104, 105] systems. In some of these models, the 
ineffectiveness of the steroid receptor complex is due to abnormal receptors 
with defects distal to the initial steroid binding step [9S, 99, 106] but two 
examples have been published where the receptors are apparently normal 
[103,107]. The loss of endogenous hormone sensitive parameters in Sl1S +A 
cells grown in the prolonged absence of steroid also occurs without loss of 
receptor or receptor function. There is no significant loss of androgen re­
ceptor number, as measured by a steroid binding assay, no changed nuclear 
transfer [12] and no loss in function of any of the machinery for steroid re­
sponsiveness as measured using transfection as a biological assay [119]. 

In recent experiments, the steroid-inducible chimaeric LTR-C3 gene (see 
Figure 7) was transfected into steroid-insensitive - A cells and full inducibility 
of that gene was found with both androgen and glucocorticoid (Figure 17). 
Thus, although all known endogenous inducible parameters had been lost in 
these cells [7S], steroid sensitivity of an exogenous parameter introduced into 
the cells demonstrated that the whole machinery for steroid responsiveness, 
including receptor, is still fully functional. Interestingly, steroid sensitivity of 
the transfected gene was only protected against loss of response whilst steroid 
was present and removal of steroid ultimately resulted also in loss of the 
exogenous inducible parameter. 

We have thus concluded that loss of steroid sensitivity occurs solely upon 
removal of steroid, can be prevented by either androgen or glucocorticoid 
alone, and occurs in the face of fully functional receptors. At a DNA level, 
both androgen and glucocorticoid receptor complexes regulate transcription 
directly via the LTR, indicating that loss of sensitivity to these genes probably 
occurs by changes in the DNA rather than by other regulatory proteins. A 
model which accommodates all these observations is given in Figure IS. The 
presence of either androgen or glucocorticoid steroid receptor complex pro­
tects the hormone response element of DNA against inactivation. Whether 
this is due to hormone effects on inactivating proteins or simply to protection 
of susceptible DNA sites by the steroid receptor complex, remains unknown 
but it is interesting to note that glucocorticoid receptor can protect against in 
vitro methylation of the hormone response element in the MMTV-LTR [4S]. 

4. Relevance to human cell lines 

Many of the steroid mediated events described for the Sl1S cells can also be 
seen in human breast cancer cell lines. Estradiol alters log-phase prolifera­
tion, density regulation and suspension growth (Figure 19) of ZR-7S-1 cells 
[lOS]. We have previously argued that the proliferation seen in the absence of 
added estrogen was not due to residual estrogen in the serum [lOS] a result 
that was confirmed under serum-free conditions [4]. This led to the hypothesis 
that steroids were permissive agents modulating a basic growth rate [11, 61]. 
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Figure 17. Androgen and glucocorticoid receptors remain functional in unresponsive S115 -A 
cells. S115 +A cells were deprived of androgen for 43 weeks, transfected with the vector 
containing the L TR-C3 chimaeric gene (Figure 7) and mycophenolic acid resistant clones of cells 
studied. Cell growth in both monolayer (AI) and suspension (A2) culture remained steroid 
insensitive whereas the transfected L TR-C3 gene was regulated by both testosterone (T) and 
dexamethasone (D) (BI-5), (d = days). Long term growth of this same clone without steroid 
resulted in loss of sensitivity of the C3 RNA (B6-9), (wk = weeks). 

That view needs to be modified in the light of the discovery that phenol red in 
the culture medium acts as an estrogen [109]. In the absence of phenol red as 
well as steroid, ZR-75-1 cells exhibit much less proliferation either in mono­
layer or suspension culture (Figure 19). 

The question of whether estradiol is switching on/off cell functions or 
simply modulating an existing reaction(s) is an important one in the context of 
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Figure 18. Model for the mechanism of loss of steroid sensitivity. Either androgen (A) or 
glucocorticoid (G) can influence sensitivity of a gene through their specific receptors (0, 0). 
Initial changes in transcriptional activity are reversible (0) with either steroid alone, but later 
changes become irreversible (-). 
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Figure 19. Effects of estradiol and dexamethasone on growth of ZR-75-1 cells in monolayer (A) 
and suspension (B) culture in the presence of phenol red. Steroid-regulated growth in the 
absence of phenol red is given for monolayer (C) and suspension (D) culture. Cells were grown 
with 1O-8M estradiol (E), 1O-7M dexamethasone (D) with or without phenol red (<1». 
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growth factor production. If modulation is occurring then estradiol-induced 
changes in cell behaviour could occur via quantitative differences whereas a 
switch mechanism would imply qualitative changes. This has potential clinical 
consequences but at the present time there are insufficient data on which to 
base conclusions. 

Estradiol also increases serum sensitivity of ZR-75-1 cells (Table 3) and 
changes the morphology of both ZR-75-1 (unpublished observations) and 
MCF-7 [20, 110] cell lines. It is therefore evident that the transforming model 
of steroid action based on the mouse S115 cell data (Figure 4) also has appli­
cation to the human cell lines. The most evident difference between the 
mouse and human lines in the context of that model is in the degree of mor­
phological change engendered by steroid, with the human 'lines' exhibiting 
more subtle changes than the S115 cells. The former requires electron micro­
scopic studies to identify the increased number of microvilli and more 
rounded appearance of the cells in contrast to the epithelial-fibroblastic tran­
sition seen with S115 cells under the light microscope. These species-related 
morphological differences could be causally related to the 16S MMTV-related 
mRNA in the mouse cells. This would be compatible with the conclusion 
about the function of this mRNA derived from other experiments (see 
above). It is equally possible that there are no fundamental differences 
between the mouse and human responses to sex steroid; the 16S mRNA seen 
in S115 cells could simply be a steroid-sensitive marker unrelated to growth 
changes and the morphological differences reflect quantitative rather than 
qualitative changes possibly due to differences in ploidy between the S115 and 
ZR-75-l/MCF-7 cell lines. 

Whatever the explanation for the different degree of morphological re­
sponse to steroids between mouse and human breast tumor cell lines, we are 
impressed by the similarity in steroid-induced changes in log-phase growth, 
density regulation and anchorage independence. It suggests to us that the 
factors mediating these changes may be common to both species. 

Table 3. Effects of steroid hormones on growth of ZR-7S-1 cells 

Property - Hormone' + Estradiol + Dexamethasone 

1. Monolayer growth 
Growth rate + t t 
Saturation density + t t 
Cell morphology E E E 

2. Suspension growth 
Growth rate + t t 
Maximal density + t t 

Code to symbols: + growth; t increased growth compared to no hormone; ~ reduced growth 
compared to no hormone; E epithelial morphology 
* Results presented are in phenol red-containing medium. In the absence of phenol red and 
steroid, there remains minimal growth but less than when phenol red is present. In the absence of 
phenol red, glucocorticoid is weakly stimulatory. 
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A second difference between the two cell lines is seen in the glucocorticoid 
responses. Whilst dexamethasone is inhibitory for all cell responses of the 
ZR-75-1 cells (Figure 19 and Table 3), it inhibits only log-phase proliferation 
of the mouse cells and increases saturation density and growth in suspension 
cultures (Figure 1 and Table 2). 

It will be important to establish whether loss of steroid sensitivity resul­
ting from steroid deprivation is a feature also of the human cell lines. Frag­
mentary data suggest that this may indeed be the case. As little as six days 
estradiol deprivation markedly depressed the proliferative responses of ZR-
75-1 cells (Figure 20). Analogous effects have been observed with the 
CAMA-1 [111] and MCF-7 [112] human breast cancer cell lines. In both the 
latter cases, loss of proliferative effect of estradiol occurred in the face of 
normal induction of progesterone receptor by estradiol. These data point 
to selective desensitization of estradiol sensitive genes. Furthermore they 
indicate that, as with the S115 cells, loss of response does not involve loss of 
receptor function. 

5. Clinical relevance 

The valid point has frequently been made that cell lines, by the very fact that 
they are immortal, are abnormal even when data derived therefrom relate to 
cancer. Whilst accepting that point, we subscribe to the view that cell lines 
can generate clues as to the situation pertaining in the more complex in vivo 
situation. The types of information generated in the experiments described 
here have little if any relevance to carcinogenesis but are important in con­
sidering the growth of established tumors. From a clinical standpoint, the two 
questions of how do steroids regulate growth and what seemingly inevitable 
event(s) causes the progression from responsive to unresponsive state have 
become even more related than in a scientific context. The pertinent question 
here becomes how important is loss of estradiol receptor or its functionality 
in the generation of unresponsive human breast tumor. Based on the type of 
experiments described in this article, we feel that a new model should be 
considered, namely that loss of receptor function is consequent to other 
earlier more important changes. One reason behind that suggestion is the 
ability to generate an unresponsive state without changing receptor func­
tionality. A different line of reasoning leads to the same conclusion. It is 
becoming increasingly evident that some steroid effects on breast tumor be­
havior are mediated by growth factors (see other articles in this book). If the 
steroid unresponsive state is consequential to loss of response to steroid, it 
follows that the 'growth factor' effects should be lost which is patently not the 
case. If anything, unresponsive tumors are more active than their responsive 
counterparts [113, 114]. This increased cellular activity cannot be explained 
on the basis of steroids switching off a negative regulator because, in any 
model based primarily on loss of receptor or response to receptor, the bio-
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Figure 20. Loss of estradiol sensitivity in ZR-75-1 cells. Effect of estradiol deprivation for 
various lengths of time on the subsequent growth in the presence of 1O-8M estradiol in 
monolayer (A) and suspension (B) culture. Experiments were carried out in dextran-charcoal­
stripped foetal calf serum but in the presence of phenol red. Cells were grown in monolayer 
culture without steroid for 0 days (-), 7 days (-), 14 days (A) or 20 days (T) or in suspension 
culture for 0 days (-) or 5 days (.) before readdition of estradiol. Control cells were grown 
continuously without steroid (0----0). 

logical consequences would be the same as removing steroid-a less active 
cell. Furthermore, it is already evident that at least two growth promoting 
factors, IGFl and TGFa are stimulated by estradiol [115, 116]. 

We feel that the data are more easily accommodated by a model in which 
the prime event is a change in growth regulation unrelated to receptor loss. 
The four basic tenets of our hypothesis are: 1) hormone withdrawal promotes 
the hormone insensitive state; 2) the presence of one class of steroid plus its 
receptor, can protect against loss of response to a different class of steroid; 3) 
the unresponsive state can be subdivided into reversible and irreversible cate­
gories; 4) loss of oestradiol receptor is a late and possibly inconsequential 
event in the progression. Does this model have any relevance to the clinical 
situation? A unitary hypothesis to explain all types of breast cancer is not 
tenable but our model is compatible with some of the existing data. 

One of the major enigmas about breast cancer is why the incidence should 
be so high in postmenopausal women whose ovarian steroid levels are re­
latively low? Could it be that the hormone deprivation accompanying the 
climacteric helps to generate more aggressive unresponsive tumors? In a 
similar vein, the temporary decline in incidence known as the 'Clemeson 
Hook' that occurs about the time of the menopause [117] might be related to 
a temporary transition from responsive to slower growing unresponsive but 
reversible tumors? It has long been a puzzle as to why estradiol receptor 
should predict for response to all types of endocrine therapy. Could it be 
explained on the basis of one class of steroid receptor complex protecting 
against loss of sensitivity to other hormone classes? 

The subdivision of unresponsive tumors into reversible and irreversible 
categories is compatible with the data on receptor phenotype and response to 
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Figure 21. Model, based on Figure 18, for estradiol (E) and progesterone (P) receptor phe­
notypes of human breast tumors. Loss of estradiol receptor may be a very late and possibly 
inconsequential event in progression to the unresponsive state. 

hormone therapy. Adaptation of our progression model to the estradiol 
receptor (ER) and progesterone receptor (PR) data would suggest the se­
quence depicted in Figure 21. The heterogeneous response of ER + PR­
tumors to hormone treatment has usually been explained as the basis of low 
endogenous estrogen and therefore undetectable levels of PR in the 25% of 
tumors of this phenotype that respond to treatment; the unresponsive group 
are thought to have a post-receptor defect in the response machinery [105]. 
Our hypothesis would suggest that this defect occurs at the site of receptor­
DNA interaction, the steroid response element. Our explanation for the 
ER + PR - but responsive tumors would be that regeneration of the respon­
sive state has occurred whereas the conventional explanation is that they 
always have been responsive. 

In none of our experiments has progression to a receptor negative state 
been seen. However, it could be that an analogous but much slower inactiva­
tion of the receptor gene itself occurs in the breast tumors. These speculations 
about clinical breast cancer are largely unsubstantiated but they provide a 
basis on which future experimentation can and will be based. 
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16. The role of epidermal growth factor in normal 
and neoplastic growth of mouse mammary 
epithelial cells 

Takami Oka, Osamu Tsutsumi, Hirohisa Kurachi, and Shigeru Okamoto 

1. Introduction 

Epidermal growth factor (EGF) was discovered by Cohen in 1962 [1] as the 
principal in extracts of male mouse submandibular gland which produced 
acceleration of incisor eruption and eyelid opening when administered to 
newborn mice. It has since been purified to homogeneity and sequenced [2]. 
Mouse EGF is a single-chain polypeptide (mol. wt. 6045) containing 53 amino 
acid residues and 3 disulfide linkages. EGF is also present in biological fluids 
such as plasma, saliva, milk, urine, amniotic fluid, sweat, pancreatic juice, 
and cerebrospinal fluid [3-5]. EGF exhibits diverse biological actions, in­
fluencing proliferation, differentiation, and functional activities of various 
types of mammalian cells [3-6]. EGF has also been a useful tool for the 
analysis of receptor hormone interactions and receptor mediated endocytosis 
of polypeptide hormones. Several excellent reviews of the chemistry and 
biology of EGF have been published [3-7]. 

In recent years studies on the biological action of EGF have attracted 
greater interest, partly because EGF has been implicated in the processes of 
neoplastic transformation. EGF stimulates proliferation of various tumor 
cells in culture [3-7]. Several types of tumor cells, including breast cancer 
cells, possess EGF receptors [6-10]. It has also been shown that EGF en­
hances the induction of mouse skin tumor by methycholanthrene and poten­
tiates the viral transformation of rat ovarian granulosa cells [12]. In addition, 
EGF has been shown to have a strong amino acid sequence homology with 
transforming growth factor [13]. More recently, it was reported that the 
amino acid sequence of EGF receptor is similar to that of the product of an 
oncogene, erb B, avian erythroblastosis virus [14]. Although these important 
findings stimulated a wide range of research activities, the physiological role 
of EGF remains unclear. 

Our interest in EGF stems from our study elucidating the regulatory 
mechanisms involved in the growth and differentiation of the mammary 
gland. In the past several years we have been focusing our studies on the 
role of EGF in the development of the mouse mammary gland during preg­
nancy. These studies have provided several lines of evidence suggesting that 
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EGF serves as a physiological stimulus for the development of the mammary 
gland. More recently we have extended these studies to assess the role of 
EGF in mouse mammary tumorigenesis. In this chapter, we will review the 
experimental results which suggest the involvement of EGF in normal devel­
opment of the mammary gland during pregnancy and spontaneous mammary 
tumorigenesis in female mice. 

2. EG F and the development of mouse mammary gland during pregnancy 

2.1 Growth of mammary gland during pregnancy 

The mammary gland in virgin mice is largely made up of adipose tissue and 
contains a relatively small number of epithelial cells which are developmen­
tally dormant. A marked growth of mammary tissue occurs following the 
onset of pregnancy, culminating in the production of milk after parturition. 
During the first stage of pregnancy, ductal growth occurs predominantly, 
producing a further branching of the ducts and formation of the end buds. 
During the middle and latter stages of pregnancy, mammary epithelial cells 
continue to proliferate to form the lobulo-alveolar structure while their dif­
ferentiated function is suppressed. As parturition approaches, the alveolar 
epithelial cells gradually stop dividing and demonstrate secretory activity 
which reaches its maximum during lactation. 

A number of studies have indicated that growth of the mammary gland 
during pregnancy is under hormonal control. Earlier work has implicated 
ovarian steroid hormones, estrogens and progesterone, prolactin, growth 
hormone, placental lactogen, glucocorticoids and thyroxine in growth and 
development of the mammary gland during pregnancy [15-17]. However, 
these hormones, which have been thought to promote growth of the mam­
mary gland in vivo, are largely ineffective in stimulating mammary epithelial 
cell proliferation in vitro. Thus, the mitogenic stimulus of mammary epithelial 
cells during pregnancy remains unclear. 

2.2 EGF concentration of submandibular gland and plasma during various 
reproduction stages 

The mouse submandibular gland produces large amounts of EGF [4, 5]. The 
EGF concentration in the submandibular gland of virgin mice (2 to 3 months 
old, C3H/HeN) was on average 37.3 ± 4.2 ng/mg wet weight (S.E.M.) 
(Figure 1) [18]. During pregnancy, the concentration of EGF in the gland 
increased significantly over virgin levels. The average values were 284.7 ± 
42.1 ng/mg wet weight at early pregnancy (day 1-9), 185.5 ± 22.4 ng/mg wet 
weight at mid-pregnancy (days 10-15) and 210 ± 16.1 ng/mg wet weight at 
late pregnancy (days 16-20). These high levels persisted during lactation and 
after its cessation. 
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Figure 1. EGF concentration in submandibular glands of female mice at various reproductive 
stages. The amount of EGF was determined by radioimmunoassay. The number of points in each 
column represents the number of mice used (data from Kurachi and Oka, 1985). 

In mice, EGF concentrations in plasma and serum were essentially the 
same and no evidence for the release of EGF from blood elements was found 
(19). Plasma EGF levels undergo circadian periodicity; being much higher at 
24 hr-8 hr than at 12 hr-20 hr at all reproductive stages examined [18]. The 
plasma EGF at 24.00 hr were 0.18 ± 0.11 ng/ml for virgin mice, whereas the 
EGF concentrations in the plasma of pregnant, lactating and post-lactational 
mice were increased to 0.87 ± 0.20 ng/ml, 2.33 ± 0.89 ng/ml and 1.2D ± 0.46 
ng/ml, respectively. The levels of plasma EGF in sialoadenectomized preg­
nant and lactating mice were below the level of detection by the assay used, 
i.e., less than 0.1 ng/ml. These results suggest that the submandibular gland 
may be the major source of plasma EGF in female mice. Recently several 
studies also showed that removal of submandibular glands decreased plasma 
levels of EGF in mice [20, 21], although it was reported earlier that sia­
loadenectomy had little effect on plasma levels of EGF [22]. The reason for 
this discrepancy is not known at present. 

The above results indicate that the level of plasma EGF parallels the 
submandibular EGF level. There are indications that EGF is excreted in an 
exocrine fashion from the gland [23], and is resorbed from the digestive tract 
into the circulatory system [24]. However, earlier studies [22] have suggested 
that the production and release of EGF in the submandibular gland is not 
always correlated. It is possible that additional factors which control the 
release of EGF from the submandibular gland, participate in parallel changes 
in the submandibular and plasma EGF following gestation. 

The physiological control mechanism of the synthesis and secretion of EGF 
during pregnancy remains to be clarified. Earlier studies have shown that the 
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concentration of EGF in the submandibular gland is increased by andro­
gens and progestins [22, 25]. Because the circulating levels of these steroid 
hormones increase during pregnancy [26], it is conceivable that the rise in 
submandibular EGF during gestation is caused by androgen and/or pro­
gesterone. However, it is not clear whether the stimulatory effect of the 
steroid hormones persists long enough to account for the sustained increase of 
EGF in the submandibular glands of lactating and post-lactational mice, since 
the circulating levels of progesterone and testosterone decrease to low levels 
in these mice. 

2.3 Effects of EGF on mamary epithelium in culture 

One of the unique features of the mammary gland is that it is feasible to 
induce growth and differentiation of mammary epithelium in vitro in the 
presence of appropriate stimuli. For example, the combination of insulin, 
glucocorticoids and prolactin stimulates milk protein gene expression in the 
mammary explant culture [17]. More recently, mammary epith<ylial cell cul­
ture has been developed using non-plastic substrates such as collagen-coated 
dishes, collagen gels, and extracellular matrix [27]. These in vitro systems 
have been extremely useful in delineating the role of hormones and their 
mechanisms of action in the regulation of mammary gland development. 

Several investigators have shown that EGF stimulates proliferation and 
morphological development of mouse mammary epithelial cells in in vitro 
systems such as mammary tissue explants, whole gland and cell culture 
[28-31]. In a primary mouse mammary epithelial cell culture using collagen 
as a substrate, the combination of insulin, cortisol and prolactin stimulates 
production of milk proteins, casein and a-lactalbumin [32, 33]. The addition 
of EGF at 50 ng/ml increased the total number of epithelial cells by 30-40% 
and thymidine incorporation into DNA approximately five-fold. In contrast, 
EGF inhibited hormonal induction of casein and a-lactalbumin in those cells 
by about 45% and 55%, respectively and decreased the translatable casein 
mRNA activity by 55%. The effect of EGF to stimulate mammary cell proli­
feration and to inhibit casein production was apparent at 0.1 ng/ml and was 
maximal at 50-100 ng/m!. The EDso value was about 2-3 ng/ml, which is in 
the range of physiological concentrations of circulating EGF [19] (Figure 2). 
These effects of EGF are specific, since other growth factors such as fibroblast 
growth factor, multiplication stimulating activity, nerve growth factor, and 
platelet-derived growth factor were ineffective. Recently it was reported that 
EGF inhibits the induction of both x casein polypeptides and x casein mRNA 
sequences in mammary explants from rats and mice cultured in the presence 
of insulin, aldosterone, corticosterone and prolactin [34]. However, when 
prolactin was omitted, EGF increased the level of a casein mRNA in 
pregnant mouse mammary explants, but not in rats [34]. The bifunctional 
effect of EGF was also manifested in the synthesis of total casein and a­
lactalbumin in cultured mammary tissue. 
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Figure 2. Effect of EGF concentration on 125I_EGF binding, DNA synthesis, and casein synthesis 
in mouse mammary epithelium in culture. The amount of 125I_EGF binding to mammary cells 
was determined at zero time before plating. The synthesis of DNA and of casein was measured in 
mammary cells cultured for 4 days in medium containing insulin, cortisol, prolactin, and the 
indicated concentrations of EGF. Each value represents the means ± SEM of 5-8 determinations 
(data from Taketani and Oka, J983b). 

During pregnancy, mammary epithelial cells undergo massive prolifera­
tion, whereas their differentiated function is suppressed. Progesterone [16, 
17] and cAMP [35], which inhibit the hormonal induction of milk protein 
synthesis in vitro have been considered putative suppressive factors for the 
differentiation of mammary epithelium during gestation. However, the find­
ing of the dual abilities of EGF to stimulate mammary cell proliferation and 
to inhibit milk protein synthesis raises the possibility that it plays a role in the 
development of the mammary gland during pregnancy. 

12-0-tetradecanoylphorbol 13-acetate (TPA) is a potent tumor promoter 
and shares several biological activities of EGF [36]. In a primary mammary 
cell, TPA also mimicked the effect of EGF by stimulating cell proliferation 
and inhibiting the synthesis of milk proteins casein and a lactalbumin [37]. 
The ability of various TPA analogs to stimulate DNA synthesis and inhibit 
casein synthesis correlated with their potency as tumor promoters. In addi­
tion, both TPA and EGF decreased the specific prolactin binding of mam­
mary cells by 50%. 

2.4 EGF receptors in mouse mammary epithelium 

Biological actions of EGF are thought to be mediated through specific high­
affinity receptors on the plasma membrane [38]. FGF receptor is a glyco­
protein with a molecular weight of 170,000. Binding of EGF to its specific 
receptor triggers a cascade of events, one of the earliest being the activa­
tion of tyrosine kinase activity. Normal mouse mammary epithelial cells in 
a primary cell culture possess the capacity to bind EGF in a specific and 
saturable manner [33]. Scatchard plot analysis showed a curvilinear pattern 
which suggests the presence of two classes of receptors with a high and a low 
affinity: Kd values = 1 x 10- 10 M and 3.6 x 10-9 M respectively. The oc-



348 

cupancy of EGF receptors for a half-maximal stimulation of DNA synthesis 
or inhibition of casein production was 10% and 6% of total receptors, re­
spectively [33] (Figure 2). 

TPA stimulates DNA synthesis synergistically with EGF in cultured 
mammary cells and increases the amount of EGF binding to mammary cells 
[33]. It is not known whether TPA increases the number and/or affinity of 
EGF receptors. One possible explanation is that TPA prevents the down­
regulation of EGF receptors which occurs as a result of internalization and 
lysosomal degradation of the hormone-receptor complex [39]. 

More recently, using membrane preparation of the mouse mammary 
gland, the presence of specific high affinity receptors for EGF has been 
demonstrated [40]. In addition, the level of EGF receptors in mammary tissue 
was found to change at various physiological states: EGF receptor levels are 
relatively low in the glands of virgin mice, increase during pregnancy, 
reaching a peak on day 10 of gestation, and decrease to low levels during 
lactation. These changes are consistent with the possible involvement of EGF 
in the development of mammary gland during pregnancy. 

2.5 The effect of sialoadenectomy on mammary gland development 
during pregnancy 

As described above, a large amount of EGF is synthesized and secreted by 
the submandibular gland. After sialoadenectomy, plasma EGF decreases 
rapidly to undetectable levels, suggesting that the submandibular gland is a 
major source of circulating EGF. In order to assess the possible physiological 
role of EGF in the development of the mammary gland during pregnancy, 
sialoadenectomy (bilateral removal of the submandibular gland) of virgin 
mice was performed to examine its subsequent effect on mammary gland 
development during pregnancy and lactation [41]. 

Sialoadenectomized virgin mice showed no apparent signs of abnormality 
as judged by their eating and drinking habits, weight gain, and general and 
mating behavior. A substantial number of sialoadenectomized mice com­
pleted normal pregnancy and delivered approximately 6 pups per mother. 
However, the mammary gland of lactating sialoadenectomized mice was 
smaller in size and produced less milk compared with those of sham-operated 
mice (Table 1). The decreased growth and milk-producing capacity of the 
mammary gland of sialoadenectomized mice were also evident during preg­
nancy. Mammary explants from those mice synthesized less casein in response 
to lactogenic stimuli, insulin, cortisol and prolactin in an organ culture system 
[41 ]. 

The major consequence of reduced growth of the mammary gland in sia­
loadenectomized mice is that a substantial number of pups born to and nursed 
by sialoadenectomized mothers die within 5 days of birth (Figure 3). This did 
not occur among pups born to normal or parotidectomized mice. Crossfoster 
nursing experiments indicated that the increased mortality of pups was due 



Table 1. Comparison of mammary gland weight and milk production of normal and 
sialoadenectomized lactating mice. 

Days of Body Mammary gland 
Mice (n) lactation wt (g) wt (g) 

Normal 
(7) 5 30.5 ± 0.94 3.35 ± 0.21 
(8) 10 33.0 ± 0.41 4.31 ± 0.14 

(11) 15 34.0 ± 0.53 5.32 ± 0.17 

Sialoadenectomized 
(10) 5 26.8 ± 0.73 2.53 ± 0.21 
(11) 10 29.0 ± 0.39 3.49 ± 0.14 
(10) 15 30.1 ± 0.90 4.45 ± 0.37 
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Milk volume 
(ml) 

0.35 ± 0.04 
0.67 ± 0.06 
0.72 ± 0.06 

0.20 ± 0.02 
0.52 ± 0.03 
0.55 ± 0.05 

Significant differences (P < 0.01) were found between normal and sialoadenectomized mice in all 
parameters by analysis of variance. Sialoadenectomy was performed pregestationally (data from 
Okamoto and aka, 1984). 

to the inability of sialoadenectomized mothers to nourish the normal-sized 
litters. Analysis of the milk protein produced by normal and sialoadenec­
tomized mothers during lactation revealed no significant differences in those 
identifiable species of milk proteins. When EGF was administered daily at a 
dose of 5 [lg into sialoadenectomized pregnant mice, the survival rate of the 
pups increased to normal levels. It was also found that EGF-treated sia­
loadenectomized mothers had mammary tissue of normal size and weight and 
produced similar amounts of milk comparable to those of normal mothers. 
These results are consistent with the view that EGF derived from the sub­
mandibular gland plays a critical physiological role in the development of 
mammary gland during pregnancy. 

The series of experimental results presented above led us to propose that 
EGF is an important growth factor for the development of mammary gland 
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Figure 3. The mean number of surviving pups born to and nursed by (.) control (n = 11) or (0) 
sialoadenectomized (n = 14) mothers during lactation (data from Okamoto and aka, 1984). 
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during pregnancy. It is noteworthy, however, that in spite of EGF deficiency, 
the mammary gland of sialoadenctomized mice exhibits a considerable degree 
of development during pregnancy, which suggests that there are other growth 
factors which stimulate growth of the mammary gland during gestation. 

3. EGF and spontaneous mammary tumorigenesis 

3.1 Spontaneous mouse mammary tumors 

Certain inbred strains of mice such as C3H, A, and DBA have a high 
incidence of spontaneous mammary tumors. The mouse mammary tumor 
system is one of the most extensively investigated models, spanning a 50-year 
period. The etiology of mammary tumors is complex, involving viral, genetic 
and humoral factors, and these aspects of mammary tumors have been re­
viewed [16, 42-45]. It is generally thought that a virus in the milk of the 
mother is vertically transmitted to the daughter. The virus modifies the pro­
perties of the mammary cells so that under the proper hormonal stimuli and 
genetic predisposition, some mammary cells develop into tumor cells [45]. 
Mammary tumors appear during the latter part of life and thus are thought to 
be non-hormone-dependent. The growth factor for mouse mammary tumors 
has not been identified. 

3.2 EG F concentrations at various ages 

In female mice the concentration of EGF in the submandibular gland was 
low, 0.4-1.0 ng/mg wet weight, during the first 6 weeks of age, but increasing 
to 46 ng/mg wet weight by 8 weeks of age. It remained relatively constant up 
to 24 weeks of age but, after 30 weeks of age, the EGF concentrations in the 
gland began to increase again, reaching 400 ng/mg wet weight at 40-48 weeks 
of age [46] (Figure 4). 

The level of plasma EGF at 37 -47 weeks of age was significantly elevated 
when compared to that of 9-12 week old female mice: more than 50% of the 
former group had plasma EGF at levels higher than 0.1 ng/ml, whereas only 
5% of the latter group had detectable levels (Table 2). Sialoadencctomy of 
aged mice reduced circulating EGF to undetectable levels. A large increase 
in the submandibular gland EGF concentration occurring in female mice be­
tween 30 and 40 weeks of age coincided with the time of decreasing ovarian 
function, suggesting that ovarian dysfunction is a cause of the greater increase 
in the submandibular gland EGF concentration in aged female mice. This 
hypothesis is supported by the finding that the submandibular EGF concen­
tration of 12-week-old female mice increased to 400 ng/mg wet weight 4 
weeks after ovariectomy and this increase was sustained for the next 4 weeks 
[46]. These levels were very similar to those of mice at 40-48 weeks of age. 
The increase in submandibular EGF in ovariectomized mice was suppressed 
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Figure 4. EGF concentration in submandibular glands of virgin mice at various ages. Each point 
represents the mean ± SEM of 4-6 mice (data from Kurachi and Oka, 19R6). 

by the administration of estriadol (1 [!g/mouse/day) but not progesterone 
(1 mg/mouse/day). 

Immunohistological studies have shown that EGF is produced and stored 
in granular convoluted tubular (GCT) cells of the mouse submandibular 
gland [4]. Our histological studies indicated the GCT cells were more 
abundant in the glands of 40-week-old females and ovariectomized 12-week­
old mice than in those of 12-week-old female mice and estrogentreated 
ovariectomized mice (Figure 5). These findings are consistent with the data 
obtained by radioimmunoassay of EGF in the gland. Furthermore, they sug­
gest that the number of GCT cells in the gland is a major determinant of 
its EGF content. 

3.3 Involvement of EGF in spontaneous mammary tumorigenesis 

IN the C3H strain, female mice have a high incidence of spontaneous mam­
mary tumors during the latter part of life [45]. As shown in Figure 6, 

Table 2. EGF levels in plasma of normal young and old virgin female mice. 

Age 

9-12 weeks 
37-47 weeks 

'" P < (Ull by Chi-square test. 

n 

20 
11 

Plasma EGF 
'Yo detected 
(> 0.1 ng/ml) 

5 
54.5* 
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A. 

B. 

Figure 5. Histological sections of submandibular gland in 40-week-old female (A), ovariectom­
ized, 12-week-old female (B), and 12-week-old control (C). 
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c. 

mammary tumors in normal C3H/HeN females first appear at 31 weeks of age 
and thereafter the incidence of tumor increases with age [47]. The most rapid 
increase occurs between 42 and 46 weeks of age. The tumor incidence reaches 
a plateau of 62.5% at 52 weeks of age. This value is in accordance with that 
reported previously [42-45]. 

The temporal pattern of mammary tumor incidence closely follows the 
increase in the EGF concentration of submandibular gland that occurs after 
30 weeks of age (see Figures 4 and 6). In order to examine a possible role 
of the submandibular gland EGF in mouse mammary tumorigenesis, virgin 
females were sialoadenectomized at 14 or 22 weeks of age. In these animals 
the incidence of mammary tumor was greatly reduced to approximately 13% 
at 52 weeks of age (Figure 6). Furthermore, the latency period of tumor 
incidence in sialoadenecotmized mice was prolonged as much as 14 weeks 
when compared with that of normal females. Mammary tumor incidence in 
sialoadenectomized mice increases to 28% at 66 weeks of age, suggesting that 
tumors may grow more slowly in these animals. 

Administration of EGF (5 !tg per mouse) to 14-week-old sialoadenec­
tomized mice every other day up to the age of 52 weeks increased the in­
cidence of mammary tumor to 33.3% [47]. It may be possible to enhance the 
effect of EGF on mammary tumor incidence by more frequent injections of 
EGF. 

Histological examination of mammary tumors found in normal female 
mice indicated that mammary tumor cells are composed of small cuboidal 



354 

70 

~ 
60 

a: 
0 
~ 50 
~ 
I-
>-a: 
<{ 

40 ~ 
~ 
<{ 
~ 
u.. 30 0 
w 
U 
Z 
w 
c 20 U 
~ 

r---
10 ,... __ __ J 

I 

AGE (weeks) 
Figure 6. Mammary tumor incidence in normal and sialoadenectomized virgin mice at various 
ages. Normal (-, n = 48); sialoadcnectomized mice (----, n = 39). (Data from Kurachi, 
Okamoto and Oka, 1985.) 

epithelial cells and they form a highly distorted glandular pattern (Figure 
7A). These histological features resemble type B adenocarcinoma, which is 
commonly found in mammary tumors of C3H mice [45]. The appearance of 
the tumors found in sialoadenectomized mice showed some difference in the 
structural pattern and cytological features, having a more organized pattern 
of ductal and glandular structure (Figure 7B). It is possible that mammary 
tumors in sialoadenectomized and control mice are different in terms of 
origin, cell type, etiological agents, and their dependency on EGF. The data 
presented above show that sialoadenectomy markedly decreases the mammary 
tumor incidence and delays the time of tumor onset. The question as to 
whether a low incidence of mammary tumor in sialoadenectomized mice is 
due to a decrease in the number of transformed cells or it reflects slower 
growth of the same number of transformed cells in the absence of EGF 
remains to be answered. Since EGF stimulates proliferation of normal and 
neoplastic mammary cells in culture [28-33, 48], it is possible that EGF 
serves as a promoter of mammary tumors. 
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A. 

8 

Figure 7. Histological sections of mammary tumors in control (A) and sialoadcnectomized mice 
(8) (data from Kurachi, Okamoto and Oka , 1985.) 
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3.4 EGF and mammary tumor growth 

The above results indicate that long-term sialoadenectomy greatly reduces 
the incidence of mouse mammary tumor and suggest that EGF is important 
for mammary tumorigenesis. We also examined the short-term effects of 
sialoadenectomy on the growth of tumors [47]. As shown in Figure 8, mam­
mary tumors in the sham-operated mice grew extensively until the animals 
died on 58th day after tumor occurrence. By contrast, sialoadenectomy of 
tumor-bearing mice rapidly produced sustained inhibition of tumor growth. 
However, when EGF was administered daily (5 [!g/mouse) to tumor-bearing 
sialoadenectomized mice, the tumors quickly resumed growth at a rate similar 
to that in the control group. Our preliminary experiments indicate that re­
moval of the parotid glands, another salivary organ, is ineffective in inhibiting 
tumor growth. 
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Figure 8. The effect of sialoadenectomy and EGF treatment on mammary tumor growth. 
Tumor-bearing mice were sham-operated or sialoadenectomized (Sx), or they were sialoaden­
ectomized and then treated with EGF at the time indicated by arrows. The tumor growth was 
examined daily: e, control; 0, sialoadenectomized; 6, sialoadenectomized and EGF-treated 
mice. (data from Kurachi, Okamoto and Oka, 1985). 
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In addition to sialoadenectomy, the administration of anti-EGF antiserum 
(prepared in rabbits) inhibited the growth of mammary tumors (Figure 9). 
However, the effect of anti-EGF was not long lasting; usually within 10 days 
of initial injection, mammary tumors began to grow as fast as those in the 
normal mice injected with normal rabbit serum. Although the effect of anti­
EGF serum could be restored for a period of time by increasing the dose, 
eventually the amount of antiserum that could be injected into mice posed 
practical limitations. The diminution in the effectiveness of anti-EGF anti­
body was probably due to the host immune response to the rabbit serum. This 
problem might be circumvented by raising anti-EGF antibodies which are less 
antigenic to mice or by applying active immunization by heterologous EGF. 

Anti-EGF-antiserum given together with sialoadenectomy produced no 
greater inhibition of mammary tumor growth than did sialoadenectomy alone, 
suggesting that sialoadenectomy is sufficient to reduce the level of host EGF 
needed for mammary tumor growth. 
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Figure 9. The effect of anti-EGF serum on mammary tumor growth. Normal rabbit serum (0), 
anti-EGF serum (lI), Arrows indicate the time of injection of antiserum. 
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The results presented above indicate that EGF is important to the growth 
of mouse mammary tumor and that the tumor growth can be inhibited by 
reducing the availability of EGF by sialoadenectomy or treatment with anti­
EGF antiserum. As a result of sialoadenectomy and anti-EGF treatment, the 
survival time of tumor-bearing mice was increased from 40.1 ± 3.7 days to 
95.5 ± 9.1 days and 59.2 ± 5.8 days, respectively (Kurachi & Oka, unpub­
lished). These results suggest a possible means of preventing and treating 
mammary tumors. 

3.5 EGF and mammary tumor transplant in nude mice 

The nude mouse has been an important tool in biomedical research because 
of its unique immunological property of accepting grafts of various tissue 
transplants, including tumors [49]. As an extension of our study of assessing 
the role of EGF in mammary tumor growth, we examined the involvement of 
EGF in transplantation of mouse mammary tumor in nude mice. 

In female nude mice, EGF was present at a mean concentration of 42.8 ± 
16.9 (SD) ng/mg wet weight in the submandibular gland and 0.28 ± 0.13 
ng/ml in the plasma at 7 weeks of age. These levels are comparable to those 
of normal female mice. Sialoadenectomy decreased circulating EGF to un­
detectable levels «0.1 ng/ml), suggesting that the submandibular gland is 
a major source of circulating EGF in nude mice [50]. 

The possible role of EGF in transplantation and growth of mouse 
mammary tumors in nude mice was examined by use of sialoadenectomy, 
anti-EGF treatment, and EGF replacement therapy. As shown in Table 3, 
the success rate of transplantation of a spontaneous mouse mammary tumor 
into nude mice was 55% in sham-operated female mice, whereas the re­
maining 45% of the tumors failed to implant and became remnant. This value 
is in agreement with those reported earlier in studies of various types of tumor 

Table 3. Effect of sialoadenectomy, treatment with EGF antiserum and replacement of EGF on 
implantation of mouse mammary tumor into nude mice. 

Mice N Treatment Implantation (%) 

Sham-operated 24 None 55 
Sham-operated to EGF 90 
Sialoadenectomized 12 None 17 
Sialoadenectomized 8 EGF 88 
Sialoadenectomized 8 Normal rabbit serum 25 
Sialoadenectomized 8 EGF antiserum 0 

Daily EGF treatment was given s.c. to sham-operated or sialoadenectomized female nude mice 
at a doze of 5 !-lg per mouse for 3 weeks starting immediately after C3H/HeN mammary tumor 
transplantation. Anti-EGF antiserum and normal rabbit serum were given to sialoadenectomized 
mice at a dose of 100 !-ll per mouse for 3 weeks immediately after tumor inoculation (data from 
Tsutsumi, Tsutsumi, Oka, 1987). 
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transplants in nude mice [49]. The success rate of mammary tumor implanta­
tion was increased to 90% by daily treatment of nude mice with EGF (5 
[tg/mouse) [50]. 

The success rate of mammary tumor implantations in sialoadenectomized 
nude mice was only 17%: the majority of tumor transplants failed to survive. 
Daily administration of EGF (5 ltg/mouse) to sialoadenectomized mice in­
creased the success rate of implantation to 88%. On the other hand, daily 
administration of anti-EGF antiserum (100 [tl/mouse) to sialoadenectomized 
mice totally prevented the implantation of mammary tumor transplants. Ad­
ministration of normal rabbit serum had no effect on the rate of tumor im­
plantation. 

Mouse mammary tumors successfully implanted in nude mice started to 
grow 3 weeks after inoculation; the growth rate was relatively constant with 
doubling of tumor size in 2.4 days. Both sialoadenectomy and daily anti-EGF 
treatment of nude mice decreased the rate of tumor growth by 50%. Daily 
treaimentof _sialoadenectomizedmice~ with~anti-Ef'IE almost ~como)etelvJ iu": 
hibited tumor growth for the first 3 days and thereafter the tumors grew 
slowly with a doubling time of 8 days [50]. 

The results presented above suggest that EGF in nude mice plays an 
important role in both implantation and growth of mouse mammary tumor 
transplants. These results are also consistent with our previous findings that 
EGF serves as a physiological agent for growth of mouse mammary tumors. 

It is noteworthy that anti-EGF administered to sialoadenectomized mice 
completely prevented tumor implantation in nude mice. This finding raises 
the possibility that there may be some other sources of EGF, in addition to 
the submandibular gland. Several investigators have reported that EGF-like 
polypeptides are produced by breast cancer cells [51, 52]. It is possible that 
locally produced EGF also plays a role in the implantation and growth of the 
mammary tumor cells. Finally, the present study suggests that sialoadenec­
tomy and anti-EGF treatment of nude mice may be useful in screening the 
EGF-dependency of various types of tumors. 

4. Concluding remarks 

The biological action of EGF has been studied extensively in a number of 
experimental systems while physiological studies to assess the function of 
EGF in the body have received less attention. In this chapter we have re­
viewed the physiological function of EGF in normal and neoplastic growth of 
mammary epithelial cells in mice. EGF has been shown to be present not only 
in mice and rats but also in humans, and exhibits phylogenetic structural 
conservation and biological cross-reactivity [3-5]. These features of EGF 
suggest that it has important physiological functions. The mouse system has 
proved to be an excellent model in which to examine the role of EGF in the 
body because the submandibular gland serves as a major source of circulating 
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EGF and also because large amounts of pure mouse EGF and anti-EGF 
serum are comercially available. Thus it is possible to induce EGF deficiency 
in mice by means of sialoadenectomy (and anti-EGF antibody treatment) and 
to institute EGF replacement therapy in order to evaluate the function of 
EGF in the body. These approaches, which have been used successfully in the 
classical studies of endocrinology, have been very useful in our study when 
combined with measurement of EGF levels by radio-immunoassay. In addi­
tion, we employed mammary cells cultures to study the biological action of 
EGF directly. At present, similar experimental approaches may not be fully 
applicable to the rat, humans and other systems, since the major site of EGF 
production and origin of circulating EGF have not been identified in these 
species. Nevertheless, the experimental data obtained in the mouse system 
may provide useful information for understanding the physiological role of 
EGF in normal and neoplastic growth of mammalian cells. The scope of this 
chapter has been limited to the physiological and biological action of EGF in 
the mouse mammary system. Thus, other important aspects of EGF in human 
breast cancer, the biochemistry and molecular biology of EGF receptors and 
the study of its mechanism of action have, unfortunately, not been covered. 
The reader is referred to several excellent articles in this volume and else­
where for an up-to-date development and in-depth discussion of these areas 
of EGF research [53-56]. 
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17. Tumor-associated growth factors in malignant 
rodent and human mammary epithelial cells 

David S. Salomon, and William R. Kidwell 

1. Introduction 

Before considering the potential role of tumor-derived growth factors in 
regulating the proliferation of rodent and human mammary epithelial cells, it 
is important to emphasize several important aspects concerning the in vivo 
biology of the normal mammary gland. First, the mammary gland is not a 
static organ but is relatively dynamic. It periodically undergoes cycles of 
growth, development, differentiation, and regression. These cyclical events, 
which occur primarily during pregnancy and lactation, are in large part con­
trolled bya complex interplay of various polypeptide and steroid hormones 
[1]. Sup€f-imposed upon this endocrine background are proliferative and 
differentiation controls which might be exerted by several peptide growth 
factors. These growth factors may originate from tissues outside of the 
mammary gland in an endocrine fashion or they may be derived locally from 
within the gland as products of discrete cell types acting as either paracrine or 
autocrine factors [2-6]. This raises a second important point, namely that the 
mammary gland is not homogeneous but is a heterogenous tissue in which the 
mammary epithelial and myoepithelial cells are embedded within an adipose 
and mesenchymal stroma and separated from this compartment by a basal 
lamina or basement membrane. Survival and growth of mammary epithelial 
cells in vitro and in vivo is dependent upon the synthesis and maintenance of 
an intact basement membrane which is a specialized form of the extracellular 
matrix consisting of type IV collagen, laminin, and proteoglycans [7]. This 
structure is normally synthesized by the myoepithelial cells within the 
mammary gland [8]. The proliferation of mammary epithelial cells in vitro in 
response to specific growth factors can be modifed depending on the composi­
tion of the extracellular matrix upon which these cells rest [8, 9]. Conversely, 
certain growth factors may modulate the production of various extracellular 
matrix proteins by the mammary epithelial cells which, in turn, may control 
cell shape, substrate adherence, and the ability of these cells to respond to 
other growth factors and hormones. In vivo, this may have important implica­
tions as to how various cell types within the mammary gland interact to 
regulate cell proliferation and differentiation. In this scheme, the basement 
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membrane performs an active and not a passive role as demonstrated by the 
ability of mammary epithelial cells to elaborate specific milk proteins when 
propagated on an appropriate extracellular matrix substrate [10, 11]. Finally, 
ductal and alveolar epithelial cells, basal or myoepithelial cells, and stromal 
fibroblasts may exhibit different requirements for various growth factors or 
hormones [2, 12, 13]. These requirements may fluctuate either coordinately 
or independently as a function of the pathophysiological state of the mammary 
gland. In addition, various mammotrophic hormones such as estrogens and 
prolactin may promote the growth and/or differentiation of mammary epithe­
lial cells by indirectly or directly regulating the production of growth factors 
or receptors for growth factors in mammary epithelial cells, adjacent myo­
epithelial or stromal cells, or in more distant hormone-responsive target 
tissues [3-5, 14]. 

1.1 Growthfactors, oncogenes and cell growth 

The current interest in growth factors and their receptors stems from the 
pivotal role that these activities may perform in the etiology or progression of 
several disease states. Specifically, it is becoming apparent that the abnormal 
expression of specific growth factors or their cell surface receptors may be 
involved at certain stages in the initiation and development of a variety of 
malignancies, including breast cancer [15, 16]. One important phenotypic 
characteristic of all tumor cells is their ability to proliferate indefinitely in an 
unrestrained fashion. Whereas nontransformed epithelial cells and fibroblasts 
generally exhibit a strong dependency upon externally derived growth factors 
for growth regulation, transformed cells show a partial or complete relaxation 
in their growth factor requirements for anchorage-dependent proliferation 
[15-18]. This reduction in growth regulatory constraints may eventually lead 
to the acquisition of anchorage-independent growth, an in vitro property 
which shows a strong correlation with tumorigenic potential in vivo [19]. The 
progression of a normal cell to a fully malignant metastatic cell in vivo is a 
continuous multistep process [20]. During this conversion, changes in the 
responsiveness of cells to specific growth factors and in the interaction of cells 
with each other and surrounding extracellular matrix components within the 
basement membrane or stroma can ultimately lead to aberrations in cell proli­
feration, cell motility, and cell differentiation, which will have an eventual 
impact upon tumorigenicity and metastasis [21, 22]. One consequence of 
these changes is that tumor cells may eventually become totally independent 
of exogenous, host-derived growth factors for their proliferation because of 
the constitutive production of a spectrum of endogenous growth factors, such 
as TGFs, EGF, PDGF, IGF-I, IGF-II, and FGF, which may be involved in 
the autocrine growth of these cells [15, 16, 23]. In addition to elevated pro­
duction and secretion of growth factors by tumor cells, overexpression of 
normal or aberrant cell surface receptors for growth factors may equally 
contribute to the enhanced growth potential of these transformed cells by 
sensitizing them to lower concentrations of growth factors. In conjunction 
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with these results is the recent knowledge that certain viral oncogenes or 
their cellular counterparts, the proto-oncogenes, can code for growth factors, 
growth factor receptors, or cell cycle-related proteins which may be involved 
in the intracellular signal transduction pathway for growth factors [15, 16, 
23-26]. The activation by point mutation or inappropriate overexpression of 
specific oncogenes or proto-oncogenes may confer growth factor autonomy 
upon cells or may quantitatively or qualitatively change the responsiveness or 
sensitivity of cells to specific sets of growth factors [27 - 29]. For example, it is 
known that epithelial cells probably require the concerted action of several 
growth factors for their progression through the cell cycle. Moreover, the 
phenotypic transformation of normal fibroblasts in vitro is also dependent 
upon the coordinated effects of several growth factors, including TGFu, 
TGF~, FGF, IGF-I, and PDGF [15, 16]. This situation is analogous to the in 
vitro transformation of primary embryonic or neonatal rodent fibroblasts by 
transfected retroviral oncogenes or activated cellular proto-oncogenes. In this 
case, expression of at least two functionally distinct oncogenes such as ras and 
myc is required to complete the transformation process in vitro and to initiate 
tumorigenesis in vivo [30]. The expression of multiple oncogenes to promote 
transformation is therefore probably a reflection of the interaction of proto­
oncogene proteins that occurs during normal cell proliferation. 

With respect to breast cancer, the possible function, distribution, and 
relationships of various growth factors and oncogenes is just starting to be 
defined [4-6, 31-52]. A number of peptide growth factors have been identi­
fied that can stimulate the proliferation of normal and neoplastic rodent and 
human mammary epithelial cells. In some cases, novel growth factors have 
been isolated and characterized from mammary tumors or breast cancer cell 
lines which strongly implicates these activities in the autocrine or paracrine 
growth of mammary tumor cells. However, there is little evidence to date to 
unequivocally state that any of these tumor-derived growth factors are obliga­
tory and solely responsible for the maintenance of tumor cell growth. Never­
theless, the development of antibodies and pharmacological antagonists 
against these growth factors or their receptors should quickly resolve these 
questions. Our collective approach to this problem has been severalfold: 1) to 
identify those known growth factors which can regulate the proliferation of 
normal and neoplastic mammary epithelial cells; 2) to characterize novel 
growth factors from and/or for neoplastic mammary epithelial cells which 
may be involved in driving their proliferation and which may be crucial for 
maintaining their transformed phenotype; 3) to ellucidate the mechanism(s) 
by which these potential mitogens may regulate mammary epithelial cell pro­
liferation; and 4) to compare the relative dependency for growth and survival 
of normal and malignant mammary epithelial cells on these growth factors. 
Toward this end, we would like to summarize in this review the biochemical 
and biological characteristics of four growth factors which we have identified 
in rodent and human breast cancer cell lines and in the extracts prepared from 
rodent and human mammary tumors. The reader is referred to other publica­
tions for data relating to the presence of additional growth factors from these 
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sources [31-52]. The four growth factors are collagen synthesis stimulating 
factor (CSSF), mammary-derived growth factor I (MDGF-I), mammary­
derived growth factor II (MDGF-II), and transforming growth factor alpha 
(TGFa), an epidermal growth factor (EGF)-related activity [36, 37, 43, 44, 
46, 47]. MDGF-II is related to TGFa, while MDGF-I and CSSF are unique 
activities. It should be stressed at the outset that a majority of these growth 
factors are not unique to mammary tumor cells, since they are found in large 
quantities in human milk, suggesting that normal mammary epithelial cells 
may have the capacity at certain stages in the differentiation of the mammary 
gland to elaborate and secrete these growth factors [4-6, 47, 53]. 

2. TGFa and MDGF-II 

TGFs represent a large family of acid and heat-stable polypeptides or peptides 
which have been suggested to control the autocrine growth of tumor cells [23, 
54, 55]. TGFs reversibly confer upon normal nontransformed cells several 
properties which are associated with the transformed phenotype, namely 
anchorage-independent growth (AIG) and a loss of contact inhibition of 
growth. TGFs consist of at least two functionally and structurally distinct 
classes of factors, TGFa and TGFB. TGFa (M r 5,400) is a potent mitogen 
which is functionally related to EGF and which binds to the EGF receptor 
[16, 54, 56]. The genes for rat and human TGFa have been cloned and the 
size of the mRNA (approximately 4.8 kb) for TGFa indicates that low mole­
cular weight TGFa is probably derived from larger precursor polypeptides 
[57,58]. These larger precursor molecules have been identified in a variety of 
cell lines and from human urine [36, 37, 41, 49-63]. They are biologically 
and immunologically active. Messenger RNA species for TGFa, which are 
capable of hybridizing to specific TGFa cDNA probes, have also been identi­
fied in a number of human and rodent tumor cell lines [42, 44, 57,58]. TGFa 
and B cooperate with each other and with other growth factors, such as PDGF 
and IGF-I, to induce the AIG of some nontransformed rodent fibroblast cell 
lines. TGFa has been identified in normal and malignant rodent and human 
mammary epithelial cells [36-45]. Production of this class of growth factors is 
controlled by estrogens, suggesting that the growth-promoting effects of this 
hormone may be mediated in part by TGFa. The recent demonstration that 
enhanced synthesis and secretion of TGFa by rat fibroblasts which have been 
transfected with a human TGFa cDNA expression vector can lead to the 
induction of tumor formation in nude mice lends support to the thesis of 
TGFa being an autocrine growth factor [64]. 

2.1 Rat mammary tumors 

EGF is broad spectrum mitogen for mesenchymal and epithelial cells [65]. 
EGF can stimulate the proliferation of primary cultures of rodent and human 
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mammary epithelial cells and to a lesser extent the growth of some human 
breast cancer cell lines [3, 5]. EGF is also capable of stimulating the lobulo­
alveolar development of mouse mammary gland explants in vitro and may be 
involved in the development and growth of certain spontaneous mouse 
mammary tumors in vivo [2, 66-68]. We initially observed that the growth 
and survival of primary cultures of rat or mouse mammary epithelial cells was 
dependent upon the presence of EGF and a glucocorticoid in a serum-free, 
hormone-defined medium [8, 9]. Under these growth conditions, the proli­
feration of rat mammary epithelial cells could be modulated not only by the 
presence of EGF and dexamethasone but also by the composition of the 
extracellular substratum. For example, on type I stromal collagen or tissue 
culture plastic, EGF and dexamethasone are normally required for mammary 
epithelial cell growth, while on type IV basement membrane collagen, 
mammary epithelial cells no longer required these two agents for prolifera­
tion. The refractoriness of the cells to EGF and dexamethasone on type IV 
collagen and their dependency on these two agents for growth on type I 
collagen or plastic was due to the ability of EGF to differentially enhance the 
endogenous synthesis of type IV collagen on foreign substrates (i.e., type I 
collagen and plastic) but not on type IV collagen. It was found that these 
effects were due to the ability of EGF to stimulate type IV collagen synthesis, 
while dexamethasone was found to attenuate the turnover of type IV collagen 
by inhibiting the appearance of a type IV-specific collagenase. 

In contrast to normal rat mammary epithelial cells, primary cultures of 
mammary epithelial cells obtained from primary dimethylbenze-alpha­
anthracene (DMBA)- or nitrosomethylurea (NMU)-induced rat mammary 
tumors were found to be unresponsive to EGF both with respect to the 
stimulation of growth and to the enhancement of type IV collagen production 
[36, 46]. In addition, these tumor cells possessed fewer EGF receptors than 
normal rat mammary epithelial cells (2.5 X 104 versus 8.4 x 104 sites/cell), 
whereas transplantable DMBA and NMU tumor cells totally lack EGF 
receptors. These results suggested that the tumor cells might be elaborating 
EGF or an EGF-like activity such as TGFa which would reduce or totally 
eliminate their dependency upon exogenous EGF. A TGFa activity, which 
we had designated as mammary tumor factor (MTF), was identified in the 
conditioned medium (eM) of cultured tumor cells and in the acid-ethanol 
extracts prepared directly from primary DMBA- or NMU-induced rat 
mammary adenocarcinomas [36]. MTF activity was initially detected by its 
ability to compete with EGF for binding to EGF receptors in a radioreceptor 
assay (RRA) and by its ability to stimulate the AIG of normal rat kidney 
(NRK) cells in soft agar as colonies. MTF could also enhance the anchorage­
dependent growth of NRK cells, BALB/c 3T3 cells, chick embryo fibroblasts, 
and normal rat mammary epithelial cells. MTF, however, was unable to stim­
ulate the proliferation of primary cultures of DMBA-induced rat mammary 
tumor cells. 

The biological activity(ies) associated with MTF was found to be stable to 
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acid treatment, like EGF or TGFa, but was inactivated by heat denaturation 
and reduction. Following gel filtration chromatography under neutral and 
isotonic conditions, two major species of MTF were observed, one at 68,000 
(pI 5.2) and a smaller 6,000 Mr species. EGF receptor-competing activity and 
NRK colony growth-promoting activity were associated with both species. At 
the present time, it is still unclear whether the larger species represents a 
binding protein associated with, or a precursor for, the smaller peptide. The 
low molecular weight species appears to be identical to TGFa, since immuno­
reactive TGFa can be detected in these crude tumor extracts and the 6,000 Mr 
species can compete with authentic TGFa for binding to anti-TGFa anti­
bodies. Moreover, a TGFa 4.8-kb mRNA species can be detected in the 
poJy(A)+ RNA population from these tumors following Northern blot analysis 
and hybridization of the nitrocellulose filters with a mixture of 32p nick­
translated TGFa mouse and human cDNA probes [69]. 

Figure 1 shows the relative amounts of EGF receptor-competing activity in 
crude tissue extracts prepared from the primary DMBA- and NMU-induced 
rat mammary adenocarcinomas and from transplantable DMBA-I and NMU­
II rat mammary tumors. Little or no EGF receptor-competing activity could 
be detected in the transplantable tumors, whereas extracts prepared from the 
primary DMBA- and NMU-induced rat mammary tumors contain substantial 
amounts of EGF receptor-competing activity. The primary chemically induced 
tumors represent well-differentiated, estrogen- and prolactin-dependent 
adenocarcinomas, while their transplantable counterparts are hormone­
independent undifferentiated carcinomas. [70, 71]. Figure 2 illustrates the 
amount of NRK colony-stimulating activity and immunoreactive TGFa which 
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Figure 1. Presence of EGF receptor-competing activity in acid-ethanol extracts from primary and 
transplantable rat mammary tumors. Various amounts of acid-ethanol extracts prepared from 
primary DMBA-induced (0), primary NMU-induced (&), transplantable (T) DMBA-induced 
(D), or transplantable (T) NMU-induced (0) rat mammary tumors were incubated with 125I_EGF 
(0.5 ng/ml) in an EGF RRA. 
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Figure 2. Presence of NRK soft agar growth-promoting activity and immunoreactive TGFa in 
primary and transplantable rat mammary tumors. Individual tumors were homogenized in 0.4 N 
HCl , centrifuged at 10,000 rpm for 30 min at 4°C, and absorbed to an activated Waters Sep-Pak 
C1S cartridge.' Columns were washed with 4% acetic acid and eluted with absolute methanol 
containing 0.2% TFA. Following evaporation to dryness, samples were assayed in a NRK soft 
agar assay and in a TGFa RIA (Biotope Inc.). Each bar represents an individual tumor. Values 
in parentheses represent the average amounts of immunoreactive TGFa per milligram protein 
and the average number of NRK colonies for each of the four groups of tumors. NRK soft agar 
assays were routinely run in the presence of TGF~ (1 ng/mI) to score for endogenous TGFa. 

could be detected in three individual tumors from each of the four types of 
tumors. The results demonstrate that the primary DMBA- and NMU-induced 
rat mammary tumors possess, on the average, higher levels of immunoreactive 
and biologically active TGFa than the transplantable DMBA-I and NMU-II 
tumors. In addition, the transplantable tumors either lack or possess low 
levels of expression of TGFa mRNA. The presence of higher levels of MTF 
or TGFa in the primary tumors suggests that the presence of this growth 
factor may be indicative of the degree of cellular differentiation in these 
rodent tumors or the hormone dependency of these tumors . This may be the 
case, since ovariectomy of Sprague-Dawley rats bearing primary DMBA­
induced tumQrs results in the rapid decline in TGFa mRNA [69]. This response 
can be observed within 6 hr following ovariectomy and is specific for TGFa 
mRNA in the tumors. These results suggest that estrogens may be involved in 
inducing the expression of TGFa and that this growth factor may be one of 
several growth factors being elaborated by these tumor cells which are under 
estrogenic control. It should also be mentioned that the primary DMBA- or 
NMU-induced rat mammary tumors have either an elevated expression of the 
c-Harvey (Ha)-ras proto-oncogene (primary DMBA-induced tumors) or 
a point-mutated (position 12) activated form of the Ha-ras gene (primary 
NMU-induced tumors) (Table 1) [31 , 33, 72]. In contrast, the transplantable 
DMBA-I and NMU-II tumors possess a lower level of expression of the Ha-
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Table 1. Phenotype of rat mammary tumors 

Collagen produced 

Tumor type Type IV Type I ER EGFR TGFa CSSF p2111Has 

Adenocarcinoma ++h + + ++10 ++ +++ 
(DMBA-induced) (elevated) 

Adenocarcinoma ++h + + +++10 +++ + (point 
(NMU-induced) mutated) 

Carcinomaa + ± ± 
(DMBA-I) 

Carcinomaa + ± ± 
(NMU-II) 

aTransplantable estrogen-independent tumors established from primary DMBA- or NMU­
induced adenocarcinomas. 
hType IV collagen and TGFa mRNA species also detected [69]. 

The type of collagen produced by the tumors was determined by labeling the collagen in 
cell culture, extracting thc collagen, and identifying the type by comparing its electrophoretic 
mobility to that of standards or by determining the species of collagen directly in tumor cells by 
indirect immunofluorescence with monospccific polyclonal antisera to the two collagen types. 
The relative amounts of biologically active TGFa were determined in the acid-ethanol extracts 
prepared from these tumors by assay on NRK cells in soft agar or by assay for competition with 
125I-EGF in a RRA [36]. EGF receptor expression was measured by determining the binding of 
125I-EGF to cultured tumor cells, to whole cell suspensions, or to isolated tumor cell membranes. 
The relative levels of p21 l1a-ras were determined by Western blot analysis using Y-259 rat 
monoclonal anti-p21"" antibody, and activated point-mutated p21"'" was detected by transfection 
into NIH/3T3 cells [33, 72]. 

ras proto-oncogene. Therefore, the production of TGFa and possibly other 
growth factors in these primary tumors (e.g., CSSF) may also be linked to or 
controlled by the state or level of ras gene expression [73]. In this respect, we 
have demonstrated that normal mouse mammary epithelial cells, which have 
been transfected and transformed with an activated human c-Ha-ras proto­
oncogene, synthesize and secrete or possess higher levels of TGFa and TGFa 
mRNA than their normal nontransformed counterparts [42]. These results 
may be mechanistically important since activation or overexpression of the 
ras gene can abbrogate the growth requirements for exogenous EGF [42, 
74-76]. This may also have significance for human breast cancer, as a majority 
of primary human breast tumors have been shown to express elevated levels 
of p21ras and to possess high levels of expression of the c-Ha-ras proto­
oncogene [32-34]. 

2.2 Human breast cancer cell lines and primary human breast tumors 

We next turned our attention toward a well-characterized human breast 
cancer cell line, MCF-7, to determine whether comparable TGF activities 
could be detected from a human mammary tumor cell. The acid-treated con-
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centrated CM from MCF-7 cells was able to stimulate the AIG of NRK cells 
in soft agar and to compete with 125I_EGF for binding to EGF receptors in a 
RRA [37, 39, 41]. By comparison of the competition curves for the CM 
samples and for unlabeled authentic EGF in inhibiting 12sI_EGF binding in 
the RRA, the MCF-7 tumor cells were secreting approximately 100 ng EGF 
equivalent units per liter of CM obtained from 72-hr harvests [37]. Following 
gel filtration high pressure liquid chromatography (HPLC) under low salt and 
neutral pH conditions, a 30,000 Mr species can be detected which possesses 
both NRK colony-stimulating and EGF receptor-competing activities [41]. A 
comparable 30,000 Mr species could also be detected when CM was obtained 
from eSS]cysteine-labeled MCF-7 cells and immunoprecipitated with a mono­
specific polyclonal goat anti-human TGFa antibody. Isoelectric focusing 
demonstrated that this TGFa species had a pI of 4.0. Biological activity as­
sociated with this species could be destroyed by reduction but was stable to 
acid and heat treatment [37]. Several clonal lines of the parental MCF-7 cell 
line were also examined and found to possess varying levels of TGFa activity 
in their CM. However, no clear correlations could be observed between the 
number of detectable EGF receptors on the individual clones (range 3 to 9 X 

103 receptor sites/cell) and the amount of TGFa activity in the CM from these 
clones. Furthermore, the relative amount of total TGFs (a and ~) associated 
with the CM from these various clones showed no correlation with the intrinsic 
ability of these cells to grow as colonies in soft agar. These results suggested 
that the original MCF-7 parental cell line contains a heterogenous population 
of tumor cells, some of which may be relatively high or low producers of 
either TGFa and/or TGF~. 

These TGF activities were not restricted to a single human breast cancer 
cell line. Using a highly sensitive and specific radioimmunoassay (RIA) for 
TGFa, we were able to detect and quantitate immunoreactive TGFa in the 
CM prepared from three additional human breast cancer cell lines and in the 
tissue extracts prepared from normal, benign, and malignant breast biopsies 
[41,43]. Table 2 demonstrates the relative levels of RIA detectable TGFa in 
the concentrated CM from the breast cancer cell lines MCF-7, ZR-75-1, T47-
D, and MDA-MB-231 [43]. The first three cell lines are estrogen receptor 
positive and estrogen responsive with respect to growth, while the MDA-MB-
231 cells are estrogen receptor negative and nonresponsive to estrogens. In 
untreated cultures, the levels of TGFa in the CM ranged from 35 to 0.5 ngl108 

cells. The MDA-MB-231 cells consistently had higher levels of biologically 
active and immunoreactive TGFa than the other human breast cancer cell 
lines. When MCF-7 or ZR-75-1 cells were grown in the presence of 17~­
estradiol (10-8 M) for 48 hr, there was generally a 2- to 3-fold increase in the 
levels of TGFa found in the CM compared with untreated cultures. These 
results were confirmed by Northern blot analysis of poly(A)+ RNA iso­
lated from the breast cancer cell lines and from MCF-7 cells grown in nude 
mice as xenografts. Following electrophoresis on denaturing agarose gels, the 
poly(A)+ RNA on nitrocellulose filters was hybridized to a 32p nick-translated 
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human TGFa cDNA insert and subsequently washed under stringent condi­
tions. As illustrated in Figure 3, a prominent 4.8-kb TGFa mRNA species 
could be detected in the MCF-7, T47-D, and MDA-MB-231 tumor cells. 
In addition, a minor 1.6-kb mRNA species was also detected. Equivalent 
amounts of poly(A)+ RNA were loaded onto the gels in this experiment. 
MDA-MB-231 cells had the highest level of TGFa mRNA followed in order 
by MCF-7 and T47-D, respectively (Table 2). These results are in reasonable 

Alpha TGF 

• 

• 

4.8 Kb 

1.6 Kb 

- ~ "C "C - 0 ~ .J:. ~ .J:. M 0 I 

co - tt 0 I - - m ..... ,.... ~ 
I I LL <{ 

U 0 
~ ~ 

Figure 3. Presence of TGFa mRNA in human breast cancer cell lines and in MCF-7 tumor 
xenografts as determined by Northern blot analysis. Poly(A) + RNA was isolated from confluent 
cultures of MDA-MB-231 and T47-D cells or from MCF-7 tumors. MCF-7 xenografts were 
propagated in nude mice which were maintained on estrogen pellets (10 mg/pellet) for 3 weeks. 
At this time, some tumors (0 hr) were excised and extracted for RNA, and the est rogen pellets 
were removed from the remaining mice. Animals were sacrificed at varying times following the 
removal of the E2 pellets, and poly(A)+ RNA was isolated from the tumors. Equivalent amounts 
of poly(A) + RNA (10 [tg/lane) were electrophoresed in 1 % denaturing agarose gels, transferred to 
a nitrocellulose filter , and hybridized to a 32p nick-translated full-length human TGFa cDNA 
insert which contains the coding sequence for the entire TGFa precursor. The filter was washed 
under stringent conditions. 
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Table 2. Immunoreactive TOFu in the conditioned medium from human breast cancer cell lines 
and expression of TOFu mRNA 

Relative basal level 
Cell line TOFu ng/lO" cells (%) ofTOFumRNA 

MCF-7 18 (100) ++ 
MCF-7 + E2 (lO-"M) 40 (222) 
ZR-75-1 0.5 (100) ± 
ZR-75-1 + E2 (lO-"M) 1.4 (280) 
T47-D 4.6 (100) + 
T47-D + E2 (lO-"M) 6.5 (141) 
MDA-MB-231 35 +++ 

Cells were grown for 48 hr in the absence or presence of 17B-estradiol (Ez, lO-"M) in serum-free 
medium. Conditioned medium was harvested and processed for analysis in a TOFu RIA 
following concentration on a Water's Sep-Pak C18 cartridge. The average amount of TOFu in the 
conditioned medium was normalized to ng/lO" cells. The numbers in parentheses represent the 
percent increase in detectable TOFu in the conditioned medium obtained from E2-treated cells 
compared with control cells (100%). Data reproduced from Perroteau et al. (1986). Relative 
basal levels of TOFu mRNA were determined by examination of the intensity of the 4.8-kb 
mRNA species which was detected in the cell lines following Northern blot analysis (c.f., 
Figure 3) of poly(At RNA and hybridization with a full-length 32p nick-translated human TOFu 
cDNA insert. 

agreement with the levels of immunoreactive TGFa which could be detected 
in the CM from these cell lines (Table 2). Moreover, the data demonstrate 
that there is a time-dependent decline in the level of TGFa mRNA expression 
in vivo in MCF-7 tumors obtained from nude mice at various times following 
removal of exogenous supportive estrogen pellets. After 10 days of removal 
of the estrogen source, there is an approximately 3-fold decrease in the level 
of TGFa mRNA in these tumors. This response is specific for TGFa mRNA, 
since there is no change in the level of actin mRNA (data not shown). At this 
time, there was only a 20-30% decrease in tumor growth rate. Collectively, 
these results illustrate that estrogens can regulate TGFa mRNA expression 
and TGFa production in estrogen-responsive human breast cancer cells in 
vitro and in vivo. 

The presence of immunoreactive TGFa and TGFa mRNA is not restricted 
to cultured human breast cancer cells. Twenty-two primary human breast car­
cinomas, one benign fibrocystic lesion, two fibroadenomas, and one normal 
breast biopsy were analyzed in the TGFa RIA for immunoreactive TGFa 
[43]. An additional 15 primary human breast tumors were also analyzed by 
Northern blot analysis of poly (A)+ RNA for TGFa mRNA using a human 
TGFa riboprobe [44]. The levels of TGFa in the tumor tissues and normal 
tissue extracts ranged from 1.5 to 6 ng/mg protein. In approximately 50% of 
the primary breast tumors, the levels of immunoreactive TGFa were greater 
than 2.5 ng/mg protein, which exceeds the level found in the single normal 
breast tissue examined. Moreover, in the 15 tumors analyzed by Northern 
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blot analysis for the presence of TGFa mRNA, 53% of the tumors within this 
group possessed a demonstrable 4.8-kb TGFa mRNA species. Moreover, in 
this latter TGFa mRNA-positive group of tumors, 75% of these tumors were 
estrogen and progesterone receptor positive. In contrast, in the TGFa 
mRNA-negative population, the majority of these tumors were estrogen and 
progesterone receptor negative. A larger number of tumor samples will, 
however, have to be analyzed to ascertain whether this association of TGFa 
and estrogen and progesterone receptor status is statistically significant. 
Nevertheless, the data clearly demonstrate that TGFa is not entirely restricted 
to human breast cancer cells, since we were able to detect immunoreative 
TGFa in the extracts of a reductive mammoplasty biopsy [43]. In addition, 
the concentrated CM obtained from primary cultures of human mammary 
epithelial cells and an established cell line of human mammary epithelial 
cells was found to contain immunoreactive TGFa [5]. These results suggest 
that TGFa may be synthesized by normal mammary epithelial cells which 
are rapidly proliferating and that this growth factor may be synthesized and 
secreted by mammary epithelial cells at specific times during the development 
of the mammary gland, possibly during lactation [53]. 

2 .3 Human milk 

During the course of these studies of human breast tumor-associated TGFs, it 
became apparent that the MCF-7 cells, either in culture or propagated as 
tumors in nude mice, were a relatively poor source for obtaining sufficient 
quantities of these human TGFa activities for further purification. Further­
more, the recovery of such activity from the breast cancer cell lines or from 
the primary tumor extracts was generally low. In searching for an alternate 
source, we screened crude preparations of human milk for these activities, 
since human milk is known to contain a variety of hormones and other growth 
factors such as EGF [6]. Bioactivity in human milk samples were scored by 
use of the TGFa RIA and by appropriate bioassays. Since EGF is present in 
crude milk preparations, the EGF RRA could only be used on semipurified 
samples [53]. In our initial studies, we found that a majority (18 of 20) of 
dilipidated human milk samples obtained from individual donors contained 
varying levels of TGFa activity. In some of the milk preparations, the TGFa 
activity was equivalent to those levels detected in the CM samples from the 
breast cancer cell lines or associated with the human mammary tumor extracts. 
The bulk of TGFa activity was found to reside in the whey fraction in milk, 
since removal of the caseins by isoelectric precipitation failed to eliminate this 
activity. 

Since EGF (pI 4.5) is found in human milk at fairly high concentrations 
(approximately 50 ng/ml) and since it is one of the major mitogens associated 
with milk [77], it was necessary to further purify and characterize these milk­
associated TGFa activities. Large volumes of delipidated milk were, there­
fore, fractionated by isoelectric focusing (IEF) and monitored for TGFa 
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activity. Following IEF, three major TGFa species were detected with pIs of 
4.0, 6.0, and 7.0 (Table 3). Comparable isoelectric variants of TGFa were 
also observed in the acid-ethanol extracts prepared from primary human breast 
tumors. However, the recovery of TGFa activity of these three species from 
three of four human breast tumor samples was generally low. We have con­
centrated our efforts on characterizing the pI 4.0 TGFa from human milk for 
two reasons: 1) this activity appears to be identical to the TGFa species 
associated with the CM from MCF-7 cells and from the human breast tumors 
with respect to its isoelectric point and 2) the relative degree of purification of 
the species at this stage, since only 5% of the total protein is in this region of 
the gradient. We have designated the pI 4.0 TGFa as mammary-derived 
growth factor II (MDGF-II). As demonstrated in Table 3, all three milk 
TGFa species were able to stimulate NRK colony growth in soft agar, and all 
three species scored positively to varying degrees in the EGF RRA. In addi­
tion, all three fractions contained immunoreactive TGFa. However, the bulk 
of immunoreactive TGFa was found in the pI 6.5 to 7.0 region of the IEF 
gradient. It is clear that a portion of the immunoreactive TGFa in the pI 7.0 
fraction is biologically inert and that the majority of bioactive TGFa is asso­
ciated with t.he more acidic fractions. The relative proportion of these three 
TGFa species varied in milk preparations obtained from different donors. 
None of these three TGFa species contained significant amounts of immuno­
reactive EGF as determined by RIA analysis. The majority of EGF in the 
milk samples was found to focus at pH 4.4 to 4.5. 

MDGF-II has an apparent Mr of 6,000 following gel filtration HPLC under 
low salt eluting conditions. However, in a high salt buffer at neutral pH, the 
majority of TGFa activity elutes with a Mr of approximately 17,000. Following 
reverse phase HPLC on a CIS column, the 17,000 Mr species elutes as a single 
peak which possesses both EGF receptor-competing and NRK colony growth­
promoting activities. Both of these activities are destroyed by prior reduction 

Table 3. TGFa species in human milk 

Bioactivity or immunoreactivity/mg protein 

NRKcolony- ngEGF 
forming unitsa equivalent unitsb ngTGFac 

4.0 14,000-17,000 4600 5.6 3.2 
(MDGF-II) 

6.0 N.D. 2600 4.4 8.4 
7.0 N.D. 780 0.4 16.0 

N.D., not determined; bioactivity determined in aNRK soft agar assay and in bEGF RRA using 
fixed mambranes from A431 human epidermoid carcinoma cells. cImmunoreactivity determined 
in a RIA with a polyclonal rabbit anti-rat TGFa antibody (Biotope Inc., Bellevue, WA). No 
immunoreactive EGF was detected in any of these fractions using a polyclonal rabbit anti-human 
EGF antibody. 
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but not by acid or heat treatment. Figure 4 demonstrates that, at this stage of 
purification, the MDGF-II is almost homogeneous , since a major solitary 
band is observed on a 15% SDS polyacrylamide gel following reduction and 
denaturation. This 17,000 Mr protein band, when excised and eluted from a 
nonreducing gel, possessed NRK colony growth-promoting activity. MDGF­
II, therefore, differs from EGF by its isoelectric point and by its apparent Mr. 
We can estimate that 1 litre of human milk contains approximately 10 to 
15 !lg of MDGF-II. Crude human milk preparations were then probed by 
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Figure 4. SDS-polyacrylamide gel electrophoresis of reverse-phase HPLC purified MDGF-II. 
Fractions from a C18 [t Bondapak reverse-phase HPLC which contained NRK soft agar growth­
promoting activity and EGF receptor-competing activity were pooled, concentrated, and run on 
a 15% SDS gel following reduction and denaturation (Ial)e I). Standard proteins (lane S) were 10 
[tg of ovalbumin, 45K; a-chymotrypsinogen , 25K; ~-lactoglobulin, 18K; lysozyme, 14K; bovine 
trypsin inhibitor, 6K; and insulin (a and ~ chains), 3K. Gel was silver stained. 
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Western blot analysis to determine the identify of the total TGFa-related 
species from this source. Acid-ethanol extracted or acid-treated human milk 
preparations were absorbed to formalin-fixed A431 cells to bioaffinity purify 
any EGF-like activities. The A431 cells were then washed with acid to remove 
any EGF-like material which was bound to the high numbers of EGF receptors 
on these cells. The eluted material was then concentrated, denatured, re­
duced, and electrophoresed on 15 to 20% gradient SDS polyacrylamide gels. 
The gels were then analyzed by Western blot analysis for TGFa proteins. 
Figure 5B demonstrates the presence of a major immunoreactive 14,000 to 
16,000 Mr species and a minor 25,000 Mr species in these milk samples which 
can be detected on the nitrocellulose blots with a monospecific polyclonal 
rabbit anti-human TGFa antiserum. Control, preimmune rabbit serum failed 
to identify these bands (Figure 5A). It is not known whether these high Mr 
TGFa species in crude human milk are identical or related to the three pre­
viously described TGFa species (Table 3). Nevertheless, the results demon­
strate that multiple high Mr TGFa species with different isoelectric points are 
present in human milk and that some of these species are very similar to the 
TGFa activities found in the CM of the human breast cancer cell lines and in 
the acid-ethanol extracts prepared from primary human mammary tumors 
[37,41]. MDGF-II is apparently related to authentic TGFa, since it is able to 
inhibit the binding of 125I_EGF to A431 cell membranes in a RRA. More­
over, in the presence of a mouse monoclonal antibody against the EGF 
receptor, approximately 80% of the NRK colony-stimulating activity in the 
MDGF-II is inhibited, while inclusion of a polyclonal rabbit anti-human EGF 
antiserum in this assay with MDGF-II had no effect. These results demon­
strate that interaction of MDGF-II through EGF receptors on a responsive 
cell is necessary for the manifestation of its biological activity and that this 
growth factor is immunologically unrelated to human EGF. The ability of 
MDGF-II to stimulate AIG is not restricted to NRK fibroblasts. For example, 
purified MDGF-II was able to enhance the growth of mouse mammary tumor 
cells and a clone of MCF-7 cells in soft agar as colonies. In summary, MDGF­
II and additional high Mr TGFa activities have been identified and purified to 
varying extents from human milk. Comparable species are also present in 
human mammary tumors. These activities are apparently biochemically and 
immunologically distinct from human EGF. It is not known whether com­
parable high Mr activities are elaborated by normal human mammary epithe­
lial cells and, if so, whether their synthesis and/or secretion can be modulated 
by mammotrophic hormones. Moreover, the presence of multiple TGFa 
species with different MrS and isoelectric points suggests that they may repre­
sent larger precursor molecules for TGFa in much the same manner as mouse 
EGF is processed from a larger prepro molecule [78]. In fact, high Mr TGFa 
species have been detected in human urine and pleural effusions from cancer 
patients and in the CM from several human and rodent tumor cell lines [45, 
59-63]. These species, like the milk-associated TGFa activities, are bio­
logically and immunologically active. 



378 

45 -

25 

18 

14 

6 

A. 

S 1 

B. 

2 3 S 1 2 3 
Figure 5. Western blot analysis for TGFa in human milk. Human milk samples (50 ml) were 
either dialyzed against I % acetic acid for 48 hr at 4°C or acid-ethanol extracted. TGFa-like 
activities which will bind to EGF reccptors were affinity purified by repeated cycling over 
formalin-fixed A431 cells. EGF receptor-bound material was eluted with 0.1% acetic acid, 
lyophilized, and electrophoresed on 15-20°/., gradient SDS polyacrylamide gels following 
reduction and denaturation. Samples were transferred to nitrocellulose paper, blocked with a 3% 
bovine serum albumin solution at 4°C for 12 hr, and reacted with a I :\00 dilution of pre-immune 
rabbit serum (panel A) or with a I: 100 dilution of rabbit anti-human TGFa antiserum (panel B) 
for 3 hr at 4°C. After extensive washing, the filters were incubated for I hr at 4°C with 1251 donkey 
anti-rabbit antiserum (2 x 105 cpm/ml), washed, air dried, and exposed at -70°C to X-ray film 
for 4 days. Lanes: S, 14C-labeled protein standards; lane 1,25 ng low M, chemically synthesized 
TGFa; lane 2, acid-dialyzed human milk sample; and lane 3, acid-ethanol extracted human milk 
sample. 

3. CSSF and MDGF-I 

As was previously mentioned, there is an intimate interaction between 
mammary epithelial cells and the surrounding extracellular matrix. Growth 
and survival of normal mammary epithelial cells and differentiated mammary 
tumor cells is dependent upon the presence of an intact basement membrane 
in vitro and in vivo [8, 9, 79]. Breakdown of the basement membrane nor­
mally occurs during involution of the mammary gland following lactation [80]. 
However, unscheduled disruption of this structure in a well-differentiated 
tumor may lead to metastasis [22]. Therefore, growth factors that can regulate 
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the synthesis of components associated with the basement membrane may 
have physiological and pathological significance in the normal development of 
the gland and during tumor progression. A number of growth factors, such as 
EGF and TGFa, can differentially stimulate type IV collagen production in 
rodent and human mammary epithelial cells. In fact, this function is central in 
the ability of these agents to function as mitogens for normal mammary epithe­
lial cells and for some mammary tumor cells [8]. CSSF and MDGF-I are two 
novel growth factors that have been isolated from rat and human mammary 
tumor cells, respectively [46, 47]. CSSF and MDGF-I can differentially stimu­
late the synthesis of various components associated with the basement mem­
brane. These two growth factors functioning individually or in concert with 
other growth factors, such as TGFa, which are also produced by mammary 
epithelial cells, may be important in regulating mammary epithelial cell 
growth. 

3.1 CSSF 

Initial studies demonstrated that EGF could produce a 2- to 3-fold differential 
increase in collagen production in normal rat mammary epithelial cells but 
not in mammary epithelial cells cultured from primary DMBA- or NMU­
induced rat mammary tumors. The lack of responsiveness of the primary 
tumor cells to exogenous EGF with respect to the stimulation of collagen 
production is due in part to the elaboration of CSSF [46]. CSSF was found to 
be present in the acid-ethanol extracts prepared from primary DMBA- and 
NMU-induced rat mammary adenocarcinomas. CSSF was found to differen­
tially stimulate collagen synthesis by 2- to lO-fold in normal rat mammary 
epithelial cells, NRK cells, and BALB/c 3T3 cells. Pulse-chase experiments 
demonstrated that CSSF was not affecting the turnover of type IV collagen in 
normal rat mammary epithelial cells or the turnover of type I collagen in the 
case of NRK cells. CSSF was ineffective in stimulating type IV collagen 
production in the DMBA or NMU tumor cells in primary culture. CSSF has 
been purified from primary DMBA- and NMU-induced rat mammary tumors 
by preparative gel filtration chromatography, CM-cellulose ion exchange 
chromatography, and isoelectric focusing. CSSF is a 68,000 Mr protein which 
is acid stable. Biological activity could be destroyed by heating or by pepsin 
treatment. CSSF has a pI of 5.9 following isoelectric focusing. The pI 5.9 
fraction, when run on a 7.5% SDS polyacrylamide gel, exhibits a Mr of 
approximately 68,000. The biological activity could be directly recovered 
from this region of the gel which represents approximately 0.0001 % of the 
total tumor cell protein. CSSF is active in the 10 to 20 ng/ml range and on a 
molar basis is 3- to 5-fold more potent than either EGF or TGFa in differen­
tially stimulating collagen synthesis. 

The distribution of CSSF in various types of rat mammary tumors and 
other rat tissues has been investigated. CSSF activity could not be detected in 
proliferating rat mammary glands or in rat liver. However, normal bovine 
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mammary tissue obtained from estrogen- and progesterone-primed cows 
contained considerable amounts of CSSF activity, suggesting that a similar 
hormone priming in rodents may induce CSSF production in these animals. 
CSSF activity was highest in the primary DMBA- and NMU-induced rat 
mammary tumors, while little or no activity could be detected in the trans­
plantable DMBA and NMU tumors. These data were in agreement with the 
lack of a 68,000 Mr protein which could be detected in the transplantable 
tumors. The relative abundance of this protein correlated with the amount of 
CSSF activity detected in the crude acid-ethanol tumor extracts. The presence 
of CSSF activity was found to correlate with the degree of tumor differentia­
tion and with the presence of a basement membrane (Table 1). In addition, 
the primary tumors synthesize basement membrane type IV collagen, while 
the transplantable tumors elaborate stromal type I collagen. It is, therefore, 
possible that the growth of these primary tumors is regulated. in part by 
CSSF and by TGFa which function by stimulating basement membrane pro­
duction. Conversely, the transplantable tumors which fail to elaborate these 
two growth factors also lack a basement membrane. More importantly, these 
transplantable tumors readily metastasize. Further studies are necessary to 
ascertain whether this loss in growth factor production (i.e., CSSF and TGFa) 
is involved in the progressive acquisition of the metastatic phenotype in these 
tumors or is just epiphenomenon. 

3.2 MDGF-I 

MDGF-I is the human counterpart of CSSF [47]. Like CSSF, MDGF-I can 
differentially stimulate the production of type IV collagen in normal rodent 
and human mammary epithelial cells and type I collagen in NRK cells. 
MDGF-I was initially identified and purified from human milk, but an iden­
tical growth factor is also found in primary human mammary tumors. MDGF­
I was purified to homogeneity from 5 liters of human milk by isoelectric 
focusing, HPLC gel filtration and SDS gel electrophoresis. MDGF-I has a Mr 
of 62,000 and an isoelectric point of 4.8. The biological activity of MDGF-I is 
heat stable and insensitive to disulfide reduction. These latter two properties 
are in contrast to CSSF. MDGF-I or CSSF are both capable of stimulating the 
anchorage-dependent growth of rodent and human mammary epithelial cells 
but not of rodent fibroblasts. Neither growth factor is able to enhance the 

. AIG of NRK cells in soft agar, suggesting that they are unrelated to the 
TGFs. Moreover, each activity does not inhibit the binding of EGF to its 
receptor, suggesting that a unique receptor exists for these two growth factors. 
Since approximately 23 [lg of MDGF-I could be recovered from 1 litre of 
human milk, sufficient quantities of growth factor were available for radio­
iodination. High affinity receptor (Kd, 2 X 10- 10 M) for MDGF-I exist on 
mouse and human mammary epithelial cells, on NRK cells, and in isolated 
membranes obtained from human A431 epidermoid carcinoma cells. 1251_ 
MDGF-I binding was not inhibited by EGF or a variety of other growth 
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factors, suggesting that these receptors were specific for MDGF-I. Saturation 
of specific binding of 125I-MDGF-I occurs between 5 to 10 ng/ml, which is in 
agreement with the amount of growth factor that is optimal for stimulating 
cell proliferation or collagen production. MDGF-I is not unique to human 
mammary tumor cells, as demonstrated by its initial identification in human 
milk. In addition, normal human mammary epithelial cells in primary culture 
have a comparable activity associated with their CM. This activity competes 
with 125I-MDGF-I for binding to receptors on these cells and on NRK cells. 
However, human mammary tumor cells produce approximately 3- to 5-fold 
more MDGF-I than the normal cells. 

The hallmark property of MDGF-I is its ability to differentially stimulate 
the production of collagen in responsive cell types. Like CSSF, this effect is 
primarily due to a selective increase in collagen synthesis rather than to 
a decrease in collagen turnover. Furthermore, in NRK cells which fail to 
respond mitogenically to this growth factor yet show an increase in collagen 
production, this effect on collagen synthesis is due to an ehancement in the 
level of expression of the type I collagen mRNA. Whether a similar mech­
anism is operative in mammary epithelial cells in vitro is not yet known. There 
is evidence to suggest that the levels of type IV collagen mRNA expression in 
primary DMBA- and NMU-induced rat mammary tumors is directly coupled 
to the growth rate of these tumors, suggesting that estrogens might regulate 
the production of CSSF in these tumors or the response of these tumor cells to 
CSSF. This may also be the case for MDGF-I, since the growth-promoting 
effects of MDGF-I on mouse mammary epithelial cells were found to be 
negligible when the cells were isolated from ovariectomized mice. However, 
if ovariectomized animals were given estrogen replacement, then the growth 
response to MDGF-I could be restored in vitro using mammary epithelial 
cells obtained from these mice. 

We have previously demonstrated that the growth response of mammary 
epithelial cells in vitro to various mitogens, such as EGF, could be modulated 
by the composition of extracellular substrate [8, 9]. A similar situation exists 
for MDGF-I. For example, when normal mouse mammary epithelial cells are 
grown on type IV collagen, MDGF-I was incapable of differentially stimu­
lating the synthesis of type IV collagen in these cells. However, when cells 
were maintained on type I collagen or plastic, MDGF-I produced a 4-fold 
differential increase in type IV collagen synthesis. These results suggest that 
the basement membrane may negatively regulate the response of mammary 
epithelial cells to various mitogens. One possible mechanism by which this 
might occur is through the regulation of receptor expression or processing on 
mammary epithelial cells by the extracellular matrix. Such a situation has 
been demonstrated for EGF receptor down-modulation in mouse mammary 
epithelial cells [81]. Collectively, these data support the hypothesis that 1) 
collagen production is tightly coupled to the mitogenic response of mammary 
epithelial cells to various growth factors, including MDGF-I, and 2) thc mag­
nitude of the mitogenic response to specific growth factors through receptor 
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modulation is controlled by the composition of the extracellular matrix in 
which the mammary epithelial cells are situated. This cross-talk between the 
mammary epithelial cells and the surrounding extracellular matrix may have 
important implications with respect to the normal growth and differentiation 
of mammary epithelial cells and the pathogenesis and progression of breast 
tumors in vivo. The synthesis and turnover of the basement membrane 
is crucial and apparently rate-limiting for the growth of normal mammary 
epithelial cells in response to various hormonal stimuli in vivo. Factors such as 
MDGF-I or TGFa, which are produced within the gland in response to specific 
hormones such as estrogen and which can regulate the synthesis of com­
ponents associated with basement membrane, would therefore perform an 
essential function in modulating the proliferation of malignant and normal 
mammary epithelial cells. 

4. Conclusions 

It is apparent from this brief review that normal and malignant rodent and 
human mammary epithelial cells contain and secrete a variety of chemically 
and biologically distinct growth factors. The presence in human milk of com­
parable growth factors suggests that these activities may be produced by 
normal mammary epithelial cells and that they may have some function in the 
developing neonate. Primary cultures of human mammary epithelial cells do 
secrete biologically active TGFa and MDGF-I. However, it is not yet known 
as to which cell type within these cultures or within the mammary gland 
synthesize these two activities. At the present, we assume that the ductal or 
alveolar epithelial cells are elaborating these two growth factors and that the 
myoepithelial cells which are the major producers of type IV collagen are 
potential target cells for TGFa and MDGF-I. In addition, the ability of certain 
mammotrophic hormones such as estrogens to regulate the production or 
sensitivity of cells to TGFa and MDGF-I suggests that these growth factors 
may perform a normal physiological function during the growth and develop­
ment of the mammary gland. This may be the case, since estrogen and pro­
gesterone can regulate the appearance of an EGF-like growth factor in vivo in 
normal mouse mammary tissue and estrogens can control the level of TGFa 
mRNA expression in human breast tumor xenografts [44, 67]. In addition, 
EGF or EGF-like growth factors such as TGFa have been demonstrated to 
regulate the proliferation and differentiation of primary mammary epithelial 
cell cultures and of mouse mammary explants in vitro [2, 3, 5, 66, 67]. The 
coordinated effects of several locally synthesized or systemically derived 
growth factors are therefore probably required for regulating these various 
physiological responses in vivo. In this respect, growth factors or growth 
inhibitors not reviewed in this article, such as IGF-I, IGF-II, PDGF, FGF, 
TGF~, mammary growth inhibitor, human mammary tumor growth factor, 
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and a 52-kDa protein, have all been shown to be associated with either 
normal and/or malignant mammary epithelial cells [4, 36-52]. 

Overexpression of these growth factors or their receptors or loss of hor­
monal control of their production could have important pathophysiological 
consequences, especially during the development and progression of rodent 
and human mammary tumors. For example, the presence of CSSF and TGFa 
in well-differentiated, hormone-dependent, rat mammary adenocarcinomas 
and their apparent absence in more aggressive, metastatic, hormone­
independent rat mammary carcinomas is noteworthy in this respect. One 
might expect to find a whole spectrum of malignancies ranging from primary 
hormone-dependent tumors to metastatic hormone-independent variants 
which express different growth factors, receptors for growth factors, and 
various oncogenes. For example, several laboratories have now demonstrated 
that there is a significant inverse relationship between the presence of estrogen 
receptors and the level of EGF receptors [82-87]. Specifically, human breast 
tumors or human breast cancer cell lines which are expressing high levels of 
EGF receptors were generally found to be estorgen receptor negative. Those 
primary human tumors which were estrogen receptor negative and which con­
tained high levels of EGF receptors were found to be less well differentiated 
and highly metastatic [84, 85]. Since the EGF receptor is now known to be the 
product of the c-erbB proto-oncogene and since TGFa interacts with this 
receptor system, these results become even more significant [15, 16]. Over­
expression, amplification, and/or rearrangement of c-erbB has in fact been 
demonstrated to occur in some human breast cancer cell lines [88]. Moreover, 
a recently discovered oncogene neu or c-erbB-2 encodes an EGF receptor­
related cell surface glycoprotein which possesses a tyrosine kinase activity like 
the EGF receptor [89, 90]. Although the endogenous ligand which utilizes 
this potential receptor has yet to be identified, amplification of this oncogene 
has been detected in a subset of human breast tumors [35]. In a retrospective 
study, approximately 28% of the primary human breast tumors tested con­
tained one to twenty extra copies of this gene. This study showed that there 
was a strong prognostic correlation between amplification of the neu onco­
gene and the frequency of breast cancer recurrence. In addition to c-erbB and 
neu, there is also evidence that overexpression of or deletions within the c­
Ha-ras-l proto-oncogene are present in some human breast tumors and in 
primary DMBA-induced rat mammary adenocarcinomas [32-34]. Moreover, 
primary NMU-induced rat mammary adenocarcinomas contain a point 
mutated form of c-H-ras [72]. One consequence of activation or overexpres­
sion of the ras oncogene or proto-oncogene is the enhanced synthesis and 
secretion of TGFa, which has been demonstrated in rodent fibroblasts and in 
mouse and rat mammary epithelial cells and the concommitant loss in the 
growth responsiveness of these cells to exogenous EGF [17,33,36, 42, 72~ 76]. 
These data imply that there may be a relationship in mammary tumor cells 
between the pattern of oncogene expression and the production of or response 
to particular growth factors in certain types of human breast tumors. How-
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ever, a number of questions remained unanswered. These questions or 
relationships include the sites of synthesis or expression of different growth 
factors or growth factor receptors by subpopulations of cells within any given 
breast tumor, the pathology of a particular breast lesion, and the activation, 
overexpression, or rearrangement of various oncogenes within these tumors. 
Are these growth factors functioning as true autocrine or paracrine activities 
in regulating the proliferation of mammary tumor cells or possibly surrounding 
host cells? The use of highly specific polyclonal or monoclonal antibodies 
against defined growth factors or growth factor receptors for immunocyto­
chemical localization and the application of appropriate growth factor or 
growth factor receptor cDNA probes or riboprobes to in situ hybridization 
will help address these questions [25]. If these immunological reagents can 
inhibit the growth of these tumor cells, this would provide strong evidence for 
an autocrine role of specific growth factors in regulating tumor cell prolifera­
tion [25]. There is evidence that this may be the case for some types of tumor 
cells. For example, monoclonal antibodies against the EGF receptor or 
against the neu oncogene protein have been shown to arrest the in vitro and in 
vivo growth of tumor cells which are expressing these two proteins [91, 92]. 
Pharmacological antagonists that bind to specific growth factor receptors but 
which lack any biological activity may also prove to be effective in controlling 
breast tumor cell growth. 

In summary, it should be apparent that mammary epithelial cell prolifera­
tion, differentiation, and basement membrane synthesis are tightly coupled 
and coordinated processes. Several growth factors participate in regulating 
these events. Production of these growth factors is under the control of certain 
mammotrophic hormones, suggesting that the biological responses that are 
induced by these hormones may be mediated in part by these locally derived 
activities. 
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