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PREFACE

The idea for this book arose during the 1985 Gordon Conference on
"Mammary Gland Biology". New developments in the methodology of cell
biology and the explosive growth of molecular biology had begun to impact
upon our understanding of mammary gland growth and function. It seemed a
propitious time for summarizing the current status of knowledge of the cell
and molecular biology of mammary cancer and for attempting to outline future
areas of concern and interest. The reviews presented here were completed by
the Fall of 1986. Although new insights will surely continue to emerge, it
is hoped that the material in this volume will form not only a current
update but a basic core of information for future experiments.

We have not attempted to cover all areas of mammary gland
transformation. Those areas where recent detailed reviews are already
available have been omitted. Also, the areas of normal gland development,
cell ultrastructure, hormone responsiveness, chemotherapy and clinical
aspects of mammary cancer have not been included. Instead, we have selected
those areas where the development of new methodology, reagents and results
have led to new ideas about mammary gland function and development as they
are related to neoplasia.

The first section presents topics on cellular aspects of the mammary
gland, particularly those aimed at defining the cell lineages important in
neoplastic development and progression. The availability of a wide range of
polyclonal and monoclonal antibodies to cell proteins has led to new
concepts in this area. The second section includes topics in cell-cell and
cell-extracellular matrix interactions in mammary gland development and
function. This is an area that has benefited growth from new cell culture
methodology. As these chapters illustrate, cellular interactions play a
major role in the fetal development of the gland, in normal functional
differentiation, and in neoplastic progression.

The third section addresses topics in hormonal aspects of mammary
gland tumorigenesis. Historically, this is one of the most intensively
investigated areas of mammary gland biology; however, it is evident that
even after 60 years of investigation, new issues are still emerging. The
fourth section contains reviews of the viral aspects of mammary gland
tumorigenesis. Like the area of hormones and mammary tumorigenesis, viral
aspects have a long history. Recently there has been renewed interest in
this area after a nearly 10 year doldrum. The application of molecular
approaches has yielded an abundance of new data and concepts. Indeed, MMTV
has come to be the model of choice both for "enhancer-insertion"
carcinogenesis as well as for hormonal regulation of gene expression.
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The last section of this book offers topics on several aspects of
mammary gland transformation. Multiple approaches to the analysis of
mammary gland neoplastic transformation have led to improved model systems
in which diverse questions can be examined. Such questions span the areas
of mutagenic activation of oncogenes, the significance of differentiation
susceptibility to neoplastic development and the role of dietary
constituents in the prevention of neoplasia.

Although a major aim of this volume was to illustrate the multiple
approaches that have been used to analyze mammary gland function and
transformation, the area of mammary gland transformation elicits more than
an academic interest. Not only does the system excite the experimental
scientist because of its inherent beauty, experimental applicability,
complex biological interactions, and fundamental cellular properties, it
also stimulates a compelling desire to try to understand and solve the
problem of breast cancer. Human breast cancer strikes over 100,000 women
the United States annually and leads to over 40,000 deaths. Many of these
deaths occur in the prime years of life. This is a great emotional as well
as an economic tragedy. Similar statistics occur in the Western European
nations. Breast cancer is a problem which, at one time or another, strikes
practically every family in the United States. Thus, for both humanitariar
and scientific reasons, research on mammary gland function and tumorigenesi
assumes a high priority. It is our hope that these chapters may serve to
elicit new insight into mammary neoplasia, insights which eventually lead t
its control. In addition, the mammary gland (rodent and human) is one of
the best systems for investigating and eventually understanding the basic
concepts and processes in the initiation and progression of neoplasia.

A book like this one requires the commitment and work of many
contributors. However, the Editors wish especially to extend our heartfelt
and enormous gratitude to Dr. Clement Ip, Roswell Park Memorial Institute,
and the staff of the Organ Systems Coordinating Center who helped translate
this volume into reality. Dr. Ip effectively served as Managing Editor of
this volume and spent numerous hours collating, re-editing and formatting
these chapters, and has given his enthusiastic support to all of us
throughout this venture. We are also particularly grateful to Mr. Arthur
Hilgar and Mrs. Patricia Beers who were involved in the editing and re-
typing of these chapters.

Daniel Medina, Ph.D.
Baylor College of Medicine
June, 1987



CONTENTS

MAMMARY EPITHELIAL MARKERS AND CELL LINEAGES OF
MAMMARY NEOPLASIA

Changes in Antigen Patterns During Development of the

Mouse Mammary Gland: Implications for Tumorigenesis ......

J. Daams, A. Sonnenberg, T. Sakakura and J. Hilgers

Stem Cells in Mammary Development and Cancer ...................

P.S. Rudland

Structural Components as Markers of Differentiation and

Neoplastic Progression in Mammary Epithelial Cells .......

B.B. Asch and H.L. Asch

Chromosomes in Breast Cancer .............uvurummnnnnneeeenennns

S.R. Wolman

EXTRACELLULAR MATRIX AND CELL-CELL INTERACTION

Epithelium - Mesenchyme Interaction in the Fetal

Mammary Gland ...........c.iiiiiniiiiiiiiiiiiii i

K. Kratochwil

Extracellular Matrix Effects on Mammary Cell Behavior ..........

E.M. Durban

Extracellular Matrix: Structure, Biosynthesis, and Role

in Mammary Differentiation ................. ... . it

J.L. Blum, M.E. Ziegler and M.S. Wicha

Adipocyte, Preadipocyte and Mammary Epithelial Cell

Interaction ........iiiiiiin it iinnnenneeneeneneenennenns

F.E. Stockdale and D. Weins

Interaction of Mammary Tumor Subpopulations ....................

F.R. Miller and G.H. Heppner

HORMONES AND GROWTH FACTORS

Rodent Models to Examine In Vivo Hormonal Regulation

of Mammary Gland Tumorigenesis ...........................

C.W. Welsch

vii



Primary Culture Systems for Mammary Biology Studies ................ 181
B.K. Levay-Young, W. Imagawa, J. Yang, J.E. Richards,
R.C. Guzman and S. Nandi

Prolactin Effects and Regulation of its Receptors in
Human Mammary Tumor Cells .............cceitiiiinnnnnnennnnnnns 205
B.K. Vonderhaar and R. Biwas

Regulation of Growth and Secretion of Growth Factors
by 17-Beta-Estradiol and v-Rast Oncogene in
Human Mammary Cell Lines ............ccuiiiiiiiiiinnnennnnnnn. 221
R.B. Dickson and M.E. Lippman

Growth Factor Production by Mammary Tumor Cells .................... 239
W.R. Kidwell, S. Mohanam and D.S. Salomon

Prostaglandins in Breast CamCer ............eeeiiuernnneennneennnnes 253
A.M. Fulton

MMTV AND GENE EXPRESSION

Exogenous and Endogenous Mouse Mammary Tumor Viruses:
Replication and Cell Transformation ................. ... 0. 275
B.L. Slagle and J.S. Butel

On the Mechanism of Carcinogenesis by Mouse Mammary
TUmOY Virus ... ..ttt ittt ittt 307
G. Peters and C. Dickson

Hormonal Control of Mouse Mammary Tumor Virus
TransCription .. ....iiiiiiiit ittt ittt 321
N.E. Hynes, B. Groner, A. Cato and H. Porta

Overt and Cryptic Functions of the Mouse Mammary Tumor
Virus Long Terminal Repeat DNA Sequence ..............c.ccvvn.n 335
G.H. Smith

TRANSFORMATION

Cell Biology of Mouse Mammary Carcinogenesis in Organ
CULEULE . ittt it iiiiiiieenesanaosonesosaossnssoennsnssasnsenss 353
M.R. Banerjee, S. Chakraborty, D. Kinder, K. Monoharan,
and R. Menon

Involvement of Oncogenes in Carcinogenesis ..... i e e 381
S. Sukumar

Role of Differentiation on Transformation of Human
Breast Epithelial Cells ............tiiimuinnrrnnnennnennnnnns 399
J. Russo and I. Russo

Growth and Transformation of Human Mammary Epithelial
Cells in CULLULE .. ..iviitiiiii ittt ii it ineineeneenns 419
M.R. Stampfer and J. Bartley

Cellular Manifestations of Human Breast Cancer .................o... 437

H.S. Smith, S.H. Kairkee, B.M. Ljung, B. Mayall,
S.S. Sylvester and A.J. Hackett

viii



Cytokinetics of Mammary Tumor Models and the Effect
of Therapeutic Intervention .................cciiiiviinnenennn. 453
P.G. Braunschweiger

Current Concepts of Selenium and Mammary Tumorigenesis ............. 479
C. Ip and D. Medina

Dietary Retinoids and the Chemoprevention of Mammary
Gland Tumorigenesis .............iiiiiiiiiiiiiiiiiiiiii i, 495
C.W. Welsch



CHANGES IN ANTIGEN PATTERNS DURING DEVELOPMENT OF THE MOUSE MAMMARY GLAND:

IMPLICATIONS FOR TUMORIGENESIS
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IV. Discussion

I. INTRODUCTION

The development of the mouse mammary gland starts during fetal life
around day 10 to 11 after fertilization (Fig. 1). By day 13, the epidermis
shows focal outgrowths or invaginations into the underlying mesenchymal
structures. In a few days, these foci of epithelial growth show a centerally
located lumen and the earliest development of a duct. The basic design
of the mammary gland is finished by day 17 of embryonal life (1,2). The
second important phase in development begins around the 4th week of life in
female mice. A system of branching ducts develops in the fat pads. The tip
of the ducts show club-shaped structures, called endbuds.

A third phase of growth and subsequent maturation starts during early
pregnancy when the so-called lateral ("alveolar") buds appear along the
branched-out ducts. From these lateral buds, the alveoli emerge and
organize into lobular structures in which milk is produced. Early (light
microscopic) work on this sequence of events of the mouse mammary gland was

presented by Cole (3).

At the cellular level, the differences between the two main cell types
found in the fully differentiated mammary gland - the luminal cells and the
myoepthelial cells - are very pronounced. The myoepithelial cells are
located basal to the luminal cells, are basket-like with long cytoplasmic
protrusions and function as contractile elements. In contrast, the luminal
cells are cuboidal and secrete milk at their apical side.
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While the two functionally mature cell types of the mammary gland can
easily be distinguished morphologically, this is not the case for immature
types of cells in the developing gland. In the earliest phase, the 13-day
old fetal anlage, no distinction can be made between cell types within the
epithelial group of cells. At day 17, luminal markers appear at the apical
side of the most centrally located cells in the anlage, while the cells
closer to the basement membrane may express higher levels of basolateral
membrane antigens or secretory products destined to become located in the
basement membranes. Williams and Daniel (4) were able to distinguish with
the electron microscope a cell type on the outer edge of terminal endbuds
morphologically different from cells in the inner mass of the endbud. They
called these cells "cap" cells and hypothesized that they may represent a
bipotent stem cell for both the myoepithelium and epithelium.

It is our intention to describe some of the changes in morphology in
mammary gland epithelium in relation to the expression of a series of anti-
gens defined by a panel of monoclonal antibodies (5). We have defined at
least 5 different cell types based on morphology and antigen expression in
the neonatal and adult mammary gland. In this communication, we focus
attention on the earliest phases of development during embryogenesis.

Immunohistological studies of antigen patterns of normal epithelial
components of the mammary gland system are important because they can lead
to a better classification of the numerous histological types of mammary
tumors. The cell lineages which are often observed during tumor progres-
sion, can be traced using patterns of antigen expression. We illustrate
this briefly using one of the better known types of progression in MTV-
induced tumors, i.e. from hyperplastic alveolar nodules to adenocarcinomas
of the A and B type and to carcinosarcomas (6,7,8).

II. MATERIALS AND METHODS

Table 1 shows the designations of the various monoclonal antibodies
used in this study. The choice of this particular panel was based on the
location of the markers in developing epithelial structures, particularly
the terminal endbuds in puberal mice. Two markers, defined by JB6 and JsE3,
are present in a single cell layer in the tip of such endbuds. Two markers,
defined by 50B8 and YPC1/3.12, were chosen for the development at the basal
side of the gland, and were present in the cells in contact with the base-
ment membrane. Antibody 78B3 detects laminin. Two antibodies (50B8 and
33A10) detect different antigens expressed mainly at the luminal side of the
epithelial cells. They react with different glycoproteins.

We included one polyvalent antiserum in this study against an inter-
mediate filament system characteristic for epithelial cells, i.e. keratin.
The distribution of the antigens detectable with this particular antibody
has been described in detail for the rat and mouse mammary gland (11).

Immunoperoxidase Test on Frozen Sections

The antibodies were used on frozen sections, fixed for 3 minutes in
acetone and washed twice in ethylether to remove a lipid film that otherwise
inhibits the reaction. Incubation of sections with hybridoma culture fluids
for 90 min. at room temperature was followed by three washes with PBS and
incubation with peroxidase-conjugated secondary antibody. After a second
series of washes, color was developed with aminoethylcarbazole in acetate
plus hydrogen peroxide. The substrate was washed away with PBS and the
sections were counterstained with hematoxylin and mounted in Aquamount.
Inactivation of endogenous peroxidase was not necessary. For further

details, see (5).



TABLE 1: ANTIBODIES AGAINST EPITHELIAL MARKERS OF THE MOUSE MAMMARY GLAND

Monoclonal antibodiesl Location in epithelium Antigen definition
JB6 Tip of endbud Glycoprotein
JsE3 Tip of endbud Glycoprotein
78B3 Basement membrane Laminin
50B8 Apical membranes Glycoprotein (170 kD)2
33A10 Apical membranes Glycoprgtein
YPC1/3.12 Myoepithelial cells unknown
Polyvalent antiserumt
/p-keratin Various cell types Keratin®

1A antibodies were also used by Sonnenbert et al. (5)

25ee (9)

3see (10)

“see (11)

III. RESULTS

The anlage (Figs. 2 and 3A,B,C) of the 13-day fetus shows JB6 and JsE3
positive cells; these cells seem to originate from the basal cell layer of
the epidermis. A basement membrane starts to develop as seen with 78B3 and
keratins are expressed in every cell. No luminal markers are present during
these earliest stages of mammary gland development. These appear around 18
days of fetal development with the formation of a lumen. At this stage,
certain cells in the inner mass and along the lumen are negative for the JB6
and JsE3 antigens.

The second critical phase of development occurs at 4-6 weeks postna-
tally in female mice in the mammary endbuds. Here JB6/JsE3 positive cells
are confined to one cell layer along the basement membrane, although an oc-
casional cell in the inner mass of endbud may still be positive (Fig. 3D,E).
Noteworthy is the difference in thickness of the basement membrane, which is
absent or very thin at the tip of the endbud (laminin is seen in the cyto-
plasm of the cells at this location) and very thick and apparently folded in
the neck of the endbud where elongation into ducts takes place. Luminal
markers may be present in cells of the endbud, but not yet at the apical
side of the cells along the lumen. Polarization of the antigens towards the
lumen takes place during elongation of the duct. A new marker demonstrable
with YPC1/3.12 appears in the maturing myoepithelial components with the
elongation of the duct.

The third phase of development, which occurs during pregnancy, is
characterized by lateral bud formation and subsequent maturation of the
alveolus. JB6/JsE3 positive cells disappear and YPC1/3.12 positive cells
appear. One luminal marker (50B8) disappears whereas another remains
expressed (33A10). In the luminal cells, some keratin expression is lost,
but keratin expression remains high in the mature myoepithelial cells.
Luminal epithelial marker 33Al0 is now present in secretions; this marker
represents one of a series of milkfat globule membrane antigens (5).

The same markers can be used to define the antigenic phenotypes of
various preneoplastic and neoplastic changes of the mammary gland, such as
those induced by the mouse mammary tumor virus. The hyperplastic alveolar
nodule is not homogeneous in its pattern of antigen expression. Hyperplas-
tic alveolar nodules exhibit staining patterns resembling mature alveoli in
one portion of the lesion and normal ducts in other portions with respect to
markers as keratin and 50BS8.
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Figure 2. The three stages in the differentiation of the mouse mammary
gland with schematic representation of the markers used in this study.
Colored dots indicate the presence and roughly the location of the differ-
entiation markers used in this study. In the more primitive cells of the
fetal anlage and the puberal endbud, some markers are evenly distributed
while later in the duct these antigens show polarization and are expressed
in the basal or in the luminal cells. The antigen demonstrated by mono-
clonal JB6 is specific for the basal cell layer. In the fetal duct, the
antigen defined by monoclonal 33A10 appears when the first lumen is formed,
and it is the last antigen that remains in the luminal cell layer after
differentiation into alveoli during pregnancy. Pre-keratin is always
present in primitive cells, in basal cells and in myoepithelium, while in
ducts it is absent in about half of the luminal luminal cells.



A. Fetal skin with basal marker JB6.
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B. Anlage in 15 day fetus with JB6.

Figure 3. Frozen sections of mammary tissue stained by immunoperoxidase
technique with amino-ethylcarbazole and counterstained with hematoxylin.



C. Anlage in 18 day fetus with 50B8. Only the newly formed lumen is
stained.

D. Whole mount of terminal endbuds, stained with hematoxylin.



E. Tip of endbuds with JB6.
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F. Adenocarcinoma type B with JB6.



Type A: Adenocarcinomas have marker patterns different from that seen
in normal alveoli. The marker for mature myoepithelium, YPC1l/3.12, is not
present, but JB6 and JsE3 are weakly expressed in the cells along the base-
ment membrane. Luminal markers are expressed even when a distinct lumen has
disappeared. In hyperplastic alevolar nodules and the type A adenocarcino-
mas, a clear orientation with basal markers outside and luminal markers
inside, as seen in the normal gland, is still maintained in contrast to
other lesions.

Type B: Adenocarcinomas show numerous cells with the proper orienta-
tion. Basement membranes are very irregular. Lumina can still be seen and
luminal markers may still be expressed. JB6/JsE3 antigens are very often
present in one cell layer along basement membrane depositions, very similar
to the situation in the terminal endbud (Fig. 3E,F).

Solid type carcinomas loose the JB6/JsE3 antigens; luminal markers can
still be found and are indicative of some remaining polarization. Basement
membranes are more often interrupted and appear as short regions.

Carcinosarcomas have lost all signs of glandular structure. There is
only a weak expression of basal markers and no expression of myoepithelial
markers. A distinct basement membrane is not visible although laminin may
still be deposited outside the cells.

IV. DISCUSSION

The first visible evidence of the mouse mammary gland during embryo-
genesis is a slight enlargement of the epidermis of the embryo on the 10th
to 11th day. It is a band extending from forelimb to hindlimb on both sides
of the ventrolateral ectoderm. The epidermal cells migrate towards separate
"centers of concentration" generating individual mammary buds on the 12th
day. From days 12-16, the mammary rudiment grown slowly. At the 17th day,
when a fatty substance first appears in the fat pad precursor tissue which
develops separately posterior to the mammary epithelium (2), the mammary
rudiment starts to elongate by rapid cellular proliferation forming the
mammary sprout. The mammary epithelium penetrates the prospective fat pad
making branching trees in the last few days of gestation (for reviews, see
12,13,14).

At the cellular level, patterns of antigen expression reveal .certain
critical moments of development. Originally the anlage exhibits antigens
JB6 and JsE3 present in the basal cell layer of embryonal skin. The lumen
develops later and parallels the expression of luminal markers. Thus, cer-
tain markers of the cells along the basement membrane are expressed earlier
in prenatal life than the markers along the lumen. For example, laminin,
but also intermediate filament antigens of the keratin class, are expressed
very early, while antigens such as 50B8 and 33A10 come up later in embryonal
life.

It should be noted that together with "polarization" and the occur-
rence of a lumen in the developing mammary epithelium, an "opening" has to
be created to the outside. The destruction of the skin above the anlage may
be the result of expression of proteolytic enzymes expressed only during
luminal development at the apical side of the inner cells. It is well known
that mammary gland cells produce a number of such enzymes (15), but it
remains to be seen whether such enzymes are indeed expressed at this early
stage of development.

Mammary ductal elongation was described in detail, using the electron
microscope, by Williams and Daniel (4). Their study described a morpholog-
ical different cell type in the terminal endbuds, called "cap" cells, and



they presented several convincing arguments to support their hypothesis that
this cell type represents the stem cell for both the myoepithelium and the
luminal epithelium. Cap cells are undifferentiated by morphological cri-
teria; they are continuously proliferating; their layer is continuous with
the myoepithelium and they appear to migrate to deeper regions of the
endbud. The idea that cap cells may be stem cells can also be deduced from
comparable work in the rat by Dulbecco and co-workers (17,18).

The distribution of the cap cell in the terminal endbud, based on
morphological criteria, is identical with the distribution of the JB6/JsE3
positive cells; i.e. in a single layer of cells along the basement membrane
and an occasional cell deeper in the bud. The "radial" structures of cell
layers in the endbud suggests that from the tip cells, which originate at
the top of the endbud, move into two directions, one alongside the basement
membrane and one into the lumen. This movement and pathway of cells is
schematically presented in Figure 4. We believe that occasional stem cells
are still present in the ducts giving rise to luminal cells. It is also
evident from transitional cell types between the primitive cap cell and the
mature myoepithelial cells, that the latter derive from the former, as is
shown very clearly by Williams and Daniel (4).

Later stages of normal development, except the process of involution
of the lactating gland, have been described in detail (5). We were able to
distinguish three types of luminal cells, called type I and II ductal lumi-
nal cells and alveolar luminal cells. In the ducts, expression of keratins
could be related to morphological differences and may also be related to
functional differences in cells of the ductal system.

The antigenic phenotype of the hyperplastic alveolar nodule is very
similar to normal structures such as the alveolus and the mature duct. The
main feature distinguishing this so-called preneoplastic lesions from the
neoplastic ones described here (adenocarcinomas and carcinosarcomas) is the
fact that the myoepithelium is fully developed, at least with respect to the
emergence of the YPC1l/3.12 marker and the disappearance of the cap cell
markers and a continuous basement membrane.

Figure 4. A proposed scheme of cell lineages in the growing endbud and the
differentiating alveolus based on the experiments of Williams and Daniel (4)
and Sonnenberg et al. (5). Basal (Cap) cells differentiate in longitudinal
direction into myoepithelium of ducts and alveoli. Towards the lumen, they
produce luminal cells, mainly in the tip of the endbud but probably also,
with lower frequency in the duct. These luminal cells loose part of their
luminal markers and prekeratin during differentiation into alveolar cells.



The type A adenocarcinoma contains myoepithelium and the individual
lobes are close together with little stromal elements in between. Lumina
and luminal markers are still present, basal markers are weakly expressed
and there is keratin expression in the myoepithelial cells, The basement
membrane is continuous, regular and intact.

The type B adenocarcinoma also does not contain mature myoepithelium
as judged from YPC1l/3.12 expression. One cell layer contains the cap cell
markers JB6 and JsE3 and in this respect there is very close resemblance
with the organization of the terminal endbud. If the cap cell is indeed the
stem cell, these adenocarcinomas could be called stem cell tumors, with a
defect in maturation of myoepithelium. Luminal epithelial characteristics
are intact, but orientation may be disturbed. Also the basement membranes
are irregular, sometimes deposited locally in enormous amounts and are very
thick. Further progression from type B carcinomas to solid carcinomas with-
out many lumina results in discontinuous basement membranes and loss of the
cap cell markers. However, there are still groups of cell arranged around
small lumina and some orientation into a basal versus luminal side is
visible using some of these markers.

Carcinosarcomas do not resemble a normal mammary gland. All orienta-
tion is lost, although some laminin may still be produced and secreted by
the tumor cells. There is a general loss of luminal markers. Keratins may
still be seen to some extent.

Preneoplastic lesions, such as the hyperplastic alveolar nodule, have
been regarded as precursory stages for adenocarcinomas in the mouse mammary
gland (19,20); for review see (21). 1If this were the case, the defect in
maturation of myoepithelium in adenocarcinomas of types A and B should occur
in the progression from nodule to the carcinoma. However, genes involved in
this step of progression have not been identified and it still remains to be
seen whether this step might also occur in a normal mammary gland cell
immediately leading to a carcinoma.

Further progression from adenocarcinoma towards carcinosarcoma is a
rare event occurring infrequently in adenocarcinomas, often only after many
transplant generations. This type of progression has been observed in a
system of cloned mammary tumor cell lines, allowing us to study the genes
involved in this step from non-invasive to invasive tumor cells (22).
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I. CELLULAR STRUCTURE AND DEVELOPMENT OF THE NORMAL RODENT MAMMARY
GLAND

A major proportion of the development of the rodent mammary gland be-
gins after birth and prior to puberty, and results in the progressive growth
of the mammary parenchyma within the mammary fat pad (4). Extension of the
mammary ductal tree and the generation of its branching pattern occurs in
three main ways in varying proportions: first by the linear lengthening of
existing ducts, secondly by dichotomous branching of the growing ductal
tips, and thirdly by monopodial branching produced by the growth of colla-
teral buds situated at the sides of existing ducts (22,120,142)._ During
their period of rapid growth the ducts terminate in dilated TEBs“, which are
present until the ducts reach the limits of the mammary fat pad. The number
of TEBs reaches a maximum in rats that are about 20 days old, and afterwards
decreases. This decrease reflects not only their transition to terminal
ducts but also their progressive differentiation to ABs with each estrous
cycle (120). The ABs are direct precursors of the alveoli, which are then
capable of synthesizing mammary specific products during pregnancy and lac-
tation (120). The TEBs also contain cells with the highest mitotic activity
in the gland, and this activity is decreased in alveolar buds and alveoli
(28,121).

The mammary ducts are composed of one or more layers of cuboidal epi-
thelial cells, some of which border a lumen that is continuous throughout
the ductal systems, and a layer of elongated myoepithelial cells normally
surrounds them (4). 1In the past these two cell types have been distinguish-
ed by their characteristic ultrastructural morphologies: epithelial cells
possessing apical microvilli and specialized junctional complexes with asso-
ciated desmosomes, whereas myoepithelial cells possess smooth muscle-like
myofilaments with pinocytotic vesicles and basement membranes on their basal
surfaces (99). More recently immunocytochemical stains gave been used (20):
in the rat antiserum to MFGM and keratin monoclonal LE61~° (67) stain the
epithelial cells, and antisera to vimentin, hzman keratin, actin, myosin,
keratin monoclonal LP34, GS-1 and PWM lectins”, and antisera to the basement
membrane components laminin, Type IV collagen, Thy-1 (75) normally stain the
myoepithelial cells/associated basement membranes more intensely (27,61,
119,138,149). A third functionally differentiated cell type, the secretory
cell, is found in the mammary alveoli and this is characterized by its
ultrastructure (100), and by staining with peanut lectin (80) and with
antisera to casein (57,114).

Although the majority of the mammary gland consists of three discrete
cell types, the TEBs, lateral buds and ABs of the developing rodent mammary
gland are composed of a heterogeneous collection of cells (85,160). These
include epithelial and myoepithelial cells, and irregular loosely-adherent
cells. The irregular, loosely-packed cells or cap cells are situated mainly
around the periphery of the TEBs and lateral buds, and are of rather
undifferentiated appearance. They show gradations in ultrastructure to the
myoepithelial cells of the subtending duct and also the the epithelial cells
within the cortex of the TEB (85,160). The gradations to myoepithelial
cells are accompanied by an increase in the staining with antisera to actin,
myosin, human kgratin, vimentin, laminin, Type IV collagen (30,85), keratin
monoclonal LP34~, and the lectins GS-1 and PWM~. The gradations to epithe-
lial cells are accompanied by an increase in the staining with anti-MFGM
(85), a monoclonal to rat epithelial cells (30), and with keratin monoclonal
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LE613. The peripheral cells of the ABs are more closely packed, contain a
greater number of myofilaments and sgow increased staining with antisera to
myosin (85), keratin monoclonal LP34~, and the lectins GS-1 and PWM* than
those of the TEBs. These results suggest that the undifferentiated cap
cells do not represent a discrete cell type but show transitional forms to
myoepithelial cells on the one hand and epithelial cells on the other, and
that the tendency towards the myoepithelial phenotype is more predominant in
the more differentiated budded structures, the ABs. Results from pulse-
chase experiments with DNA precursors (28) and additional monoclonal anti-
bodies to cytokeratins (3) are consistent with this interpretation. Similar
types of transition have also been observed between epithelial cells in ABs,
which only bind peanut lectin after treatment with neuraminidase and casein-
secreting alveolar cells which can bind peanut lectin directly-~.

Whether any one of the three discrete types of mammary cell can di-
rectly regenerate the other cell types in vivo is unknown. Transplantation
studies of mosaic tissue from two inbred strains of mice show that ductal
and alveolar structures can breed true, and that neoplastic mammary tissue
in similar transplant lines can be categorized into one of the three dis-
crete types (126). However, in the former experiment the ductal and
alveolar growths are always in the same proportion in a given pair of mouse
strains, suggesting an alternative explanation based on hormonal differences
between strains, and in the latter case the argument is complicated by other
mammary cell types being found in some of the resultant tumors (1l4). More-
over, evidence is now mounting against completely immutable mammary cell
types in vivo. Thus mammary ductal epithelial cells may eventually give
rise to myoepithelial cells, since myoepithelial cells are absent from the
ducts of embryonic and neonatal rats, and only appear about 7 days after
birth (99,149). Moreover, different parts of the mammary gland have been
dissected out and transplanted to other suitable sites in syngeneic animals.
In all cases fully-developed mammary glands are generated which will secrete
milk products in isologous, pregnant hosts (58,59), suggesting a more re-
versible state between ductal and alveolar cells. Finally bud-free ducts
can regenerate the entire mammary tree, including TEBs (87) and casein-
producing alveoli” in appropriate hosts, suggesting that the collection of
intermediate cell types, including the cap cell, can also be generated from
the epithelial and/or myopithelial cells of the severed ends of the bud-free
ducts.

IT. CELLULAR STRUCTURE AND DEVELOPMENT OF THE NEOPLASTIC RAT MAMMARY
GLAND

The susceptibility of the rat mammary gland to rapid chemical carcino-
genesis decreases with age after 50 days (23,60), and is correlated with the
presence of TEBs and terminal ducts (122). Although the degree of glandular
differentiation of DMBA- (60) and NMU- (46) induced tumors varies somewhat,
the vast majority are delineated by a fibrous capsule showing little defi-
nite extracapsular infiltration or invasion, virtually no evidence of metas-
tases, and, in most tumors the cells are cytologically benign with normal
nuclear to cytoplasmic ratios, little cellular pleomorphism, and virtually
no aberrant mitotic figures (158). By standard human histopathological
criteria in our hands most of these tumors are benign, and are best classi-
fied as adenomas showing varying degrees of atypia. Serial transplantation
of these immunogenic (65) tumors in syngeneic animals can yield weakly-
metastasizing tumors (157), but chemical induction in partially immune-
deficient rats that are then subjected to nonspecific immunostimulation
produces nonimmunogenic tumors of much higher metastatic ability (64). The
former tumors metastasize to lungs and lymph nodes only, primarily through
the blood stream (159), while the patterns of metastatic spread of some of
the latter tumors are similar in many respects to those of the human
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disease, with involvement of lymph nodes, lung, bone, spleen and kidney, and
dissemination by lymphatic and/or hematogenous routes (64).

Analysis of the cell types present using the immunocytochemical and
ultrastructural criteria of the previous section shows that the benign
tumors, both carcinogen-induced and the MT-W9 transplantable tumor, contain
extensive areas of both epithelial and elongated, myoepithelial-like cells
in duct-like arrangements (5,32,78). However, many of the elongated, myo-
epithelial-like cells possess a more variable and undifferentiated appear-
ance than the myoepithelial cells of mature mammary ducts (32), and are
therefore more similar to the basal cells of TEBs and ABs (85). All tumor
lobules are surrounded by a basement membrane (32) which is often thicker
than normal (89), and more comparable to that of the neck region of TEBs
(160). In contrast, no cells with any myoepithelial characteristics are
seen in the transplantable, metastasizing rat mammary tumors described above
(SMT-2A, SMT-007, TMT-081, MT-450, TR2CL), and the majority completely lack
any basement membrane (32,159). Similarly the carcinogen-induced benign
tumors can synthesize small amounts of casein and produce alveolar-like
cells in hormonally stimulated rats (57,114,137). However, the amount of
casein mRNA (137) and the fraction of alveolar cells (57,114) is only 1-5%
of that found in normal mammary glands of lactating rats. The ability to
produce casein or alveolar-like cells %s completely lost in the metastasiz-
ing rat mammary tumors described above~”.

Although there is usually a complete loss of the residual myoepithe-
lial and alveolar features in most of the above metastasizing rat mammary
tumors, the weakly-metastasizing tumor TR2CL contains undifferentiated
elongated cells and patches of fragmented basement membrane (159). This
suggests that there may also be a gradual loss of the remaining myoepithe-
lial cell characteristics and basement membranes with increasing metastatic
potential, at least within the rat systems employed. This loss of myoepi-
thelial cells, basement membranes, and alveolar cells may not be true for
other types of metastasizing mammary tumors. Thus transplantable tumors
developed from the MMTV-induced mouse mammary tumors can metastasize and
still retain a basement membrane (97), but they are noninvasive in the
mammary fat pad and metastasize only to lungs (143). 1In these properties
they may be more akin to the weakly metastatic TRC2L rat mammary tumor.

III. CULTURE OF NORMAL RAT MAMMARY GLANDS AND BENIGN TUMORS

Collagenase digestion of normal rat mammary glands and chemically-
induced benign tumors severs the epithelial elements from most of the fatty
stroma, yielding organoids of glandular elements and fragments of blood-
vessels (55,113). If the digestion is terminated before destruction of the
surrounding basement membrane, the organoids will adhere to a tissue culture
vessel after 12-24 hr, and epithelial cells will grow out sometime later
(55). The majority of the stromal cells will adhere to the substratum after
2 hr, and hence can be separated from the more slowly-adhering epithelial
cell fraction (113). When re-introduced into cauterized fat pads of syn-
geneic rats the normal epithelial fraction gives rise to the entire mammary
system, whereas the faster-sticking fraction causes regrowth of the fat pad
(106). In primary cultures of normal glands and benign tumors, both epi-
thelial (Fig. la) and myoepithelial-like cells can be distinguished at the
ultrastructural level, although the latter tend to lose their myofilaments
(113). Moreover confluent cultures yield hemispherical blisters or domes
(Fig. 1b) (74) and small amounts of casein with the mammatrophic hormones
Prl, E, HC, and I (113). The normal epithelial cells stain with antisera to
MFGM and, after treatment with neuraminidase, some stain with peanut lectinp,
while the myoepithelial cells stain with antisera to vimentin (%44), Thy-1-,
laminin, type IV collagen (63,144) and the lectins GS-1 and PWM', exactly as
in vivo. However, staining with antisera to actin, myosin and human keratin
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is different. The keratin antisera stain the cultured epithelial cells as
well as some of the elongated, myoepithelial-like cells, although others are
unstained; while action and myosin antisera stain only some of the elongated
myoepithelial-like cells. In addition, larger transitional cells, intermed-
iate in staining between epithelial and myoepithelial cells can be distin-
guished (144); they are similar to the intermediate cap cells seen in vivo.
These cultures can also yield duct-like outgrowths when grown on a simulated
mesenchyme of floating collagen gel (101,156).

Single-cell-cloned epithelial cell lines have been obtained from nor-
mal mammary glands of 7-day-old Wistar Furth rats, e.g., Rama 704 (86), and
from DMBA-induced tumors of out-bred Sprague Dawley rats, e.g., Rama 25 (16)
or inbred Furth Wistar rats, e.g., Rama 37 (34), and from NMU-induced rat
tumors (29) (Table 1). All the primary epithelial cultures and the early
stages of the epithelial cell lines require the presence of myoepithelial-
like cells for satisfactory growth (106). Since all these epithelial cell
lines produce similar results, those of Rama 25 are described in detail.
This cuboidal epithelial cell line (Fig. la) although single-cell-cloned
three times, still yields ridges of elongated cells, elongated cells float-
ing freely in the medium, and 1-3% of elongated cell clones; one such clone
is termed Rama 29 (Fig. 1lc) (16,105). Similar morphological forms have also
been generated from mouse mammary tumor epithelial cells (26,52). The
elongated rat cells have been adjudged to be related to myoepithelial cells
based on their ultrastructure and their immunocytochemical staining pattern
(84,145,147). However, like the elongated, myoepithelial-like cells in
primary cultures of rat mammary glands (1l44), although the elongated cells
always express vimentin, laminin, type IV collagen, fibronectin, Thy-1 (29,
119,145,147,150) and the receptors for GS-1 and PWM lectinsh, the staining
pattern with antisera to actin, myosin, and human keratin is variable; some
clones stain well and others poorly, e.g., Rama 29 (118). On the whole the
most myoepithelial-1like cell lines have been produced from normal rat mam-
mary epithelial cells, e.g., Rama 401 (150) and Rama 704E (86) (Table 1),

Figure 1. Morphology of rat mammary cell lines in culture: Living cells
have been photographed with phase-contrast optics a. Colony of cuboidal epi-
thelial cells, Rama 25; b. droplet cells (DC) in a dense culture of cuboidal
epithelial cells with dome (DO); c. elongated, myoepithelial-like cells,
Rama 29; d. mammary fibroblasts, Rama 27.
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TABLE 1

Origins of Mammary Cell Lines Discussed

Mammary tissue Cell Line Identity Reference
Rama 704 epithelial (86)
Normal rat Rama 704E myoepithelial-like (86)
Rama 401 myoepithelial-like (150)
Rama 25 epithelial (16)
Rama 259 epithelial, truncated (108)
Benign DMBA alveolar-like pathway
rat tumor Rama 25-1 epithelial/myoepithelial (118)
intermediate cells
Rama 29 myoepithelial-1like (16)
Benign DMBA Rama 37 epithelial (34)

syngeneic rat tumor

Weakly-metastasizing rat Rama 600 epithelial (159)
tumor, TR2CL

Moderately-metastasizing Rama 800 anaplastic (33)
rat tumor, TMT-081 epithelial
Strongly-metastasizing Rama 900 anaplastic (110)
rat tumor, SMT-2A epithelial

Normal human SVE3 epithelial (unpubl.)9
transformed by SV40 Huma 7 epithelial (unpubl.)
Human ductal carcinoma Ca2-83 epithelial (112)

rather than from epithelial cells of benign mammary tumors, e.g., Rama 29
(16). This result is consistent with the better differentiated myoepithe-
lial cells being found in normal rather than in neoplastic glands in vivo.
However, it would also appear that the majority of the myoepithelial cell
markers, including the myofilamental arrays (84) are found in the most
recent converts from the cuboidal epithelial cells (86), and that subcloning
in vitro can lead to selective loss of the microfilamental systems (61).

For these reasons the elongated cells in primary cultures and cell lines are
classified as myoepithelial-like cells (107) (Fig. 2).

When confluent cultures of the cuboidal epithelial cell lines become
densely packed, they form small, dark, polygonal cells with small vacuoles
or droplets at their peripheries (Fig. 1b). These have been termed droplet
cells (16). Conversion of an initially homogeneous culture of cuboidal
cells to droplet cells can be accelerated with agents that stimulate dif-
ferentiation of Friend erythroleukemic cells (43), notably DMSO (16), PGE;
(108), or retinoic acid (117) in the presence of Prl, E, HC, and I. These
droplet-cell cultures contain domes (Fig. 1lb) and synthesize increased
amounts (20-40 fold) of immunoreactive casein, which has been authenticated
as the p42ka component present in rat milk by peptide-mapping techniques
(146). They also demonstrate an increase in staining with peanut lectin
after treatment with neuraminidase (80). Based on the above criteria these
cultures have been adjudged to be related to alveolar cells, although since
the amount of casein synthesized is only 1-2% of that found in lactating
mammary gland explants (146), they are classified as alveolar-like cells
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(107) (Fig. 2). The cuboidal epithelial cell lines can therefore give rise

to the major differentiated cell types of the mammary gland. They can also

form branched, immature duct-like structures (15,84) with a correctly orga-

nized basement membrane (90), and budded, sac-like structures superficially

similar to alveoli (88) on floating collagen gels. They or closely-related

cells are therefore possible candidates for stem cells for the mammary gland
and its mixed (epithelial and myoepithelial) tumors.

IV. IDENTIFICATION OF DISCRETE DIFFERENTIATION STAGES OF RAMA 25 IN VITRO
AND THEIR EFFECTS IN VIVO

Differentiation of the benign epithelial cell line Rama 25 along both
pathways occurs in discrete stages. Time-lapse cinematographic analysis
along the droplet cell/doming, alveolar-like pathway indicates that a linear
sequence of morphological stages exists, and that they are triggered,
directly or indirectly, by the pumping action of the Na+/K+ ATPhase (93) in
the order: cuboidal —+grey —dark —-dark-droplet —-doming cells (96) (Fig. 3).
The dark and dark-droplet cell stages are associated with increased peanut
lectin-binding ability after treatment of the cells with neuraminidase, and
the doming stage with the production of small amounts of casein (96). These
results suggest that the dark*droplet cells correspond more to the epithe-
lial cells in ABs which also require neuraminidase treatment before this
lectin will bind, than to the extensive casein-producing and peanut lectin-
binding alveolar cells in vivo. Each of these in vitro stages is associated
with the increased synthesis of a novel polypeptide; a variant epithelial
cell line derived from Rama 25, Rama 259 that has a truncated pathway
produces only grey and dark cells and their associated polypeptides (94)
(Fig. 3). DMSO or retinoic acid in the presence of Prl, E, HC, and I
accelerates the overall pathway predominantly by increasing the rate of
droplet cell formation, and this can be reversed by removing the inducers
(96). Similar morphological stages have been observed in normal primary

droplet cell: reduced tumorigenicity

casein, domes, peanut lectin
binding = alveolar-like

+H+DMSO
-H-DMSO
cuboidal cell e.g.
ama 25 :tumorigenic
elongated cell
€.g. Rama 797 non-tumorigenic elongated criss-cross
e.m. data cells e.g. Rama 521: tumorigenic
< epithelial spontaneous
P transformation
e.m. data =
myoepithelial-Tike e.m. data in vivo =
in vitro some myoepithelial-like cells.

Figure 2. Diagram of the intercellular conversions of Rama 25 epithelial
cells: Rama 25 cuboidal epithelial cells from a benign tumor can differen-
tiate to droplet cell/doming-alveolar-like cells with mammatrophic hormones
Prl, E, HC, I(H) and dimethylsulfoxide (DMSO) or to elongated myoepithelial-
like cells (e.g., Rama 29). Spontaneous transformation of the elongated,
myoepithelial-like cells can occur yielding morphologically transformed
cells (e.g., Rama 521). The reversible (T ) and irreversible ( i)
nature of the steps is also shown.
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cultures5 and cell lines (e.g., Rama 704) of rat mammary epithelial cells
showing that they are not unique to epithelial cell lines from benign rat
mammary tumors.

Clonal cell lines that are intermediate in morphology between Rama 25
epithelial cells and elongated, myoepithelial-like cells have been isolated,
and they form a morphological series in the order: Rama 25 cuboidal cells,
Rama 25-I2, Rama 25-I1, Rama 25-I4, and elongated cells e.g., Rama 29 (Fig.
4). This same order is maintained for increasing frequency of conversion to
elongated cells, increased binding of antisera to laminin, vimentin, Thy-1,
increased binding of GS-1 and PWM lectins™, increasing abundance of 7 poly-
peptides characteristic of elongated, myoepithelial-like cells, and increas-
ing myoepithelial ultrastructural features (Fig. 4). Similarly the same
order is maintained for decreasing conversion to cuboidal cells, decreased
binding of antisera to MFGM, decreasing abundance of 4 polypeptides charac-
teristic of cuboidal epithelial cells, and decreasing epithelial ultrastruc-
ture (118). The most abundant protein characteristic of elongated, myopi-
thelial-like cells, p9ka (8) increases mainly in Rama 25-I1 cells, laminin
in Rama 25-I1 and Rama 25-I4 cells, and Thy-1 in Rama 25-I4 and elongated
cells (118). That these morphological intermediates are also intermediates
along the elongated, myoepithelial-like pathway is suggested by the results
of pretreatment of Rama 25 epithelial cells with the microtubule-disrupting
agent colchicine. This treatment progressively increases the percentage of
elongated cell colonies after removal of the drug (95). When followed by
time-lapse cinematography, this conversion process is seen to occur by
sequential morphological stages, similar to those of the cell lines above.
The last stage is the only irreversible one (Fig. 4). Increases in binding
to Thy-1 antiserum and the changes in most of the 11 characteristic poly-
peptides after such treatment are also consistent with this model (95).
However, there appears to be no consistent molecular alteration producing
these effects: increases in p9ka (10) and Thy-1" are produced by increasing
the level of cytoplasmic mRNA, while the increase in type IV collagen is
produced mainly by a decrease in its degradation rate (148). These cellular
intermediates have also been identified by immunocytochemical and morpho-
logical criteria in primary cultures of normal mammary glands (Section III),
and several of the polypeptides, notably p9ka, have been found in different
elongated myoepithelial-like cells and cell lines from normal rat mammary
glands (9). These results suggest that both intermediate cells and p9ka

poly33 ¥
poly38 4
poly18 4 poly39 ¢
poly674 polyd4 4 poly48 §
poly52 4 poly52 4
‘l’ o — —_— e

O —=CH—)—

CUBOIDAL GREY DARK DROPLET CELL
peanut doming and
binding casein secretion

I Rama 25 celis NN

N XXRama 259 cellsj

Figure 3. Diagram of the differentiation of Rama 25 epithelial cells along
an alveolar-like pathway: The linear sequence of different morphological
stages of Rama 25 epithelial cells is shown after treatment with DMSO and
Prl, E, HC, I together with the corresponding changes in novel polypeptides.
The truncated pathway of the variant Rama 259 cells is also shown. The
polypeptide numbers are as described in Paterson and Rudland (94).
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protein are therefore not unique to a single cell line from a benign rat
mammary tumor.

When grown on floating collagen gels, the intermediate cell line Rama
25-12 forms more mature, duct-like structures than the parent Rama 25, and
these possess both epithelial and myoepithelial-like cells organized cor-
rectly within the tubules (118). The other two intermediate cell lines fail
to form such structures, but yield instead giant, striated cells which have
ultrastructural characteristics of skeletal muscle and which produce stria-
ted muscle-specific myoglobin (109) (Fig. 4). This result has been confirm-
ed when the cells are grown in nude mice as tumors, and when similar cells
from benign neoplastic Rama 37 (109) or normal Rama 704 (86) epithelial cell
lines are grown on gels in vitro or, for Rama 37-derived cells in syngeneic
rats in vivo. Ultrastructural and immunocytochemical analysis of cells on
gels suggests that Rama 25-I1 and Rama 25-I4 resemble the intermediate/cap
cells of TEBS and ABs respectively (118). Since the intermediate cell lines
can give rise to epithelial- and myopithelial-like cells as well as to well-
differentiated mesenchymal elements such as skeletal muscle (109), they are
better candidates than the closely-related epithelial cell lines such as
Rama 25 for both normal stem cells in mammary TEBs in vivo and for the neo-
plastic stem cells in the mixed tumors of glandular origin (56).

The epithelial cell lines from benign tumors, e.g., Rama 25 and Rama
37 yield progressively growing tumors within 20-40 days in nude mice (111)
or syngeneic rats (34) respectively, while those from normal mammary glands,
e.g., Rama 704 fail to yield tumors in syngeneic animals (86). The tumors
consist of glandular areas and spindle-cell areas of varying myoepithelial
phenotypes. The fact that most of the neoplastic mammary-growth-patterns
can be identified within the above epithelial areas suggests that different

Figure 4. Diagram of the differentiation of Rama 25 epithelial cells along
a myoepithelial-like pathway: The cell lines intermediate in morphology
between Rama 25 cuboidal, epithelial and elongated, myoepithelial-like cells
(e.g. Rama 29) are designated by R25-1 (118). They are also thought to
resemble similar cells in the direct conversion of Rama 25 cuboidal cells to
elongated cells (95). Only the last stage is irreversible. The polypeptide
changes associated with each stage are also shown; the numbers correspond to
those reported previously (95,118).
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histological forms of mammary tumor can be generated by a single, and/or
closely-related type of mammary epithelial cell (111). Complete differen-
tiation of the neoplastic epithelial cell line Rama 25 along either pathway
often reduces its tumorigenic potential in nude mice. Thus most of the elon-
gated, myoepithelial-like cell lines from Rama 25 (e.g., Rama 29) fail to
induce tumors in nude mice, but spontaneous transformants from Rama 29 yield
benign tumors composed of spindle cells of varying degrees of myoepithelial
characteristics (111) (Fig. 2). This suggests that subsequent, and perhaps
different transformation events are required to generate the spindle-cell
tumor, although this may not necessarily be the case in all systems (34,52).
Induction of differentiation of Rama 25 cells to droplet, alveolar-like
cells by DMSO, PGE1 (108), or retinoids (117) with Prl, E, HC, and I causes
a large reduction in rates of DNA synthesis in wvitro and in rates of tumor-
formation in nude mice (Fig. 2). Moreover, the variant of Rama 25, Rama 259
which fails to complete the later stages of the droplet cell-alveolar-like
pathway (94) also fails to reduce its DNA synthetic rate and tumor-forming-
ability under the same conditions. Thus the effect of mammatrophic hor-
mones, pregnancy (23,77), and agents such as vitamin A and the retinoids
(132) in protecting the rat mammary gland from carcinogenic insult may be
due to their ability to induce differentiation. This ability may be exerted
either at an early stage (73) converting normal stem/cap cells in TEBs (122)
to less susceptible, slower-growing differentiated cells (96,121), or at a
later stage in the carcinogenic process (140) converting tumor stem cells
(16,118) to differentiated cells having lower tumorigenic potential.

V. CHARACTERISTICS OF CARCINOMA CELLS FROM METASTASIZING RAT MAMMARY
TUMORS IN CULTURE

Collagenase digestion of transplantable, metastasizing rat mammary
tumors has not been very successful in obtaining cultured carcinoma cells,
an its use has been limited largely to the weakly-metastatic tumors such as
TR2CL (157,159). Thus other strategies have been employed. These include
culturing cells from ascitic versions of the transplantable tumor, e.g.,
TMT-081 (44) and SMT-2A (110) or by selecting the most metastatic variants
in vitro from cultured metastases (79), usually with other cell types
present as feeders. The ascitic and solid forms of the tumor and the cell
lines developed from them give the same histological appearance and patterns
of spread in the syngeneic rat, eliminating the possibility of major changes
being due to the cells growing as an ascites tumor or in culture (33,44,64,-
110). For our cell lines and strains (e.g., Rama 600, Rama 800, and Rama
900) isolated from tumors of increasing metastatic potential (TR2CL, TMT-
081, and SMT-2A respectively) (Table 1), there is a corresponding increase
in the cells’ ability to grow in suspension as loosely-adherent aggregates,
a decrease in growth rate, and a greater dependency for support on feeder
cells (33,110,159). In fact the most metastatic SMT-2A ascites tumor cells
grow only in culture with a feeder layer of normal mesothelial cells from
the same ascites fluid (110). There is also an increasingly anaplastic and
heterogeneous cellular appearance, as manifested by a gradual loss of normal
epithelial staining with antisera to MFGM and human keratin, a gradual loss
of epithelial ultrastructure, and a gradual increase in membranous blebbing
and shedding (33,110,159).

In contrast to cultured cells of normal and benign rat mammary glands,
those from metastasizing rat mammary carcinomas yield no myoepithelial
cells, and basement membranes are usually absent (33,110,159). The closest
to the benign tumor cell lines in these respects is the weakly-metastasizing
cell strain TR2CL which is composed not only of epithelial cells of the Rama
600 type (Table 1) but also of undifferentiated elongated cells. These
elongated cells are similar in staining pattern and ultrastructure to the
undifferentiated elongated cells generated by recloning normal myoepithe-
lial-like cell lines Rama 401 and Rama 704E (61l), in that they retain com-
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ponents of the basement membrane but have lost most of the microfilamental
systems. They do not metastasize on their own, however, and their presence
in the parental strain may serve to enhance the growth rate of the Rama 600
cell type (159), similar to the effect of the myoepithelial-like cells on
the growth of normal and benign epithelial cells in culture. In addition
cloned epithelial cell lines from TR2CL, TMT-081 and SMT-2A metastasizing
tumors fail to yield elongated, myoepithelial-like cells in culture (33,-
110,159), even after treatment with colchicine (95). This lack of produc-
tion of myoepithelial cells has also been observed in other metastasizing
epitheloid cell lines developed from a chemically induced rat mammary tumor
(79), although there may be exceptions for some MMIV-linked mouse systems
(143). Even in the rat, the tumors of the weakly-metastasizing Rama 600
cell line also contain a more elongated-cell component, but if this repre-
sents differentiation towards a myoepithelial cell it is of a partial and
incomplete nature, and may merely reflect a vestige of the complete pathway
(159). This partial differentiation towards a myopithelial cell, however,
may still be sufficient to generate the fragmented basement membrane which
is sometimes seen in the Rama 600 tumors in wvivo. Similarly no casein-pro-
ducing or alveolar-like cells have been detected in any of our metastasizing
cell lines under the same hormonal conditions that generate such cells in
the benign cell lines (33,110,159%. However, Rama 600 cells yield grey and
dark cells under these conditions~, possibly because of their retention of
some vestige of the differentiation pathway to alveolar-like cells. Perhaps
neoplastic transformation of the epithelial/intermediate cells results in a
truncation of both differentiation pathways, and this truncation occurs
earlier with increasing metastatic potential.

Most of the usual properties associated with viral transformation of
cultured fibroblasts (115,116) are not applicable in our series of rat
mammary cell lines of increasing metastatic potential (e.g., reduced, not
elevated growth rates; reduced, not elevated ability to grow in semi-solid
medium; reduced, not increased ability for autonomous growth (33,110,159)).
Thus clonal growth of the moderately-metastatic cell line Rama 800, which
metastasizes predominantly to lung and lymph nodes is stimulated substan-
tially by co-cultivation with fragments of either of these tissues, but they
are without effect on the non-metastasizing cell lines (31). Properties
which do change radically when these cells become highly metastatic are pro-
bably those involved with increasing instability (81,83,98) or plasticity
(103) of genetic expression. Thus, in addition to the loss of some or all
of both differentiation pathways of the normal mammary epithelial "stem"
cell, there is a large increase in chromosomal number up to near tetraploid
(33,110), and a large increase in resistance_to the cytotoxic effects of
drugs such as ouabain and trifluorothymidine’ (31). Similar but more
heterogeneous results in another rat mammary metastasizing system have been
reported for resistance to cytotoxic killing by adriamycin, 5-fluorodeoxy-
uridine (152), hyperthermia (141), and gamma irradiation (151). One final
example of the ability of the highly-metastatic mammary carcinoma cells to
adapt to their environment is the growth of the Rama 900 cells in nude mice.
Although the non-metastasizing Rama 25 (111) and the weakly-metastasizing
Rama 600 cells (159) grow readily in nude mice, cell strains of the moder-
ately-metastasizing TMT-081 (44) and strongly-metastasizing Rama 900 (110)
grow poorly from subcutaneous sites, and are eventually rejected, like their
parental tumors. However, if Rama 900 cells are inoculated intraperi-
toneally, about half the nude mice develop ascites tumors, and these mainly
contain mouse mesothelial feeder cells and Rama 900 tumor cells. The mouse
ascites-derived tumor cells can now produce tumors and metastases in nude
mice, but not in syngeneic rats (110). Results in this section, therefore,
tend to reduce the importance of simple molecular explanations that are
based solely on autostimulation of cell growth (116) for the metastatic
properties of our rat mammary systems, and tend to emphasize the increasing
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capability of the metastatic cell to adapt and take advantage of the
(growth) environment of its host (104).

VI. CELLULAR STRUCTURE AND DEVELOPMENT OF THE HUMAN MAMMARY GLAND AND
ITS TUMORS

Compared with the development of the rodent mammary gland, little is
known about that of the human breast. Presumably the same principles apply,
with the possible exception of the timing of those events that depend on
hormonal changes which may themselves occur at different developmental
stages in the two species. Most mammary ducts in humans are reported to
terminate in TDLUs (92) which are probably closest in appearance to the ABs,
and not the TEBs of rats (85). This finding probably arises because most of
the analyses in humans have been conducted on tissues from mature, parous
women, rather than from prepubertal girls, where the incidence of putative
TEBs may be expected to be at a maximum. The TDLUs, however, still contain
the highest mitotic activity in the gland (40,123), and there is some evi-
dence that structures more akin to TEBs are seen in adolescent girls (123).

Ultrastructural and immunocytochemical analyses of the TDLUs tend to
confirm their analogy with AB-like structures of rodents. Thus some of the
more immature TDLU structures contain a heterogeneous collection of cells
which include epithelial cells, myoepithelial cells, and peripheral cells of
a more intermediate ultrastructure (129,135) and gtaining pattern with anti-
sera to actin, myosin and keratin monoclonal LP34”. Although these periph-
eral cells show gradations in ultrastructure and staining patterns to the
myeopithelial cells of the subtending term%nal duct, in these respects they
are still closer to the myoepithelial cell” (129,135), and as such they
resemble the intermediate cells of ABs and not TEBs of rat mammary glands
(85). The TDLUs, like the ABs of rodents eventually give rise to alveoli
under the correct hormonal stimulation (13,124), and some monoclonal anti-
bodies [LICR-LON-M18 (41), HMFG-1 (138)] to EMA (127), the equivalent of rat
MFGM, as well as peanut lectin (80) preferentially bind to alveolar cells of
the lactating gland without the necessity for treatment with neuraminidase.
Thus some evidence exists in the TDLUs for cells that are morphologically
and perhaps functionally (40) intermediate between epithelial and myoepithe-
lial cells are for desialylating step(s) along a potential alveolar cell
pathway. Definite proof, however, will have to await a morphological analy-
sis of the terminal ductal structures of prepubertal and pregnant females.

Mammary dysplasia or fibrocystic disease can occur throughout the mam-
mary system, but the specific phenotypic feature which best correlates with
increased risk of neoplastic disease is the presence of atypical epithelial
proliferations that arise in terminal ductal structures (153). These
various lesions may be interpreted as either giant hyperplastic AB-like
structures or as hyperplastic groups of end buds, and probably represent a
spectrum from benign lesions to carcinoma in situ (154), the direct precur-
sor to mammary carcinoma, although there are contrary views (6). Thus both
benign and malignant human mammary neoplasias are thought to arise in termi-
nal ductal structures, and in this respect are more similar to those of the
rat than the MMTV-infected mouse (25).

Analysis of the cell types present in different neoplastic states us-
ing ultrastructural (1,6,45,71) and immunohistochemical staining techniques
(2,11,18,72) for components of the microfilaments and basement membranes, in
particular for myosin, human keratin, laminin and type IV collagen (49) has
shown that some myoepithelial cells and basement membranes are always pres-
ent in the major categories of benign breast disease (epitheliosis, adenosis
and fibroadenoma). Moreover, mixtures of epithelial, myoepithelial and in-
termediate cell types (92) occur in epitheliosis, while myoepithelial cells
form a major cellular component of sclerosing adenosis (6). . However, in
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infiltrating ductal carcinomas, the myoepithelial cells are almost entirely
absent, and fragmented basement membranes are retained by only a small pro-
portion, usually of the Grade I category (49). The premalignant carcinoma
in situ retains the normal glandular myoepithelial cells and basement mem-
brane surrounding the carcinoma cells, and often both are concurrently lost
in the production of infiltrating carcinoma (49). These immunocytochemical
results have been confirmed recently using monoclonal antibodies to novel
antigens on the surface of myoepithelial cells, notably monoclonal LICR-LON-
23.10 which recognizes basal cells of skin and blood vessels (47) and mono-
clonals to CALLA, the acute lymphoblastic leukemia antigen (48). Certain
benign lesions also contain the well-differentiated mesenchymal elements of
skeletal muscle, cartilage and/or bone (6,56) and others can be induced to
yield alveolar-like cells by a suitable hormonal environment (7,134); both
findings are extremely rare in infiltrating ductal carcinomas. Thus the
broad pattern of the parenchymal cell types and occurrence of basement
membranes in human breast neoplasms is therefore similar to that found in
the corresponding rat mammary tumors of varying metastatic potential.

VII. CULTURE OF NORMAL HUMAN MAMMARY GLANDS AND MALIGNANT TUMORS

Human mammary glands and benign tumors have been digested with colla-
genase and cultured in a way virtually identical to that of the correspond-
ing rat tissues (35,53,66,133). The organoids so produced are fully capable
of yielding all the major cell types in the nude mouse after appropriate
hormonal stimulation (50), and of producing very similar cellular morpho-
logies and structures to those of the corresponding rat mammary tissues on
plastic (35,133) and collagen gels (42,128,161). They therefore consist of
epithelial cells and basal, elongated myoepithelial-like cells (42,128).

The former stain with antisera (35) and monoclonal antibodies (36) to EMA,
antisera to human kerat%n, keratin monoclonal LE61, and peanut lectin after
neuraminidase treatment®, and some of the latter stain with antisera to
actin, human keratin, laminin, type IV collagen, vimentin, fibronectin,
keratin monoclonal LP34, monoclonal LICR-LON-23.10 and monoclonals to
CALLA®, as in the human mammary gland (41,47,48,49,80,127,138). They also
contain the larger, more open transitional cells (36,136) which are interme-
diate between epithelial and myoepithelial staining patterns®. Unlike the
rat cultures, however, many of the cells lose their nucleus and desquamate
into the medium (36,133). Since many of the _different epithelial morpholo-
gies can rapidly and reversibly interconvert® (128), this system is probably
unsuitable for the clonal separation of potential antigenic markers of
different cell types (37). However, pulse-chase experiments with DNA pre-
cursors in organ cultures suggest at least that the myoepithelial cells
originate from cells within the epithelial population (62).

Immortalization of primary cultures of human mammary epithelial cells
by transformation with SV40 (21) yields ring clones (e.g., SVE3) and subse-
quent single-cell-clones (e.g., Huma 7) of cuboidal, epithelial cells (Table
1) which also produce elongated cells, but at less than a tenth of the fre-
quency of the corresponding rat cells”. The epithelial cell lines produce
all the cellular morphologies and structures on collagen gels and in tumors
in nude mice that have been observed in the non-malignant rat epithelial
cell lines, byt in addition retain the desquamating properties of the pri-
mary cultures’. Ultrastructure, immunocytochemical staining and concanava-
lin A-reactive glycoproteins confirms the identity of the epithelial cell
lines with that of the majority of the epithelial cells of cultured
organoids’. 1In addition, some of the elongated cell lines on collagen gels
and in tumors have similar staining patterns to the elongated, myoepithe-
lial-like cells of primary cultures, and produce more basement membrane pro-
teins and mongclonal 23.10-reactive glycoproteins than their parental epi-
thelial cells’. The reduced production of different cellular morphologies
and their differentiated characteristics by the original SV40-transformed
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human mammary epithelial cell lines may be due to their different source of
human milks (139), their selection for growth in soft agar 621), and/or
their being hypotetraploid (102) compared with near diploid”. Results with
our Huma cell lines, however, suggest that epithelial stem cell systems that
can give rise to elongated, myoepithelial-like cells and droplet cell/dom-
ing, possibly alveolar-like cells may also exist in human mammary glands, in
a similar fashion to those of the rat.

Like most of the metastasizing rat mammary tumors, the culture of
human mammary carcinomas has been extremely difficult (17,53,66), although a
few epithelial cell lines have been established (51,69,70,82). Routine
digestion of over 100 primary ductal carcinomas with collagenase by slight
modifications (54) of the methods used for the rat mammary benign tumors
yields loosely-adherent (>72 hr), malignant-looking cell clusters and fast-
adherent (<48 hr), less malignant-looking epithelium on collagen gels (54, -
112) . Metastases in axillary lymph nodes and pleural effusions yield only
the loosely-adherent clusters, while normal mammary glands and fibroadenomas
yield only fast-adherent colonies (54,112). These results suggest that the
fast-growing, adherent sheets of epithelium from primary ductal carcinomas
(130) do not usually represent the most-metastasizing cell populations, but,
as in the rat the latter are probably best represented by the slow-growing,
loosely-adherent aggregates (19,68,70,155) which normally die out on repeat-
ed transfer in vitro (39,82,91). Those rare instances where epithelial
cells emerge as permanently-growing cell strains usually involve their pas-
sage through a period of crisis, which is often characterized by a switch
from very slow-growing, loosely-adherent cell clusters to more rapidly-
growing, adherent cell sheets (38,69,125). Continued passage of one prepa-
ration of loosely-adherent cell clusters has yielded a continuously growing
cell strain, Ca2-83 which has not yet undergone a period of crisis and still
grows with doubling times of 10-14 days (112) (Table 1). These cells are a
good representative of malignant cells found in many secondary mammary
tumors and can reproduce the fat-containing pleomorphic variants found in
the original primary tumor and recurrent metastases of the patient (112).
Moreover, the properties of Ca2-83 are also largely in keeping with those of
the more metastatic rat mammary cell lines and with what is known of human
mammary carcinoma cells (131), before their period of crisis in vitro, and
their subsequent transformation into established cell lines (112).

Since the fast-adherent sheets of epithelium from cultures of differ-
ent human mammary tissues nearly always contain elongated, myoepithelial-
like cells, while the loosely-adherent clusters do not, myoepithelial-like
cells are usually found in cultures of fibroadenomas and uninvolved peritu-
moral tissue adjacent to carcinoma (112). However, they are almost invari-
ably missing from cultures of metastases, the malignant cell strains Ca2-83
(112) and PMC-42 (76,155), and the loosely-adherent aggregates of malignant
cells of ductal carcinomas (112). Moreover, Ca2-83 cells fail to synthesize
at least one basement membrane component, laminin (112) and fail to produce
casein and alveolar-like cells in culture with DMSO and the mammatrophic
hormones®. These results are consistent with both the pathology of benign
and malignant human breast disease and the findings from culturing the equi-
valent rat mammary tumors. Whether loss of the basement membrane in most
human mammary carcinomas is caused by a failure in its synthesis (49), as
with Ca2-83, or by its enzymatic destruction (12) is unknown. The presence
of abnormal organoidal structures of epithelial and myoepithelial-like cells
in some of the primary ductal carcinomas and their absence in metastatic
tumors (112) probably reflect progression of the primary tumor from a less
malignant to a more malignant phase, and thus a larger proportion of organ-
oidal structures in the primary may result in the fragmented basement
membranes seen in some Grade I ductal carcinomas (49). These findings are
also more likely to be consistent with a mutational event occurring in an
epithelial stem cell with gradual truncation of its differentiation pathways
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during the progressive phase of the disease, than with mutational events
occurring simultaneously in the epithelial stem cell and an adjacent nondif-
ferentiating epithelial cell which ultimately gives rise to the malignancy
(138).
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I. INTRODUCTION

One of the primary aims in breast cancer research has been the devel-
opment of molecular markers that can a) distinguish among the different cell
types (epithelial, myoepithelial, stem cell, stromal, etc.) present in nor-
mal and abnormal mammary tissues and in cultures derived from these tissues,
and b) identify a cell as normal, hyperplastic/preneoplastic, or malignant.
Components of the cell surface and the cytoskeleton are especially promising
candidates for such markers. A variety of surface antigens, usually defined
by monoclonal antibodies, have now been described and were the subject of a
number of recent reviews (1-5). The focus of the present chapter will
therefore be on the cytoskeleton and in particular on intermediate filaments
and their constituent proteins.

Several general reviews on intermediate filaments and on keratins have
been published over the past few years and provide excellent introductions
to these cytoskeletal elements (6-11). Of the five classes of intermediate
filament proteins, only keratins and, in certain circumstances, vimentin
have been found in mammary epithelial cells (6-11). The purpose of our
discussion will be to summarize and evaluate the information currently
available on the expression of these components in mammary epithelium and
point out some of the advantages and problems associated with their use as
markers.

Both epithelial and myoepithelial cells of the mammary gland contain
filaments composed of keratins (12-16). As stromal cells do not have this
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type of protein, the use of antibodies against keratins in immunocytochem-
istry has provided an easy, reliable means of characterizing a cell as
epithelial or non-epithelial in most in vivo and in vitro situations (12-
20). In certain circumstances, for example with some long-term cell lines,
however, characterization of cells in this way becomes more difficult. This
problem will be addressed later.

Like other epithelia, the mammary gland has a characteristic subset of
the total of 19-20 keratins present in most mammals (8). The subset of ker-
atins found in mammary epithelium of the three species, human, cow, and
mouse, that have been analyzed to date is not the same either quantitatively
or qualitatively (Table 1) (8,21,22). Eight keratins are present in the
normal human gland, whereas cow and mouse mammary epithelium each have four
keratins (8,21,22). Only a M. 50,000 (50K) keratin with an isoelectric
point of 5.2-5.3 appears to be common to all three species. Human and cow
also have 58K and 58.5K keratins, respectively, with similar electrophoretic
characteristics, and human and mouse have 52.5K and 55K keratins, respec-
tively, and a 40K keratin that are similar. The differences, however,
underscore the need for caution in making generalizations or extrapolations
between species. Other complications arise because the epithelium can gain
and/or lose particular keratins in benign and malignant disorders (8,23),
growth in culture (8,21,22,23), growth on different types of substrata
(24,25), and possibly in other conditions as well. Additional problems,
associated mainly with monoclonal antibodies, involve "masking" of keratin
epitopes (26). These factors can affect the reactivity of antikeratin
antibodies with mammary epithelium and will be discussed where appropriate.

II. TECHNICAL CONSIDERATIONS REGARDING ANTIKERATIN ANTIBODIES

Several technical considerations should be mentioned regarding the use
of antikeratin antibodies (monoclonal or polyclonal) in immunocytochemistry.
Many antikeratin antibodies recognize formalin-fixed material, whether cul-
tured cells or tissue sections, either poorly or not at all (13,15,19,27,

Table 1

Keratins Present in Normal Mammary Epithelium

Keratins detected by 2D-PAGE

Species Basic Acidic
Human? 581((7.3)", 54K(6.0), 52.5K(6.1) 50K(5.3), 50K(4.9)C, 46K(5.1),
[5] [7] (8] [14] [15] [17]
45K(5.7)%, 40K(5.2)
(18] [19]
Cow® 59K(7-8), 58.5K(7-8) 53K(5.4), S0K(5.3)
Mousef 57K(7.1), 55K(6.3) 50K(5.2), 40K(5.4)

3pata from (8).

Numbers in parentheses indicate apparent isoelectric points.

®These keratins are either minor components or appear inconsistently in the
tissue.

Numbers in brackets refer to the keratin number designated in Moll's
catalog of human keratins (8).

€Data from (21).

Data from (22).
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29). For this reason, the most commonly used fixatives for studies on kera-
tins are alcohols, acetone, or a combination of the two. We routinely fix
cultured cells in absolute methanol followed by absolute acetone with imme-
diate rehydration in buffer (no air drying). Cultured cells can be kept in
methanol at -20°C for as long as a month with good preservation of antigeni-
city. Frozen tissue sections are fixed in acetone. For paraffin embedding,
pieces of tissue are fixed 24-48 hrs at 4°C in absolute ethanol, dehydrated,
embedded in paraffin, and sectioned using the lowest possible temperature
for each step (15). We strongly recommend testing any antikeratin antibody
on specimens fixed by one of these methods along with formalin-fixed sam-
ples. Regardless of the fixation method, pretreatment of paraffin-embedded
material with a protease such as Pronase (e.g., 0.1 mg/ml for 15 min at room
temp) after deparaffinization is usually necessary to obtain optimal
staining (19,27,29).

An important related point is that the validity of conclusions based
on results with an antikeratin antibody/antiserum is dependent on the char-
acteristics of the reagent. Keratins have a high degree of homology in
primary structure and most antikeratin antibodies react within and between
species with multiple keratins (8-11). However, no single antikeratin anti-
body or antiserum has detected all keratins in any species. Moreover,
determining that an antibody reagent reacts with epidermal keratins in im-
munodiffusion or immunoblot assays has limited meaning when the tissue under
investigation is the mammary epithelium, which may have only two or three
keratins in common with epidermis. For example, human epidermis expresses
keratins No. 1, 2, 5, 10, 11, 14, and 15, whereas human breast contains
keratins No. 5, 7, 8, 14, 15, 17, 18, and 19 (the numbering scheme for human
keratins is that of Moll et al., ref. no. 8). Thus, the two tissues share
only keratins 5, 14, and 15, and keratin 14 is present in breast as a minor
and/or variable component (8). Showing that an antibody recognizes keratins
1, 2, 10, or 11 in epidermis is not an indication of which keratin(s) it
detects in the mammary gland. Even an antibody or antiserum against epider-
mal keratins that is cross-reactive with many keratins may not recognize
mammary keratins. This problem provides one explanation for the lack of
reactivity of some polyclonal and especially monoclonal antikeratin antibod-
ies with rodent or human mammary epithelial cells (B. Asch and H. Asch,
unpublished data). It is therefore important to know at least that an anti-
body detects one or more mammary keratins of the animal under study, and
preferably, which mammary keratins are recognized.

By extension, if a mammary-derived cell does not react with a particu-
lar antikeratin antibody or antiserum, one cannot conclude solely on that
basis that the cell lacks keratins. This point becomes especially important
when dealing with tumors. In the only electrophoretic analysis of keratins
in human breast cancers (8,30), all tumors had lost expression of keratins 5
and 15. Although only a few carcinomas were examined (8,30), the implica-
tions are of considerable consequence. For example, an antiserum against
epidermal keratins that preferentially stained myoepithelial cells in normal
human breast was found to have little or no reaction with human breast
cancers (18). The authors’ conclusion that the tumors have very few myoepi-
thelial cells would be tenable if, for instance, the antiserum recognized
only keratins 5 and 15 in mammary epithelium and if these keratins were
restricted to myoepithelial cells. The antiserum used in the study was not
characterized in this regard (18), however. Alternatively, myoepithelial
cells may be present in the tumors but no longer express keratins 5 and 15.
The cell type specificity of the latter keratins has not been established.
In a related situation, we found that a commercial antikeratin antiserum
strongly stained the luminal cells in normal human breast but gave no reac-
tion with myoepithelium (B. Asch and H. Asch, unpublished results). When
tested on several infiltrating carcinomas, the antiserum produced little or
no staining. These data do not distinguish between the possibility that the
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tumors are derived from the myoepithelium and the possibility that the
keratin(s) in the epithelial cells recognized by the antiserum has been lost
during the development of malignancy. Immunoblot experiments to clarify
this point are in progress. The actual status of myoepithelial cells in
human breast cancers will require further investigation.

III. EXPRESSION OF KERATINS IN NORMAL AND ABNORMAL MOUSE MAMMARY
EPITHELIUM

In a series of studies to assess keratins as molecular markers of dif-
ferentiation and malignant progression in mouse mammary epithelium (22,23, -
26,31), we first examined the cytoskeletal composition of the adult female
mammary gland during the four stages of the mammary developmental cycle rep-
resented in virgin, pregnant, lactating, and involuting animals (22). The
polypeptides in cytoskeletal extracts from BALB/c mouse mammary tissues were
analyzed by one- and two-dimensional polyacrylamide gel electrophoresis (1-D
and 2-D PAGE) combined with immunoblots using polyclonal and monoclonal
antikeratin antibodies. Two acidic polypeptides of 50K and 40K, along with
two relatively basic components of 57K and 55K were identified as keratins.
Very few differences were found in the set of polypeptides expressed by the
gland in the various developmental stages, indicating that the cytoskeletal
composition of the epithelium is not grossly affected in vivo by hormonal
shifts, periods of minimal and maximal cell growth, or differentiated func-
tion. The similarity between extracts of mammary tissue from virgins, which
have only ducts in the BALB/c strain, and pregnant and lactating mice, which
have ducts and alveoli, implied that ductal and alveolar cells express the
same set of keratins.

The keratins expressed during the entire spectrum of normal physiolog-
ical states of the adult female gland were then compared with those express-
ed in mammary hyperplasias and tumors of hormonal, viral, and chemical
etiologies (23). The most conspicuous feature on 2-D PAGE of the cytoskele-
tal polypeptide profiles from the different lesions was the similarity to
each other and to that of normal tissue. However, important differences
were also apparent. In particular, the 55K keratin was greatly increased
and a 46K polypeptide that has now been identified as a keratin (R. Scott,
B. Asch, and H. Asch, unpublished results) was prominent in one hyperplastic
line and all mammary adenocarcinomas. As the 46K keratin has not been
detected in any of the normal adult mammary tissues, it may provide a marker
of neoplastic progression in vivo. We also discovered that abnormal differ-
entiation in the hyperplasias and tumors, i.e. squamous metaplasia with
keratinization, was associated with a marked increase in the 57K keratin
(23).

The effects of growth in vitro on the set of keratins expressed by
mouse mammary epithelium were also analyzed (22,23). Marked differences
between the in vivo and in vitro patterns of keratins in normal cells were
observed, including a substantial increase in the 55K keratin and the ap-
pearance of the 46K keratin (22). Other than the 55K keratin, most of the
neutral-to-basic cytoskeletal polypeptides, including the 57K keratin, were
reduced or absent compared to in vivo. Thus, normal cells in primary cul-
ture on plastic both gained and lost certain keratins, demonstrating that
like several other epithelia, expression of keratins in mammary cells can be
altered by environmental conditions. In contrast, the polypeptide patterns
of cytoskeletal extracts from primary cultures of the preneoplastic and
tumor cells were virtually the same as those of the corresponding tissues
and that of normal cells in culture. These results show that although major
differences exist in the set of keratins expressed by the normal and abnor-
mal mammary cells in vivo, these cells have very few, and in some cases no
differences in their keratin composition when they are cultured on plastic.
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To determine which cell type(s), epithelial, myoepithelial, or both,
expressed each keratin, we used antibody preparations specific for a limited
set of keratins or only one keratin in immunocytochemistry on mammary tis-
sues and cultured cells. An antiserum against the 50K keratin reacted
strongly with myoepithelial cells of normal and abnormal mammary tissue in
vivo and in vitro while producing a negligible or no reaction with epithe-
lial cells (31,32), indicating that this component is characteristic of
myoepithelial cells. An antiserum against the human 40K keratin (33) was
found to be monospecific for the 40K keratin in immunoblots of cytoskeletal
extracts of mouse mammary tissue, and in immunocytochemistry it stained all
normal epithelial and myoepithelial cells in vivo and in vitro (S. Pocchi-
ari, B. Asch, and H. Asch, manuscript in preparation). This antiserum
produced a variable reaction with malignant tissue and cultured cells,
consistent with electrophoretic data showing that the 40K keratin is present
irregularly in these samples. These results contrast with the cell distri-
bution in the human gland of the 40K keratin, which is limited to luminal
epithelium of normal tissue but is found in almost all tumor cells (34). On
the basis of immunocytochemistry with a monoclonal antibody, AE4 (26), and a
monospecific antiserum (H. Asch and B. Asch, unpublished data), the 55K ker-
atin is present in all normal and abnormal mouse mammary epithelial and
myoepithelial cells in vivo and in culture. Initial experiments with an
antiserum against the 46K keratin suggest that this keratin is present in
all epithelial and myoepithelial cells in primary culture (R. Scott, B.
Asch, and H. Asch, unpublished results). Immunocytochemical studies on
mammary tissues with this antiserum are in progress. Monospecific
antibodies against the 57K keratin are not yet available. A tentative model
of the distribution of keratins in normal and malignant mouse mammary
epithelium in vivo and in primary culture, based on our current data is
presented in Fig. 1 (next page).

Iv. MASKING OF KERATIN EPITOPES

Despite the almost identical keratin composition of normal and
malignant mouse mammary cells growing in primary culture (23), use of the
monoclonal antibodies AEl, AE3, and AE4 revealed another aspect of keratin
expression in which differences were found between cultured normal and ab-
normal mammary cells (26). In immunocytochemistry, AEl never stained normal
cells but did stain a minority of preneoplastic and carcinoma cells. AE3
reacted with a subpopulation of epithelial cells in both the normal and
abnormal cultures, except for a few cultures from one type of tumor wherein
all of the epithelial cells were reactive. AE4 decorated an elaborate ker-
atin filament network in all cultured mammary epithelial cells, regardless
of neoplastic state. In double-label immunofluorescence, an antiserum which
reacts preferentially with myoepithelial cells (13) stained the same cells
as AEl in the tumor cultures and AE3 in the normal and most tumor cultures,
indicating that the cells in these populations recognized by the antibodies
were myoepithelial. In contrast, immunoblot experiments with cytoskeletal
extracts from the normal and tumor cells showed that the keratins recognized
by each monoclonal antibody were the same in all cells except for the 40K
component that was present in normal cells but absent or decreased in the
cancer cells. Thus, while normal cells had keratins of 40K and 50K recog-
nizable by AEl in immunoblots, the epitope detected by this antibody was
apparently concealed or "masked" in situ. Both AE3 and AE4 reacted with the
55K keratin in immunoblots. As immunofluorescence with AE4 showed that the
55K keratin was present in all mammary epithelial cells, the AE3-specific
epitope must be masked in the majority of normal and tumor cells. Accord-
ingly, epitopes on three keratins, the 40K, 50K, and 55K, were masked in
normal cells, whereas masking in the tumor cells involved primarily the 55K
keratin. Attempts to "unmask" the epitope recognized by AEl in normal cells
or to increase the number of cells reactive with AE3 in the normal and tumor
cultures by perturbation with proteases, detergent, or other agents failed
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(26). Thus, certain cultured preneoplastic and neoplastic mouse mammary
cells with a myoepithelial phenotype have an altered organization of ker-
atins that is manifested by a keratin antigenic determinant which is visible
by immunocytochemistry in the abnormal cells but not in normal cells. This
is the first demonstration that the immunoreactivity of keratins can be
modified during neoplastic progression of epithelial cells. More recent
results have shown that AEl and AE3 strongly stain epithelial and myoepithe-
lial cells in sections of normal mouse mammary tissues, but produce little
or no reaction with cells in sections of carcinomas (S. Pocchiari, B. Asch,
and H. Asch, manuscript in preparation). One explanation for the altered
reactivity of the cells in vitro as compared to in vivo may be the drastic
change that occurs in cell conformation which in turn may necessitate a
rearrangement or reorganization of keratin filaments, consequently affecting
the position and accessibility of keratin epitopes.

Several incidents of masking of keratin epitopes have now been con-
firmed or suspected (26,35-37) and more will undoubtedly be encountered.
Masking is therefore not an uncommon situation. All of these cases have
involved monoclonal antibodies that react with a keratin in immunoblots of a
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Fig. 1.

epithelial cells; Myo, myoepithelial cells.
Size of rectangle does not reflect the quantity of a polypeptide per cell
Keratins have been aligned in pairs, with one
acidic of a relatively lower molecular weight (40K, 46K, 50K; hatched boxes)
and one basic of a relatively higher molecular weight (55K, 57K; open

but merely its presence.

boxes).

Proposed distribution of keratins in normal and malignant mouse
mammary epithelial cells in vivo and in primary culture on plastic.

Epi,

Rectangles represent keratins.

This alignment is based on the concept of "keratin pairs" (reviewed
in 9) and was derived from immunoblot and immunocytochemistry data.

Direct
biochemical evidence of these pairs is not yet available. Note that the 57K
and 50K keratins are expressed only or primarily by myoepithelium. 4In

vitro, the 57K keratin has been found only in cultures derived frog mammary

tissues exhibiting squamous metaplasia with keratinization (23).
cells in vivo and in vitro, the 40K keratin is detected sporadically.

In tumor
The

positioning of the 40K-55K keratin pair in tumor cells reflects the fact the
cell type(s) expressing it is unknown.
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cytoskeletal extract from a culture or tissue but fail to produce staining
when used in immunocytochemistry. The lack of staining is not due to an
inability of the antibody to recognize the native molecule or to an artifact
of fixation (26,35-37). The finding that masking of keratin epitopes can
occur in mammary cells, particularly in association with benign or malignant
disorders, serves as a caveat for interpreting studies with monoclonal anti-
bodies and emphasizes the need for biochemical data to support immunocyto-
chemistry results. The implications are of special concern in experiments
employing monoclonal antibodies to trace cell lineages in mammary gland
development, differentiation and tumorigenesis. Nevertheless, such differ-
ences in immunocytochemistry may be exploited for differentiating cell types
and as indicators of neoplastic progression if the keratins present in each
cell type are known.

V. EXPRESSION OF KERATINS IN NORMAL AND MALIGNANT HUMAN BREAST
EPITHELIUM

Moll et al. (8,30) demonstrated by 2-D PAGE that certain keratins are
lost and others are gained in infiltrating ductal carcinomas of the human
breast as compared to normal ductal epithelium. Moreover, the tumors could
be subdivided into two groups based on their profile of keratins (8). Nor-
mal ductal epithelium contained keratins No. 5, 7, 8, 14, 15, 17, 18, and
19. Cancers in group I had keratins No. 7, 8, 18, and 19, and cancers in
group II had keratins No. 6, 7, 8, 11, 14, 16, 17, 18, and 19. Keratins No.
7, 8, 18, and 19 are thus constant members in normal and malignant tissues.
All of the cancers tested had lost expression of keratins 5 and 15. 1In
addition, group I was missing keratins 14 and 17, while group II had gained
keratins No. 6, 11, and 16. Benign lesions and other types of breast can-
cers were not examined. Current data indicate that keratins 18 (38) and 19
(34) are found in luminal epithelium but not myoepithelium. Interestingly,
some luminal cells in ductules and in the terminal ductal lobular units
appear to lack keratin 19 and may have the proliferative capacity appropri-
ate for a stem cell population (34). The cell type distribution of the
other six keratins in the gland is unknown, although at least one appears to
be restricted to myoepithelial cells (39). The biological and/or clinical
significance of the changes seen in the tumors has not been investigated,
but the potential applications of these changes in keratin expression as
molecular markers in human breast cancer warrant further investigation. An
example of the information that can be derived from studies on keratin is
found in Paget’'s disease of the nipple, wherein the profile of keratins
along with the presence of milk fat globule membrane antigens has implicated
ductal epithelium of the breast as the cell of origin of this disorder
rather than epidermal cells (34,40,41).

The set of keratins expressed by normal and malignant human breast
epithelium in primary culture has not yet been reported. However, Chang et
al. (42) found that human milk epithelial cells transformed by SV40 in
culture had an altered arrangement and distribution of keratin filaments as
compared to their normal counterparts. Whether this alteration was related
to a change in keratin content and/or was a peculiarity of virus-transformed
mammary cells remains to be determined.

VI. DISTINGUISHING CELL TYPES IN MAMMARY CARCINOMAS

Two recent studies with monoclonal antikeratin antibodies have reveal-
ed new distinctions among different types of human mammary epithelial cells.
Using two monospecific monoclonal antibodies, Bartek et al. (28,34) found
that keratin 19, a 40K polypeptide, was present in most luminal epithelial
but not in myoepithelial cells of the normal human gland. The antibodies
produced heterogéneous staining (i.e., some positive and some negative) of
cells comprising all benign tumors examined (28), while all tumor cells in
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almost all malignancies were positive. Although most in situ carcinomas
were homogeneously positive, a few were heterogeneous for keratin 19 (28).
This raises some interesting questions. Are the homogeneously positive in
situ carcinomas more likely to become infiltrating carcinomas than the
heterogeneous ones? Are the former derived from the the latter? We have
recently obtained the same staining results with human breast tissues (B.
Asch and H. Asch, unpublished results) using a monospecific antiserum
against keratin 19 (33). 1In this case, masking of epitopes is probably not
a problem because an antiserum recognizes multiple antigenic determinants,
and it is unlikely that all of them would be masked. Taken at face value,
these data imply that myoepithelial cells, which apparently lack keratin 19
in normal tissue, are not present in breast cancers. However, it is
possible that during the transition to malignancy, expression of keratin 19
is initiated in myoepithelial cells thereby making them indistinguishable
from epithelial cells on this basis. Moreover, the recent report of Dairkee
et al. (39) provides evidence that myoepithelial cells are present in many
breast carcinomas. These investigators have developed a monoclonal antibody
which is monospecific for a 51K keratin and recognizes myoepithelium but not
luminal cells in normal gland. This antibody gave little or no reaction
with 58% of the breast carcinomas examined, had a heterogeneous pattern of
staining with 37% of the tumors, and produced a strong homogeneous reaction
with 5% of the cancers. These results may be a direct reflection of the
presence or absence of myopeithelium. However, neither masking of an epi-
tope nor the selective switching off of expression of the 51K keratin can be
excluded as explanations for at least some of the negative results obtained.
As the 51K keratin was characterized by 1-D rather than 2-D PAGE (39), it is
not yet possible to confirm its identity relative to Moll's catalog (8).
Thus, the presence or absence of myoepithelial cells in human breast cancers
is still unsettled. This point should be resolved as additional markers for
myoepithelial cells become available. At the same time, the ability of the
monoclonal antibody against the 51K keratin to subdivide ductal carcinomas
into three categories may have other important biological or clinical
significance, as discussed by the authors (39).

Recent studies in mice (13,32) with antikeratin antisera that selec-
tively stain myoepithelial cells have confirmed and extended earlier morpho-
logical and ultrastructural studies (43-45) showing that myoepithelial cells
are present in primary mammary carcinomas and their metastases. Myoepithe-
lial cells were a substantial, albeit minority, population in the primary
tumors, in the circulation of most tumor-bearers, and in all lung metastases
(32). 1In the rat, myoepithelial cells are also present in primary neoplasms
(46,47). However, studies on the cell types present in metastases of rat
mammary tumors have been conducted on certain transplant lines that are
capable of metastasizing (48,49). Based on immunocytochemistry with anti-
bodies against keratin, myosin, laminin, and type IV collagen, which can
delineate myoepithelium in the normal gland, results with such lines have
indicated few if any myoepithelial cells are present in the metastatic
lesions (48,49). However, a recent report (50) showing that such character-
istics of myoepithelial cells can change or be lost due to dedifferentiation
during passage in vivo or cloning in vitro leaves the status of myoepithe-
lial cells in rat mammary metastases unresolved. This finding also brings
into question the use of transplant lines or cloned mammary tumor cells in
analyzing the role of myoepithelial cells in mammary tumors and their
metastases.

We concur with other investigators (e.g. 20,46) that myosin and actin,
which are also found in many mesenchymal cells, are at best ambiguous mark-
ers for myoepithelial cells, especially in tumors and cultures. Moreover,
recent evidence (51,52) indicating that some fibroblastic cells can produce
laminin and type IV collagen raises questions regarding the reliability of
these proteins as markers for myoepithelium, unless other indicators are
also used.
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VII. EXPRESSION OF VIMENTIN BY MAMMARY EPITHELIAL CELLS

Vimentin is characteristic of mesenchymal cells and is found in
epithelial cells in vivo in only a very few cases (e.g. 53,54). The bulk of
evidence indicates that myoepithelial cells do not contain vimentin either
in normal or abnormal mammary tissues (12, 13, 17, 20, 55, 56). However,
two reports have claimed that vimentin is present in this cell type, partic-
ularly in the gland of virgin or non-pregnant animals (50,57). In both of
these studies, the antivimentin antiserum was made in rabbits and was not
characterized with a cytoskeletal extract of mammary tissue to verify that
vimentin was the only component recognized. This point is important because
rabbits have a high incidence (often exceeding 50% of the population) of
naturally occurring antikeratin antibodies (58; B. Asch and H. Asch, unpub-
lished observations). Moreover, double-label immunocytochemistry with a
reagent known to react with myoepithelium, such as an antikeratin antibody,
was not performed in either study, raising the additional possibility that
the cells decorated by the antisera were the fibroblasts that are usually
juxtaposed to the myoepithelium, although separated from it by the basal
lamina. To examine this point in mammary tissue of a virgin mouse, we used
a goat antivimentin antiserum prepared in our laboratory against vimentin
extracted from a mouse mammary fibroblast cell line and purified by 2-D
PAGE. 1In 2-D immunoblots of cytoskeletal polypeptides extracted from
primary mouse mammary cell cultures, the antiserum was monospecific for
vimentin (Fig. 2, a,b, next page). In double-label indirect immunofluores-
cence with the antivimentin antiserum and a rabbit antikeratin antiserum
that stains all epithelial and myoepithelial cells in mouse mammary gland,
no coincident staining of the two antisera was found (Fig. 2, ¢,d,). We
obtained the same results with the antivimentin antiserum in immunoperoxi-
dase and with human mammary tissue. Our results with human tissues agree
with those recently published by Dairkee et al. (56). We have not yet
tested rat mammary tissue and therefore cannot rule out a species difference
between rats as compared to mice and humans.

Species differences do occur in expression of vimentin by mammary
cells cultured in vitro. Using a combination of antikeratin and anti-
vimentin antisera in double-label immunofluorescence, we previously showed
that mouse mammary epithelial and myoepithelial cells in primary culture
three to five days post-plating do not have detectable vimentin (13). More-
over, several mouse mammary cell lines have either no vimentin or a small
percentage of cells expresses it (59,60). Schmid et al. (21,61) derived
clonal cell lines of bovine mammary epithelium in the presence or absence of
high concentrations of insulin, hydrocortisone, and prolactin. Lines propa-
gated in the presence of the hormones did not contain vimentin while lines
grown without the hormones did. The lines also differed morphologically and
in the set of keratins they expressed (21,61). The data suggest that the
hormones affected the expression of intermediate filament proteins and/or
selected for growth of a particular cell type. Primary cultures of bovine
mammary cells have not been examined for vimentin or keratin expression.
Dairkee et al. (56) studied normal human breast cells in primary culture and
found vimentin present in essentially all epithelial cells within four days
of plating. In primary cultures from virgin rats, a heterogeneous expres-
sion of vimentin was reported by Warburton et al. (62). Small cuboidal
cells were negative while large epithelioid and elongated cells were posi-
tive. The former cells appeared to be luminal epithelium whereas the two
latter types had some characteristics of myoepithelium. Established mammary
cell lines of human and rat origin, like most epithelial lines, usually
express vimentin as well as keratin (8,48-50). It should be noted that the
mouse and bovine cultures were derived from pregnant and lactating gland,
respectively (13,21,61), while the human and rat cultures were prepared from
the glands of non-pregnant and virgin individuals, respectively (56,62).
With mice, whether the mammary tissue came from a pregnant or virgin animal
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is probably not a factor in the expression of vimentin in mammary cells in
vitro because cells in primary cultures derived from hyperplastic alveolar
nodules and carcinomas, both of which were in virgin animals, also lacked
vimentin (13,23). The expression of vimentin thus represents another
cytoskeletal difference between mammary cells of different species.

VIII. EXPRESSION OF KERATINS BY MAMMARY EPITHELIAL CELL LINES

A most puzzling situation involves the expression of keratins by
established mammary epithelial cell lines. Although some mouse mammary
epithelial cell lines have retained a set of keratins almost identical to
that of mammary cells in primary culture, their reactivity in immunocyto-
chemistry with antikeratin antibodies can be quite different (Table 2).The
COMMA-1D cell line, derived from mouse mammary gland, is inducible for
casein synthesis in culture and produces normal ductal outgrowths when
transplanted into the cleared mammary fat pad of a syngeneic host (63). By
2-D PAGE it has the same profile of keratins as mouse mammary cells in
primary culture. However, immunocytochemistry with two antikeratin antisera
and the monoclonal antibody AE4, which stain the entire population of
epithelial cells in a primary culture, produced staining in only 36-75% of

Fig. 2. Expression of vimentin in mouse mammary tissues. a, b, immunoblot
characterization of the goat antivimentin antiserum. Cytoskeletal polypep-
tides extracted from normal mouse mammary cells were separated by 2-D PAGE,
blotted onto nitrocellulose, and stained by a, indirect immunoperoxidase
with the antiserum, and then by b, India ink to visualize all polypeptides.
The numbers refer to the keratins present; v, vimentin. Only vimentin is
reactive in a. ¢, d, double-label indirect immunofluorescence staining of
virgin mouse mammary tissue. In the cross section of a large duct, the
reactivity of a rabbit antikeratin antiserum in ¢, which stains both epithe-

lial and myoepithelial cells, has no overlap with the goat antivimentin
antiserum in d. X516.
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the cells comprising the COMMA-1D line. Another monoclonal antibody, LE61
(64), stained 90-100% of COMMA-1D cells, indicating that most of the cells
do have keratins and are bona fide epithelial cells. As compared to cells
in primary culture, the altered reactivities of the cell line with the
antibodies, excluding LE61, are difficult to explain. Although the keratins
recognized by LE61 in mammary epithelium have not been determined, unless it
is monospecific for the 46K keratin, its specificity must have some overlap
with one or more of the other antibodies used in this study. The most obvi-
ous explanation is that some cells no longer express keratins detected by a
given antibody. However, this would not explain the discrepancies such as
the reactivities of AE4, which recognizes the 55K keratin, and the two anti-
sera, Rab 3 and DAKO, which both detect the 55K, 50K and 40K keratins in
immunoblots of cytoskeletal extracts from cultured mammary cells. Regard-
less of the molecular explanation, the results suggest that prolonged
culture and passage in vitro can produce changes in keratin expression in
mammary epithelial cells that are not only different from cells in vivo but
also from cells in primary culture. Such changes could pose problems with
the use of antibodies against keratins as indicators of cell type in these
cultures. In contrast, two sublines, COMMA-T and -F, derived from the
COMMA-1D cells, have immunocytochemical reactivities almost identical to
those of cells in primary culture (Table 2). A similar situation may occur
in some rat mammary cell lines that fail to react with antikeratin antibod-
ies, possess vimentin filaments, but also have type IV collagen and/or
laminin (e.g. 53,56). However, an analysis of keratins in the rat cells was
not performed.

The behavior and differentiation of mammary epithelium is strongly
influenced by the extracellular matrix (reviewed in 65). The cytoskeletal
alterations may therefore be adaptations of the cells induced by contact
with an alien (plastic) substratum. In fact, two studies have shown that
the keratin phenotype of mammary epithelium is modulated by different sub-
strata (24,25). Initiating and maintaining cultures of mammary cells on a
suitable substratum might stabilize the cytoskeletal composition and pre-
serve a cellular phenotype closer to that expressed in vivo. Other factors
may also contribute to the cytoskeletal constitution of mammary cells. In
parallel with the altered expression of keratins, Medina and coworkers
(personal communication) have found that the percentage of COMMA-1D cells
expressing vimentin varies with the culture passage level and the concentra-
tion of serum in the medium.

IX. EPITHELIAL CELL TYPES AND LINEAGES IN THE MAMMARY GLAND

At least five types of epithelial cells can be defined in mammary
epithelium based on structure, function, and histological location: luminal
and myoepithelial cells of ducts, luminal and myoepithelial cells of alve-
oli, and in the immature gland, cap cells of the end bud. The cap cells
appear to be one type of stem cell in the gland (66). An elusive question
is, what and where is the stem cell(s) in the adult gland that is responsi-
ble for expansion of the epithelium in response to the hormonal signals
accompanying pregnancy? Dulbecco and colleagues (57,67,68) have been map-
ping cell lineages in the developing rat mammary gland using a polyclonal
and various monoclonal antikeratin antibodies, antisera against myosin,
vimentin, laminin, type IV collagen, and two other monoclonal antibodies.
In their study, ten cell types were distinguished, each of which had a char-
acteristic profile of reactivities with the panel of antibodies. Four cell
types were identified in the end bud and two cell types each in ducts, duc-
tules and alveoli. Developmental pathways have been proposed for luminal
epithelial and myoepithelial cells based on the overlap of markers, with
cells at the tip of the end buds representing a common stem cell for both.
In addition, putative stem cells that may be precusors of luminal cells and
alveoli were detected in the basal layer of the ducts. These cells were
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distinguishable from myoepithelial cells by their staining pattern with the
panel of antibodies. The specificity of the various antikeratin antibodies
for mammary keratins was not reported. Sonnenberg et al. (69) have taken a
similar approach in analyzing cell types in mouse mammary gland and have
suggested that a basal cell, distinct from myoepithelial cells, is present
in the ducts and can differentiate into both myoepithelial and luminal
epithelial cells. It is interesting to note that a luminal, rather than
basal, cell has been proposed as a possible stem cell in the human gland
(28). In any case, direct evidence for the pluripotent ability of these
putative stem cells is the critical requirement, especially in view of the
recent results of Medina et al. (60), which suggest that more than one cell
type may be necessary to obtain morphogenesis of the gland in vivo.

X. SUMMARY

Antibodies against components of the cytoskeleton, cell surface, and
basement membrane are providing important probes for subdividing and classi
fying normal and abnormal mammary tissues and individual epithelial cells
according to new criteria based on structural composition and organization.
However, the expression of keratins in particular is proving to be more
complex in mammary cells than was originally appreciated. At the same time
their complexity and heterogeneity expands the potential of their use as
markers. The challenge is to understand the expression of these elements a
the cellular and molecular levels.
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I. INTRODUCTION

Observation of chromosome aberrations in association with tumors of
particular morphology, developmental stage, or tissue of origin has gener-
ated new interest in cytogenetic analysis. Tumor-specific aberrations could
be valuable in identifying tissue-specific developmental genes and in
detecting sites within the genome that are critical for cell growth or
control of cell division. Documentation of tumor-chromosome associations
seems essential to understanding the roles that chromosomal events can play
in the biology and evolution of malignancy.

For a few developmental tumors of childhood (retinoblastoma, Wilms'’
tumor), mutation or loss of certain genes linked to specific chromosomal
deletion or recombination appears critical to tumor etiology and progres-
sion. These observations have provided strong impetus to the search for
tumor-specific chromosome associations. The association can be sufficiently
strong that it is used in diagnosing some malignancies. Therefore, it is
also important to seek evidence for involvement of specific chromosomes or
intrachromosomal sites in breast cancer. Moreover, aberrations, either
numerical or structural, appear more extensive with increasing severity or
extent of the malignant disease. There is evidence in breast cancer that
altered DNA content (DNA aneuploidy) is correlated with histologic anapla-
sia, loss of hormone receptors, and clinical evidence of advanced tumor
growth. If diploid DNA content confers a better prognosis, then quantita-
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tion of chromosome changes, specific or otherwise, may have prognostic value
and may correlate with tumor progression.

A new array of techniques permits molecular approaches to genomic dis-
turbance. Specific chromosome aberrations can serve as signposts to point
us in the proper direction for molecular studies. The identification of
amplified sites within chromosomes (homogeneously stained regions or HSRs)
or in the form of double minutes (DMs) indicates expansion of particular
gene functions. In some tumors, these chromosome aberrations have been
associated with drug resistance or with increases in oncogene copy number.
Preferential recombinant sites for chromosomes have also been linked with
mutation or altered activation of oncogenes in tumors. Thus, identification
of preferential sites for aberration can lead to better understanding of
mechanisms in tumor formation and progression and may provide us with the
beginnings of a realistic explanation for the prevalence of chromosome
changes in human cancer. The purpose of this review, therefore, is exami-
nation of data from breast tumors at different stages to weigh the evidence
for extent and specificity of chromosomal alteration, to correlate quantita-
tive increments of chromosome change with increasing severity of disease,
and to question whether any studies thus far have led to understanding at
the molecular level of this particular form of human cancer.

No clear picture has yet emerged of the prevalence or role of chromo-
some changes in human breast cancer. Remarkably few analyses of primary
cancers have been published; much of the available data relates to cancer-
derived material in culture and to direct and cultured analyses of effusion-
derived malignancies. These facts are surprising since many breast cancer
cases, primary and metastatic, were reported prior to the advent of
chromosome banding techniques.

II. EARLY STUDIES

Several reviews of human breast cancers summarized results of roughly
100-150 samples from primary and secondary tumors (1,13,51). Most tumors
were aneuploid, and despite the absence of banding, marker chromosomes were
recognized in many. Only a few samples, a ductal carcinoma, two lobular
carcinomas in situ, and one metastatic tumor, were described as diploid
(51,62). Like the solid tumors, cells from malignant effusions were gener-
ally aneuploid. One review compared the mean modal numbers of grouped solid
tumors and tumor effusions and it was not clear whether individual tumors
contained diploid as well as aneuploid cells (13). In a second series
(which reviewed some of the same original reports), modal numbers of indivi-
dual tumors were separated into near-diploid and clearly aneuploid groups

().

Some early work described chromosome analyses on proliferative
lesions, benign or non-invasive, that were not fully developed malignant
tumors. Studies of cystic disease, of fibroadenomas and of lobular carcino-
mas in situ, were reported. In most cases these non-malignant or premalig-
nant lesions yielded normal diploid cells. Aneuploidy without structurally
aberrant chromosomes was observed in five of six cases of fibroadenoma in
culture (22). 1In fibrocystic disease, aneuploidy was found with structural-
ly abnormal chromosomes in eight of ten cases. Abnormal findings were more
frequent in cases classified as "proliferative" fibrocystic disease and the
authors argued that their observations provided evidence for the precan-
cerous nature of fibrocystic disease in some patients. Major structural
aberrations and aneuploidy characterized every example of invasive carcinoma
in their study.

In summary, early studies demonstrated that aneuploidy was widely pre-
valent and that chromosomal structural rearrangements marked primary carci-
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nomas of the breast and even some benign lesions. In a few cases, tumors
with no apparent chromosome aberrations were reported. Several reports
emphasized similarities between findings in primary and metastatic cancers
from the same patient. However, advanced stages of tumors such as effusions
showed a greater degree of aneuploidy than did primary tumors (13).

III. PATHOLOGIC DIAGNOSIS AND STAGING

Precise identification of the lesion is crucial to interpretation of
cytogenetic evidence in breast cancer. There is little evidence for a con-
tinuous histologic spectrum from normal to hyperplastic to neoplastic in the
breast. (The reader is referred to Azzopardi (4) for an excellent discus-
sion). Many lesions have been identified that are clearly proliferative but
not malignant. Some, such as fibroadenoma, sclerosing adenosis, or blunt
duct adenosis, have not been seriously challenged as other than benign
growths. Fibrocystic disease which is widely prevalent and pleomorphic has,
at times, been suspected as a tumor-predisposing or premalignant lesion.
Non-banded chromosomes analyses (22) indeed suggested that cytogenetic
evidence of aneuploidy and chromosome aberration could help to distinguish
within fibrocystic disease those patients who were more at risk of progres-
sing to frank malignancy. At present, fibrocystic disease is generally
regarded as a benign condition, contributing only slightly to risk for the
development of neoplasia. The disorder is so prevalent, approaching 50-60%
in some series, that it often coexists with neoplasia; thus, an increased
frequency in cancer patients has been difficult to demonstrate. It is
important to remember that the association and the increased risk which has
been inferred is not evidence of a precursor relationship, but could result
from shared etiologic agents.

A few proliferative lesions in the breast are less easy to distinguish
from true malignancy and it is crucial to separate them into either precan-
cerous or truly benign lesions. Epitheliosis, or epithelial hyperplasia, is
sometimes difficult to distinguish histopathologically from frank malignan-
cy. The difficulty of accurate diagnosis makes correlation with the clini-
cal course and prognosis uncertain. Similarly, benign papillomatous lesions
must be differentiated from papillary carcinoma. There is little evidence
that papillary carcinomas arise from preexisting papillomas nor that papil-
lomas when recurrent are malignant lesions. For both epitheliosis and
papilloma, better definition of their relationship to malignancy depends
primarily on distinguishing them accurately from malignant lesions. Cyto-
genetic studies might aid in making the distinction.

In the breast, as in other glandular tissues, the epithelium is sepa-
rated from underlying connective tissues by a myoepithelial cell layer and
basement membrane. Thus, proliferation of the epithelium alone, even when
cytologically malignant, may be classified as not fully malignant if it has
not broached the basement membrane. Such a lesion is usually identified as
carcinoma in situ and represents a pre-invasive stage of the disease. Car-
cinoma in situ may be papillary, trabecular, or solid, and is often found in
the presence of invasive malignancy. When present without invasive disease,
it represents an earlier stage of disease and therefore should be associated
with a better prognosis and less deviant karyotype. However, the natural
history of such lesions and their evolution into invasive disease is not
well understood. Breast cancer is often multicentric and microscopic
lesions are frequently found in the contralateral breast. Equivocal results
from study of presumptive-control normal tissue may be obtained because of
wide-spread microscopic precancerous or cancerous lesions.

Most cancers of the breast are classified as lobular or ductal. This
classification is based upon differences in the geographic origin of the
tumor cell mass. From the work of Wellings (64), there is good reason to
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think that both lobular and ductal cancers are the same disease originating
from cells in the terminal duct-lobular unit. There is therefore no reason
to expect associations with different chromosome patterns or differing pro-
gnoses between the two major forms of breast cancer. The less frequent
breast cancers, such as medullary carcinomas, infiltrating comedocarcinomas,
and colloid carcinomas also seem to originate from duct cells. Other spe-
cialized forms of breast cancers should be considered separately as they may
confer different prognoses and, if originating from different cell types,
may also show differences in karyotypic picture.

Early metastases of breast are more often found in the skin, contrala-
teral breast, and the ipsilateral lymph nodes. Distant metastasis to lung,
bone, and other solid tissues, should be viewed as constituting a more
advanced stage of malignancy. Prerequisites for metastatic growth include
invasion into vessels, the ability of tumor cells to survive during trans-
port in vascular channels, to extravasate, and to take up residence and grow
in metabolically different environments. Metastasis therefore indicates
acquisition of new biological properties by tumor cells. Growth of cells in
malignant effusion fluids probably represents the most advanced stage of
malignancy. Implants on pleural or peritoneal surfaces shed cells which are
apparently capable of dividing in mesothelial-lined spaces, where transuda-
tion of fluid is stimulated by their presence. Even in poorly differentiat-
ed primary tumors, the cells usually adhere to one another in arrangements
reminiscent of normal acini and ductules; and aggregates of tumor cells are
supported by stromal elements and vascular channels. In contrast, in an
effusion, single cells grow essentially autonomously with no attempt at
gland formation and completely free of connective tissue framework. Thus,
stages of malignant tumor growth reflect not only the severity of clinical
disease but also acquisition of significant capacity for cellular autonomy.
There is accumulating evidence that these stages in biological progression
of a tumor may also be expressed as increases of karyotypic atypia.

Iv. ANIMAL MODELS

Difficulties encountered in the study of human malignancies can some-
times be bypassed by studies of suitable animal model systems. One of the
best-studied is the mouse mammary tumor model, originally described by
Bittner in terms of milk factor transmission. The DBA and C3H strains of
mice, regularly transmit a virus from mother to progeny by means of milk and
the transmitted virus is responsible for high frequencies of breast cancer
in these strains. Widely used lines of mouse ascites cells, derived from
mouse mammary tumors (32), are highly aneuploid and contain rearranged chro-
mosomes. However, early direct cytogenetic preparations revealed that the
Bittner tumors were generally diploid (40 chromosomes). Tjio and Ostergren
(61) studied 19 spontaneous tumors from high milk-virus strains of DBA and
C3H mice. All but three of nineteen tumors were diploid with normal chromo-
some morphology. Of the remainder, one had a modal number of 39, one was
bimodal with both diploid and tetraploid cells, and one tumor was entirely
tetraploid. The authors observed that variation in chromosome number per
cell was greater than for normal tissues, and also noted that no gross
chromosome changes appeared after serial transplantations in culture.

Spontaneous mammary carcinomas from both high-virus strains and Swiss
mice revealed the same patterns (33). Moreover, mammary tumors of virus-
free strains induced by hormonal imbalance were similar, with eight diploid
and one hyperdiploid tumor. Recently, a spontaneous mammary tumor from the
C3H strain demonstrated extensive biological heterogeneity within a primary
tumor (16). Chromosome numbers ranged from 40 to 130 per cell in highly
heteromorphic cultures in first passage. Four cell lines established from
the original cultures each differed in unique characteristics from the
others. Two lines were diploid or pseudodiploid and two were highly aneu-
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ploid. The above studies were limited in their ability to recognize struc-
tural rearrangements in the mouse karyotype with its entirely telocentric
chromosomes.

The characterization of mouse mammary tumors as predominantly diploid
was refuted when banding studies demonstrated a non-normal pattern in tumor
cells that were diploid in chromosome number. Direct preparations of excis-
ed mammary tumors from GR, C3H, and some non-inbred strains of Swiss mice,
using tryspin-Giemsa banding, demonstrated trisomy for chromosome 13 in most
cells (17). In the GR strain, all tumors, although not all cells of each
tumor, showed trisomy for #13. In the C3H and Swiss mouse tumors, trisomy
for #13 predominated, and there was random chromosome loss. Some cells with
normal karyotypes were found, and loss of an X chromosome was frequent. The
specificity of trisomy for #13 in association with mouse mammary cancer was
emphasized by its manifestation in mouse species that appeared to carry
different mammary tumor viruses. In some tumors without the trisomy, trans-
location and partial replication of #13 was detected. Even more significant
was evidence that mammary tumors induced by urethane displayed the same
trisomy that was found in the spontaneous mammary tumors induced by milk
virus (18). This model of site-specific chromosomal involvement in conjunc-
tion with mammary tumor induction by differing agents holds promise that
similar chromosomal specificity might characterize human breast tumors and
could lead to identification of factors critical in growth and development
of mammary epithelium.

V. TECHNIQUES AND THEIR LIMITATIONS

The problems of quality of preparation, extent of analysis, and degree
of representation of the tumor by cells in metaphase are similar for breast
cancer to those for other primary tumors. Results from direct analysis of
tumors (metaphase cells obtained by mincing of tissue and preparation for
karyotypic examination within hours after excision) are limited to the small
proportion of cells in mitosis in fresh tumor material. The poor technical
quality of tumor-derived metaphase cells is well known to cytogeneticists.
The limited numbers and incomplete analyses of breast tumors that have been
examined attest to the problems of preparation. Since it is difficult to
apply other markers to cytogenetic preparations, one cannot differentiate
diploid tumor cells from cells of nonmalignant stromal or inflammatory ori-
gins. It has been suggested that many chromosomally aberrant cells observed
in direct preparations may be cells that, by virtue of their aberrations,
are arrested in metaphase and unable to complete the cell cycle. A fresh
tumor may include a disproportionately large number of such "genetically
dead" cells. If that is true, then the cytogenetically aberrant cells may
not represent the main mass of tumor cells which continue to divide and
propagate. In contrast, cells that grow in culture clearly derive from a
subset of cells of the original tumor. They are able to adapt to survival
and growth in culture, an environment which differs in many unknown ways
from conditions for growth within the body. Moreover, it is known that
cells and chromosome aberrations can evolve in culture, both spontaneously
and as a result of culture conditions. Thus, new cytogenetic findings may
appear which do not represent any cells of the original tumor. Primary
tumors are heterogeneous with respect to their chromosome constitution as
well as other parameters. Selective pressures or random events may result
in removal of some chromosomal patterns and selection for a few or a single
dominant pattern in cultured cells. The extent to which chromosome patterns
in long-term culture represent the tumors from which the cells originated,
thus becomes highly questionable. These and other considerations limit the
value of karyotypic analysis of tumors, directly or in culture and must
influence interpretation of results. For the reasons described, neither
method is likely to yield an accurate picture of the characteristics of the
dividing components within a tumor in vivo. Results from both sources must
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be used to attempt to structure, as the blind men did with the elephant, a
reasonable re-creation of reality.

Because of sampling problems of material for karyotypic analysis,
another important source of information derives from studies on DNA content
in breast cancers. Data are based on larger and presumably more represen-
tative samples of tumor cell populations. Samples for flow cytometry (FCM),
however, usually include stromal or inflammatory elements as well as tumor
cells and therefore will reveal diploid peaks, within which tumor cells
cannot be identified. In contrast, microspectrophotometry, which combines
morphologic recognition of tumor cells, with measure of the cellular DNA
content, is free of that source of bias. Neither method is capable of de-
tecting chromosome rearrangements that do not involve quantitative altera-
tions in DNA nor, at present, of detecting small changes in DNA content that
are amenable to cytogenetic definition. These methods, particularly FCM,
are not entirely devoid of the danger of selective loss of subpopulations
during sample preparation.

Data from cytophotometric studies usually based on Feulgen staining
indicate that approximately one third of all breast cancers are composed
largely or entirely of cells with diploid DNA content (56,58). Another
third of the cases appear to contain diploid tumor cells as well as some
that are aneuploid. The frequency of tumors that are recognized as diploid
by FCM is more variable, ranging from a low of 8% to over 50% of the tumors
in different series (56). Diploid and near-diploid tumors are more often
estrogen-receptor positive and are less anaplastic (46). The hypothesis
that all diploid cells are nontumor cells was tested by correlation of FCM
data with cytologic analysis of the same samples (23). The proportion of
aneuploid cells by FCM in several cases differed from the proportion of
tumor cells identified by cytologic examination of the same suspension.
Tumors that were diploid by FCM contained between 5-100% tumor cells (median
= 50%). In the majority of tumors with small aneuploid peaks, cytology in-
dicated a larger fraction of tumor cells and it was concluded that a second,
diploid stem line of tumor existed. In correlative studies, bimodal tumors
are usually classified on the basis of their aneuploid peaks. Recent data
indicate that 66 to 85% of breast cancers have aneuploid cell lines but that
heterogeneity within tumors is common (9). The frequent correlations of
aneuploidy with undifferentiated morphology, greater proliferative fraction,
and lack of estrogen receptors emphasize the importance of quantitative
chromosome aberration in tumor progression.

VI. SPECIFICITY OF CHROMOSOMAL ABERRATIONS
A. Solid Tumors

The evidence for specific chromosomal findings in breast cancer will
be divided into three sources: analysis of primary tumors by direct
methods, studies of effusion fluids by direct methods, and a review of the
relatively large literature on cultured cells, including short-term cultures
derived from breast cancers of various stages, and cell lines.

The numbers of cases from which direct studies of primary breast
cancers have yielded any results is extremely small in view of the many
attempts that have been made. Only seventeen cases have been reported in
which banding methods permitted complete or even partial analysis of chro-
mosome number and marker identification (Table 1). Several investigators
have obtained metaphase cells from fewer than half the cases attempted and
karyotypable cells in much smaller proportions. A series of 110 primary
breast cancers yielded analyzable metaphases in only 37 cases (49). Of
these, 14 had counts in the diploid range; only 9 were karyotyped. While
some cases were analyzed fairly extensively, 1 of the 9 was represented by a
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Table 1: Karyotypes of Primary Breast Cancers

Modal # &
Sex Chromosomes Aneuploidy Markers References
46 ,XX +5,+8,-20,-21 2p-,t(9q:17p), (42)
16q-,t(9p:17q)
46 ,XX -6,+7,-8,-15 t(3:11),t(5:11)
16q+, + 2 ring chr.
46,XX/50,XXX +8,+12,+21 --- (60)
48 ,XX -1,+3,-20 +i(lq),+i(1q), (34)
+t(1:20)
68-70 not described +i(1lq) . (35)
39-41 variable del(1l),1lp+,t(1:14),
+ many others
52-55 variable t(1l:1),del(l),+ many others
79 ,XXXX multiple losses +i(1lq),+t(1:3),+t(1:3), (37)
and gains +t(lq:14q), +7 markers
55,X +7,+22,(11 chr) +22 markers* (49)
45,X (-15 chr) +15 (14 markers + 1 abn)
45 ,XX -8,-16,-17 +del(1l),+ins(17)
41,X (-19 chr) +15 (12 markers + 3 abn)
42 ,XX (-12 chr) +8 (6 markers + 2 abn)
46 ,XX -6,-8,-11 +del(l),+t(11:?),+?
46 ,XX (-6 chr) +7 markers
46 ,XX -16 +del (1)
50,XX +5,+4+6,+9,+10,+20 +6 markers

(-7 chr)

Karyotypes are presented completely where space permits and if
cells were analyzed completely. The cases included were harvested
directly. 1i.e. within a few hours after surgery. In reference (2),
only cases 7 and 8 were identified as stemline; the referred to as
"representative",

*A marker in this study was defined as a structural aberration
appearing more than once, and an abnormal chromosome (abn) as an
aberration found in a single cell.

single karyotyped cell. Other investigators were able to karyotype 10 of 78
tumors, and 4 of those analyzed were malignant effusions; 6 tumors were in
the diploid range (12). In a recent report on preparations from 55 solid
breast tumors, 23 cases were inadequate in either number or quality of meta-
phases and another 10 cases were excluded from consideration because only
normal karyotypes could be found (24). They focused on evidence of DMs and
did not present karyotypic analysis of the abnormal cases other than to
indicate their non-diploid number and the presence, in some, of marker

chromosomes.

Near-diploid cases are often more informative because they contain
fewer aberrations and are more amenable to complete analysis. Of the 17
cases in Table 1, nine are diploid *2 in chromosome number. Nevertheless,
several are marked by large numbers of chromosome rearrangements. One
observation which emerges from inspection of their karyotypes is the fre-
quency of markers involving translocations of chromosome 1, resulting in
excess copies of 1q. Only three cases (42,60) completely lack numerical or
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structural aberrations involving the #1. 1In the largest series (49), marker
analysis was sufficiently extensive to preclude complete reporting in Table
1, but each of the nine cases had at least one marker that included a part
of chromosome 1. Formation of isochromosomes of 1q was another source of
multiple copies for this chromosome arm. Chromosome 3 was noted in trisomy
as well as in translocation in several cases (49) and in two other near-
diploid cases (34,42). Substantial evidence of preferential loss or gain
cannot be elicited from individual case reports, but in the series of
Rodgers et al. (49), the most frequent losses noted are chromosome 8, 15,
and 16. 1In contrast, two other near-diploid tumors (42,60) are trisomic for
#8 (also commonly seen in myeloid leukemia). Another frequently lost chro-
mosome, #16, shows structural rearrangements as well (42). The simplest
case with aberrations is missing chromosome 16 and has gained a marker (a
deletion of 1lp).

A single case (50) provides direct cytogenetic analysis of cancer of
the male breast. Seventy-six cells were examined, two of which showed a
normal diploid male karyotype. The other karyotyped cells showed a mode of
44, loss of both copies of chromosomes 1, 8, and 12, and no aberrations of
either X or Y. Several of the marker chromosomes involved the long arm of
chromosome 1. These results on a cancer of the male breast do not differ
significantly from patterns observed in a number of female breast cancers in
the same laboratory (49).

Some authors exclude cases from consideration if only normal diploid
karyotypes are found. One case in Table 1 is bimodal with a diploid normal
mode and only numerical aberrations in the aneuploid mode. In another
series, as yet only published in abstract form (12), three of ten cases are
bimodal with a normal diploid mode; two additional cases contain 46,XX
cells. A small proportion of cells from four of the series of nine cases
(49) are diploid and in a bimodal case, one mode is entirely composed of
normal cells. However, on the grounds that the diploid cells show better
chromosomal morphology and that the single case with a diploid mode had
infiltrates of mononuclear cells histologically, the authors interpreted
these diploid metaphases to represent normal reactive cells rather than as
part of the tumor cell population. Most near-diploid tumors showed no
clonal changes in number or structure of the X chromosome pair, although an
X was occasionally lost from individual cells (49). This is somewhat
surprising considering the late replicating nature of the second X and the
reported absence of Barr bodies from mammary tumor cells (51). Structural
rearrangements of chromosome 11 are described in one case (42) and loss of a
#11 was relatively common (49). However, given the relatively small number
of cases, including several that were incompletely analyzed, the only
consistent finding in these near-diploid primary tumors is that of 1lq trans-
locations and extra copy numbers. None of the other aberrations is present
in sufficient frequency to be clearly indicative of specificity in breast
cancer. Excess replication and translocation of the 1q region has been
reported in several forms of cancer, including leukemias, ovarian cancers,
testicular, and other solid tumors, (2,43,63). Three oncogenes, N-ras, B-
lym and src, have been localized to the short arm of chromosome 1, and SK-1
to the long arm.

B. Effusions

Direct cytogenetic studies of effusion fluids are almost as uncommon
as those of primary tumors. One reason for the paucity of data is that
effusion fluids are often aneuploid and show such extensive chromosome
rearrangement that karyotypic definition is difficult and often incomplete.
Therefore, a case that showed a diploid chromosome number with loss of a #1,
a #16 and a #22 and addition of three markers involving the same three
chromosomes, is of particular interest (7). Another diploid case had lost
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#16, gained #19 and had structural alteration of #17 (45). Further, in a
hypodiploid effusion fluid where many chromosomes were missing, the only
pairs for which normal copies were entirely absent were #3, 10, 16 and 22
(48). Two studies comprising 14 breast cancer effusions showed near-
diploidy in half the cases (3,10). Two had no identifiable clonal aberra-
tions, two were bimodal, and several cases showed rearrangement involving an
X chromosome.

In one series, chromosomes 1, 3, 7, 9, and 14 participated in rear-
rangements considerably more often than expected on the basis of length
alone (10). In the other, exchanges involving #1, 2, 5, 7, and 16 were
emphasized (3). Attempts at culture led to growth from four effusions,
which were harvested within five to 20 days of culture initiation (10).
However, the cells which grew out were normal diploid, although in all but
one case the original preparation had yielded aneuploid cells. The authors
suggested that there was selection against nondiploid cells in vitro.
Karyotypic variability is a more consistent feature of effusion fluid anal-
ysis than of primary tumors. Clonal evolution has been documented in two
sequential effusions from the same patient (3). A few isolated cases have
also been either hypodiploid or hyperdiploid with large numbers of struc-
turally altered chromosomes and frequent isochromosome formation (28,29,48).
Some near-diploid effusions, like some primary breast cancers, showed little
deviation from the normal diploid karyotype.

The frequent superposition of large numbers of apparently random
changes obscures identification of those which are truly nonrandom and sig-
nificant in tumor evolution. The data available from direct examination of
the small numbers of primary, metastatic, or effusion fluid breast cancers
reveal a dominant but not uniform finding of multiple copies of 1q in both
primary and metastatic breast cancers. A second observation that may also
represent a nonrandom chromosome change based on the small numbers of near-
diploid breast tumors, is monosomy or structural rearrangement for #16.
Deletion or rearrangement of #16 has also'been noted in leukemias, menin-
giomas, retinoblastomas, and tumors of lung, ovary and urinary tract (43).

C. Cell Lines

Cell lines, many derived from effusion fluids, are relatively more
accessible for study than are fresh human tumors. Cell lines are more often
heteroploid than are samples from direct tumor analysis. Relatively few are
near-diploid; the majority show numbers ranging from 50 to 90 chromosomes.
Usually the cells contain many marker chromosomes (sometimes exceeding the
number of normal homologs). In contrast to direct analysis of breast
cancers, markers in cell lines have often included translocations involving
an X chromosome. Isochromosome formation involving the lq is relatively
frequent, and preferential rearrangement of #11 has been reported (31,39,-
53,54). DMs or minute chromosomes have been observed (20,54); in the MCF-7
line either HSRs or DMs were observed in vivo and in vitro. A carcinosar-
coma, a tumor most likely of different pathologic origin, gave rise to a
cell line containing isochromosomes but was one of the few tumors that did
not show 1q in marker formation (26).

Despite some striking examples of uniformity (14), cell lines often
show evidence of instability and heterogeneity. Many lines of breast cancer
origin maintain varied morphology during propagation (65). While some
maintain considerable heterogeneity of karyotype, in others a predominant
chromosome pattern emerges in culture. For example, in our studies, al-
though different clonal karyotypes were observed in primary culture, by the
third subculture, the pattern was uniform in almost all cells vith markers
involving chromosomes 1 and 11 (59). Moreover, chromosomal evolution in
culture does not only result from early selection. One group reported dif-
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ferences in modal chromosome number between the original effusions and long-
term cultures and showed further changes in modal numbers long after culture
initiation (11,27,53). MCF-7 sublines show extensive karyotypic variability
with marked differences between cells grown in vivo and in wvitro (54). A
line that evolved from a bimodal primary culture with a minute chromosome,
was unimodal and had lost the minute (20). In the BT474 line, multinuclear
cells and multipolar mitoses have been observed (40). Thus, breast cancer
lines appear heteroploid, show evidence of evolution during establishment in
culture, and show considerable karyotype instability which can permit rapid
evolution, either randomly or in response to selective influences.

The relative success of culturing cell lines from effusions rather
than solid tumors suggests that effusion cells are better able to adapt to
the environment in vitro than are cells from solid tumors. The conditions
for growth of effusion fluids in vivo should provide a homogenous environ-
ment and opportunities for rapid-selection. In contrast, a solid tumor may
encompass a variety of local microenvironments that differ greatly within
the same tissue mass (67). Given the inherent instability of tumor cell
chromosomes, a more variable environment may promote greater instability and
exert local selective influences on chromosome aberrations arising by
chance. Thus, it would appear more reasonable to attribute an enhanced
ability to adapt to culture and immortality to progressive alterations in
tumor cell biology rather than to heterogeneity.

Short-Term Cultures. We have gained new perspective from a recently
developed short-term culture system. The technique is based on propagation
from organoid ductular aggregates after prolonged enzymic digestion in a
medium designed to promote epithelial cell selection and growth. (For com-
plete description, see chapter by Helene Smith). Although the cells grow
slowly and are viable only for short periods (one to four months in cul-
ture), successful culture has been achieved for approximately 65% of the
samples initiated. Cytogenetic analyses of these cultures from breast
cancer have yielded mainly normal diploid karyotypes (66). Cultures of 15
primary breast cancers were analyzed and while individual cells with numer-
ical or structural aberrations were found, no clonal aberrations were iden-
tified. Further, no consistent patterns of loss, gain, or rearrangement
were detected. Cultures derived from solid metastases differed from those
of primary tumors. All the cells that grew were near-diploid, but the
frequency of aneuploid cells and of cells characterized by structural
rearrangements was greater than that for primary cancers. Three of the 12
cases exhibited clonal karyotypic aberrations in culture.

A possible explanation for differences between these results and those
of direct tumor analyses is that many primary tumors may be karyotypically
heterogeneous. Our experience with short-term cultures may, in part, ex-
plain the paucity of data from primary breast cancers and difficulties in
obtaining cultures from malignancies of the breast. Other investigators
have observed normal diploid cells in fresh tumors but have assumed that
they represented stromal or inflammatory rather than tumor cells (24,45,49).
Evidence that the cultured diploid cells do, in fact, originate from the
cancers, is based on their epithelial characteristics, immunologic data, and
their ability to invade normal amniotic membrane (56,57). The method used
for sample preparation involves prolonged enzymic digestion that may select
for the most adhesive components within tumors. In breast cancer duct
epithelium, one might expect cellular adherence to correlate with better
differentiation. Cells derived from metastatic effusions were uniformly
characterized by major structural rearrangements and significant aneuploidy,
as noted by other investigators. Increase in chromosomal aberration with
increasing tumor progression in this system are shown in Table 2.

As increasing biological deviation is acquired, aneuploid cells may
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Table 2: Chromosome Aberrations in Cultures from Different Stages of
Malignant Progression (Data summarized from reference 66)

Specimen No.of Cells Analyzed % Aneuploid % Cells with
(# cases) (with banding) Cells Structural Rearrangements
Nonmalig- 98 (38) 0 0

nant (6)
Primary 286 (133) 3.8 2.4
Carcinoma (15)
Metastatic

Carcinoma
- to other

breast (3) 53 (37) 3.8 7.5
- to skin (7) 95 (75) 11.0 18.0
- effusion (3) 57 (57) 98.2 100.0

Chromosome harvests were prepared from primary cultures of
benign and malignant mammary epithelium. Cultures from solid tissues
were plated after prolonged incubation and enzymic disaggregation
while cells from malignant effusion were plated directly. A striking
increase in chromosomal aneuploidy and rearrangement accompanies
advances in malignant progression. The 6 cases of nonmalignant
epithelium were comprised of 4 reduction mammoplasties and 2
contralateral breasts.

then adapt better to growth in vitro. Nonetheless, fewer than 10% of such
effusions are capable of long term propagation. We recently studied a
patient in whom three effusion fluids were obtained over a period of two
years. The third sample, obtained after the patient had received both
radiation and chemotherapy, adapted repeatedly to growth as a cell line,
whereas the first two samples grew in short-term culture but did not develop
into lines. The chromosome patterns of the first two samples were not
greatly dissimilar to those from the third effusion. All were near-diploid
and contained several structural rearrangements. The karyotypic rearrange-
ments observed are consistent with those reported for other breast cancers,
both primary and secondary. Several markers involving extra copies of 1q
were seen, the #16 was monosomic and translocations involving chromosomes 9,
11, and 17 were observed (Fig. 1). Like other cell lines, these far-
advanced tumor cells may represent only a small fraction of the original
tumor population.

Several conclusions can be drawn from our studies. First, the diploid
cells observed so often in preparations from breast cancers may not be con-
taminating stromal or inflammatory cells but may represent a subset of truly
diploid cancer cells. Second, our culture system, originally developed to
propagate normal breast tissues, appears selective against aneuploid popula-
tions from primary and secondary tumors. And third, that only when aneu-
ploid cells from tumors have acquired great biological autonomy, are they
capable of growing under the culture conditions described. If these conclu-
sions are correct, then the primary events in breast cancer may often not be
associated with chromosomal aberrations. Many breast cancers are markedly
heterogeneous, morphologically and cytogenetically, and the frequent chromo-
somal aberrations in primary and metastatic tumors may represent secondary
events reflecting the acquisition of characteristics common to many tumor
cell populations. Their presence within primary tumors may indicate the
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extent of cytologic and cytogenetic evolution that has occurred within the
developing primary lesions.

VII. GENE AMPLIFICATION

The morphologic anomalies described as homogeneously stained regions
(HSR) or double minutes (DM) are generally accepted as chromosomal manifes-
tations of gene amplification and have often been found in association with
drug resistance. Both HSRs and DMs have been reported in breast cancers
from various sources.

Three primary mammary cancers with HSR-bearing chromosomes were des-
cribed, two of which had regions corresponding to the classic description of
an HSR while in the third the abnormal region was partially stained by C-
banding (36). An HSR was also reported in a direct preparation of cells
from a breast cancer pleural effusion (47). HSR-positive chromosomes were
noted in two cell lines, one derived from breast cancer and the second of
suspected breast tumor origin. An unusual HSR, observed in a metastasis-
derived cell line, was uniformly brightly fluorescent but with G-banding
showed non-homogeneous repeated bands of the type referred to as ABR
(abnormally banded regions) (5). In none of these cases was the chromosome
bearing the HSR identified.

The frequency of chromosomal amplification was emphasized recently in
a study of fresh solid tumors and malignant effusions (24). Many of the
primary cancers in this study were from individuals who had received no

Figure 1: Karyotype from first passage of a breast cancer effusion fluid
that developed into a cell line. It is interpreted as 45,XX,-1,-9,-11,
-13,-16,-17,45 markers. The markers in the bottom row reading from the left
are identified as t(lq:13q), 1p-(p22), inv(11l)(pl5ql3), t(9q:17q), and
inv(1l) (p36q2l). The 1p-(p22) resembles a marker described in (30) as
t(1:3)(p33:p25).
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chemotherapy. DMs were observed in 15 of 22 solid breast tumor samples,
including 2 of 4 metastases. In cases where more than 10 metaphases con-
tained DMs, no more than 1 or 2 such pairs were found in most cells. Cell
with more than 6 DM pairs were rare in any case. In contrast, effusion
fluids from breast cancer patients tended to have large numbers of cells
exhibiting the phenomenon and more frequent cells with larger numbers of DM
(24). Since both DM frequency per cell and DM-bearing cells per tumor were
low, these observations could have been overlooked easily in earlier stud-
ies. Small numbers of DMs are unlikely to be detected in flow studies.
Clearly, chromosomal forms of gene amplification can be found in cases where
no chemotherapy has yet been employed. It has been suggested that amplifi-
cation is a manifestation of a far-advanced (aggressive, metastatic or
effusion) form of cancer. Oncogene amplification has been associated with
advanced stages of disease in neuroblastoma (8). If the chromosomal obser-
vations in breast cancer were correlated with evidence of oncogene amplifi-
cation, this might also provide a measure of tumor cell progression. Retro-
spective correlation of the genetic findings with the clinical course of
individual patients is therefore an essential next step.

VIII. ONCOGENES

The location of oncogenes within the karyotypes has provided clues to
one role for chromosome modification in cancer biology. The proto-onco-
genes, normal cellular components, appear to function in growth, regulation
and differentiation. In malignant tissues, both structural (mutational) and
quantitative alterations of these genes have been identified. Breast
cancer, like other human tumors, has been the subject of intense search for
alterations of oncogene expression, amplification, or structural modifica-
tion. A screen of human malignancies for quantitative oncogene mRNA as a
measure of gene expression included four cases of breast cancer (55); there
was strong expression of c-fms in three cases and some expression of other
oncogenes. In no case was there comparison between normal tissue and the
breast tumor. More recent studies examined DNA rather than gene product, by
Southern blot hybridization with nine cellular oncogene probes (68). Ten
breast cancers were among the 71 epithelial tumors studied. The investiga-
tors reported increase in gene copy number for c-myc in two of the ten
breast cancers. Both were relatively large tumors, both had positive axil-
lary nodes, and were considered aggressive lesions. Decreased intensity of
a c-Ha-ras band in one tumor was interpreted as loss of an allele. A
similar altered allelic ratio at the c-myc locus, noted for a breast cancer
metastasis, was not found in the primary tumor nor in normal breast tissue
from the same patient. While the decreased band intensities were interpre-
ted as allelic loss, the authors could not rule out chromosome loss or re-
combination as an explanation. Since the allelic bands were not completely
lost in any case, these results might also suggest heterogeneity within the
tumor cell population.

Other approaches to the study of oncogene alteration have employed
breast cancer cell lines. Heterogeneity for expression of the oncogene, N-
ras, is an aspect of variable phenotype in the MCF-7 line which also shows
marked karyotypic instability (54). When seven sublines of MCF-7 were com-
pared after digestion with Eco-Rl, variation over a ten-fold range in the
amount of N-ras hybridization DNA was found (25). None of three other
breast cancer cell lines or four primary breast cancers showed N-ras ampli-
fication. Amplification in MCF-7 was not associated with either DMs or an
HSR (both present), but was localized to a marker chromosome of undetermined
origins. Another breast cancer line, SKBR-3, demonstrated a ten-fold in-
crease in c-myc copy number, together with increased expression of c-myc RNA
(38). No genomic rearrangements of the c-myc was found. MCF-7 and three
other breast cancer cell lines did not show amplification of c-myc. No
cytologic localization of the amplified gene was presented. Yet another
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breast cancer line, SW613-F, also revealed c-myc amplification, in this case
correlated with increased number of DMs per tumor cell (44). However, onco-
gene amplification was maintained even when the DMs were lost with passage
of time, and in those cells, the gene was integrated into a marker chromo-
some. Similar to other studies, no evidence of genomic rearrangement was
found. The oncogene amplification was increased by passage through nude
mice, suggesting an association with more aggressive components within the
tumor. Another study which supported amplification of N-ras in the MCF-7
line described above, also recorded the presence of two other, heretofore
unrecognized, transforming genes in DNA from the same cells (21). The
results from cell lines must be viewed with caution, given doubts about the
degree to which they represent primary tumors; however, together with emerg-
ing evidence of oncogene expression and gene amplification in fresh tumors
they provide support for a role for chromosome aberrations in tumor
progression.

IX. PREDISPOSING FACTORS

Inherited predisposition to cancer has been associated with chromosome
instability that may be expressed spontaneously, after exposure to cancer-
causing agents, or under certain culture conditions. From studies of
patients with hereditary colon cancer syndromes, the hypothesis emerged that
cells grown in culture that appear normal by other criteria could
demonstrate a "mutant cancer-prone genotype" and that either increased
tetraploidy or hyperdiploidy could be considered as expressions of cancer-
prone genes (15). Similar studies of cells from breast cancer patients have
compared results in individuals from hereditary breast cancer families with
and without the disease, with individuals with breast cancer but without
positive family history, and with selected controls (41). They report
hyperdiploidy in vitro in six out of seven breast cancer patients from
families with hereditary breast cancer and in one of four individuals with
non-hereditary breast cancer. Similar positive findings were reported for
several unaffected first degree relatives of the breast cancer patients.
Increased tetraploidy was not observed and it was concluded that hyper-
diploidy in culture was a marker in some individuals for heritable breast
cancer (41).

Another chromosomal approach has been used to investigate propensity
to increased cancer incidence. Constitutive heterochromatin (highly repet-
itive DNA sequences) may function in mitotic or meiotic pairing and segre-
gation or may be involved in transpositions. Large blocks of heterochroma-
tin are present on human chromosomes 1, 9, and 16 near the centromeres.
Heteromorphisms of these regions, recognized as quantitative differences in
C-band positive material between two homologs, have been sought in cancer
patients. A group of 54 breast cancer patients, twelve with positive family
histories, were compared with a control group of randomly selected blood
donors (6). Statistically significant differences were found between the
patients and the controls, with C-band increases in the cancer patients.
Differences were also reported between sporadic and familial breast cancer
patients and between pre- and post-menopausal cancer patients. The preva-
lence of inversions on chromosome 1 and 9 was also significantly higher in
cancer patients. Thus a constitutional chromosomal pattern was identified
which may confer greater risk for breast cancer development.

X. CONCLUDING REMARKS

Strikingly little cytogenetic data has been obtained directly from
human breast cancers. Some are near-diploid with few karyotypic alterations
while others show extensive chromosome rearrangement, whether the tumors are
diploid or aneuploid. There is karyotypic variation among cells within the
same tumor. Some tumors are bimodal and appear to contain normal diploid
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cells, an impression that is reinforced by results from short-term cultures
(10,66). Many breast tumor cells, from primary, metastatic, effusion or
cell culture sources, show preferential involvement of 1q. Since most
breast cancers originate from the same cell type, they should display a
similar complex of associated chromosomal lesions. Evidence from the mouse
mammary cancer model supports the same themes which emerge from study of
human tumors -- that there is tumor-associated specificity of chromosome
aberration and that there is cytogenetic heterogeneity within tumors. Limi-
tations of each of the means available for study are so severe that we are
only able to reconstruct an approximation of the genetic constitution of
human tumors by using many different sources of data.

Sandberg has proposed that key events in tumor formation involve chro-
mosome rearrangements (52). The critical alteration is rearrangement of a
genetic locus unique for each cell and tissue type. Thus, a primary, speci-
fic, karyotypic change is proposed as relevant to tumor etiology. Other,
secondary, karyotypic changes may vary among cells and tumors of the same
site and type. The latter changes could be responsible for biological
attributes such as invasiveness or metastasis and could be common to many
tumors.

The common, apparently specific karyotypic alterations in breast
cancers are more likely to be secondary changes for the following reasons:
although prevalent, they are not present in all primary cancers. There is
evidence that many primary cancers contain chromosomally unaltered cells.
The most common observations, replications and rearrangement of 1lq and, to a
lesser extent, involvement of #16, have been found in other primary tumors
including those of ovarian, endometrial, urinary tract and leukemic origins.
Identification of these preferential sites is particularly intriguing in
light of the postulated cancer-predisposing effects of increased heterochro-
matin. Last, the evidence for heterogeneity and evolution within primary
tumors makes it likely that secondary karyotypic changes would be present
within the primary lesion.

Molecular evidence, although scanty, also supports a role for chromo-
some changes in tumor progression. Neither chromosomal nor molecular data
have yet contributed to our identification or understanding of initiating
events in cancer. Dulbecco (19) has suggested sequencing the entire genome
to resolve problems in the study of human cancer in terms that are particu-
larly relevant to breast tumors -- "A major difficulty -- ("if important
genes differ in cancers of different organs") -- is the heterogeneity of
tumors and the lack of cultures representative of the various cell types
present in cancer." At present, with ample evidence of heterogeneity in
primary tumors and in culture systems and lacking evidence for specific
primary karyotypic associations, we have little ammunition for a molecular
attack on the primary genetic events in breast cancer.
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I. INTRODUCTION

Development of the vertebrate embryo depends heavily on cell and tis-
sue interaction. In early stages, inductive interactions between blastemas
and tissues are responsible for the diversification of cell types; later,
interaction between already committed cell populations is required for the
precise development of the complex structures of vertebrate organs
(Kratochwil, 1983). These organs are typically formed by at least two
tissues of different developmental history, e.g. epithelium and mesenchyme,
which associate secondarily in development (Grobstein, 1967).

Developmental interdependence of these tissues has been demonstrated
by means of tissue separation and experimental recombination. In the case
of epithelial-mesenchymal organs, such studies (Grobstein, 1955) have shown
that in almost all cases epithelial development depends on the presence of
mesenchymal cells. The degree of organ specificity in mesenchymal require-
ment may vary (Grobstein, 1967, Kratochwil, 1972). Dependence on the
mesenchyme is most obvious during the formation of an organ, in the case of
glands or gland-like organs during the phase of most active epithelial
growth and branching morphogenesis. Although experimentation is consider-
ably more difficult in adult stages, it is assumed that epithelial-stromal
interaction continue to play a role in the stabilization of organ structure
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and cellular phenotype, or conversely, that disturbed tissue relationship
may be involved in pathological processes (Tarin, 1972).

The mammary gland is a typical epithelial-mesenchymal organ, with some
special features that make it particularly interesting: While the develop-
ment of most comparable organs is completed before birth, growth, morpho-
genesis, cell diversification, and full phenotypic differentiation of the
mammary gland occur in adult life. Extrapolating from other epithelial-
mesenchymal organs it can thus be suspected that organogenetic interactions
do indeed occur between adult tissues. Secondly, the cycles of development
and involution of the adult gland are under obvious hormonal control. From
other glands we know of the great importance of mesenchymal-epithelial
interactions in particular for morphogenesis. It seems therefore reasonable
to speculate that hormones may act (in part) by modulating tissue
interaction processes.

In this brief chapter, I shall review information from classical
tissue separation and recombination experiments done mostly in the fetal
gland. The role of the stroma in the development of the adult gland is
examined by Stockdale (see chapter in this volume), and the function of
extracellular matrix molecules as possible mediators of the mesenchymal
influence has already been discussed in the two preceeding chapters. Here,
I shall concentrate on the role of the mesenchyme in the initiation and
early stages of mammary development, and also on the interplay between
hormone action and epithelial-mesenchymal tissue interaction.

II. EPITHELIUM-MESENCHYME INTERACTION IN THE FORMATION OF THE GLAND
PRIMORDIUM

The epithelium of the mammary gland is derived from the embryonic
epidermis. In most mammals, the earliest morphological indication of its
development is the formation of a band or crest of thickened epithelium -
the "mammary band (crest)" or "milk line". In species with numerous gland
pairs, the milk line runs from the forelimb to the inguinal region, in
others it may be restricted either to the thoracic or to the inguinal end.
This mammary ridge then gives rise to the individual mammary buds. Even
species with only one pair of glands, as the human, pass through the stage
of the milk line, whereas the 5 gland pairs of the mouse apparently arise as
individual thickenings of the epidermis (Balinsky, 1950; glands 4 and 5,
though, are linked by thickened epidermis for a short time in 1ll-day
embryos) .

Tissue combination experiments aimed at elucidating the possible role
of the underlying mesenchyme in this process have been done in the rabbit
embryo (Propper, 1968). In this species, a prominent mammary band forms on
day 13. If 12-day epidermis of the prospective mammary region was placed on
mesenchyme from other areas, no mammary ridge could develop. On the other
hand, 12-day "neutral" epidermis (from head or neck region) associated with
12-day "mammary" mesenchyme gave rise to mammary structures. The experi-
ments suggest that it is the mesenchyme which initiates mammary development
and that formation of the mammary ridge depends on mesenchymal induction.
After that event, from day 13 onwards, mammary epithelium is capable of
continuing its development even in association with "neutral" mesenchyme
(but it should be noted that further differentiation has not been investi-
gated beyond the formation of buds and sprouts).

This concept of mesenchymal induction of mammary development agrees
with the experience derived from an analysis of skin development in general.
It is (usually) the dermal component which determines position, patterning,
and type of skin appendages formed in experimental dermis-epidermis combin-
ations (for a review, see Sengel, 1976).
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The response of the epithelium to the mesenchymal induction apparently
does not include locally increased cell proliferation. To the contrary,
Balinsky (1950) has found a reduced mitotic index in early mammary epithe-
lium as compared to neighboring epidermis. Our own studies with tritiated
thymidine (unpublished) showed even distribution of DNA-synthesizing cells
throughout the epidermis during formation of the mammary buds in 1l-day and
12-day mouse embryos, followed by conspicuous near-absence of TdR-incorpor-
ating mammary epithelial cells on day 13, while the bud still increases in
size. Balinsky (1949) proposed that the thickening of the mammary placode
and early growth of the bud is caused by migration of epidermal cells, a
suggestion that might be supported by the appearance of the tissue in
scanning electron micrographs (Propper, 1978).

While it seems plausible (from experience with other skin derivatives)
that young epidermis from other body regions can also form mammary ridges
and buds, the mammary-like ingrowths described when chick or duck epidermis
was associated with rabbit mammary mesenchyme (Propper, 1969), would still
seem to require more careful analysis. Unequivocal identification of the
species origin of these epithelia has not been attempted, nor has the
further development of these "buds" and "sprouts" been followed. Inductive
interaction is known to occur between avian and mammalian tissues, with the
restrictions imposed by the genetic repertoire of the species (for instance,
chick epidermis responds to mouse dermis with an attempt to make feathers,
not hair - see Sengel, 1976). If, however, the primary action of the
mesenchyme of the mammary region is to cause cell streaming within the
epidermal sheet, a response even of bird epidermis would not seem totally
inconceivable.

At present, the processes underlying the first decisive event in mam-
mary gland development are not understood at all, i.e. when the prospective
mammary epithelial cells enter a developmental pathway different from their
surrounding epidermal cells. The mechanism of mesenchymal induction is not
known - as, unfortunately, is the case in all other inductive systems, as
well. Neither do we know the primary differences in gene expression between
the cells of the mammary bud and those of the epidermis. If the mesenchyme
is indeed responsible for the position of the mammary ridge and/or buds, we
have no indication as to what determines the "pattern" within the mesen-
chyme. At least at the morphological level, the mesenchyme under the
mammary ridge, or under the individual mammary placodes of the mouse embryo,
is not distinguishable from neighboring tissue. It is only during subse-
quent growth from of the bud that adjacent mesenchymal cells become oriented
around the' gland epithelium and thus can be recognized as "mammary"
mesenchyme (below).

III. THE ROLE OF EPITHELIUM-MESENCHYME INTERACTIONS DURING THE "RESTING
PHASE" OF THE MOUSE GLAND; THEIR IMPORTANCE FOR THE HORMONE RESPONSE
OF THE MAMMARY RUDIMENT

Formation of the primordial buds of the mammary anlagen is not immedi-
ately followed by outgrowth and branching of the epithelium - as would be
the case in other glands or gland-like organs. Instead, the mammary
rudiment passes through a relatively extended period of slow growth and
little or no morphogenetic activity. In the mouse gland, the epithelial
buds form between day 11 and 12, but outgrowth of the primary sprout begins
only at 16.5 days, just 2.5 days before birth. Such a period of quiescence
has been observed in the development of the gland in a variety of species
(Balinsky, 1950) and may thus be a general characteristic of mammary
development.
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A. Sexual Dimorphism in the Development of the Mouse Mammary Gland
Rudiment i

In the female mouse embryo, the epithelial bud changes very little
between days 12 and 16. Originally attached directly to the epidermis, it
acquires a "stalk" on day 13 which lengthens minimally during the next 2
days. Formation of this stalk on day 13 occurs almost without any cell
division in the epithelium, suggesting cells flowing down from the epider-
mis. Epithelial DNA-synthesis is resumed on day 14 (unpublished). The
mesenchyme under the 1ll-day placode and around the 12-day bud is morpholog-
ically entirely inconspicuous. During subsequent days, the nearest mesen-
chymal cells orient themselves tangentially around the epithelial bud and by
day 14, a sort of mesenchymal "capsule" has formed around each bud. This
"mammary mesenchyme" is distinct from the adjacent dermis by the orientation
and shape of its cells, by the absence of all vascularization, and by an
extracellular matrix that stains much more heavily with cationic dyes, such
as Alcian blue (Kronberger, unpublished). The most characteristic differen-
tiative property of this mesenchyme is its possession of sex steroid
receptors (below), but it is never as clearly delineated from the rest of
the dermal mesenchyme as is, for instance, the salivary gland’s capsular
mesenchyme in the lower jaw. The sequence of morphological changes suggest
that this "mammary mesenchyme" forms under the influence of the epithelial
bud.

More dramatic are the events taking place in the gland of male mouse
fetuses during the "resting phase". The early development up to day 13 is
the same in both sexes, but during the first hours of day 14, the "mammary
mesenchyme" begins to condense in the male, eventually forming a very
compact capsule around each bud. Later on the same day, the mesenchymal
condensation slips upward to the stalk of the gland in the first 4 gland
pairs, and moves under the bud in the fifth. In the anterior 4 glands the
stalk stretches and eventually ruptures, the gland epithelium thus becoming
permanently separated from the epidermis. The cells of the "stalk" remain-
ing with the epidermis become necrotic and disappear, the lower portion of
the gland epithelium may survive in part, depending on the position of the
gland and the strain of mice (Raynaud and Raynaud, 1953 a; Raynaud et al.
1970; Kratochwil, 1971). 1If male mice possess remnants of a mammary gland,
their ducts are never connected to the epidermis and they do not have
nipples. The epithelial rudiment of the 5th gland pair (second inguinal) is
pushed out through the epidermis and leaves no trace (Raynaud and Raynaud,
1953 b). This destruction of the male mammary anlagen is caused by testic-
ular androgens, as shown by experiments in vivo (Raynaud and Raynaud, 1956)
and in vitro (Kratochwil, 1971).

Although this sexual dimorphism in fetal mammary development is not
typical for mammals, and not even present in all rodents (e.g. not in the
guinea pig), its analysis has provided some valuable insight into the inter-
play between hormone action and epithelial-mesenchymal tissue interaction.

B. Hormone Effect Mediated by Tissue Interaction

Both tissues of the gland are visibly affected by the hormone: the
mesenchyme condenses and the epithelium is destroyed. Organ culture exper-
iments had shown that testosterone acts directly on the gland, (Kratochwil,
1971), but could not decide whether the hormone acts directly on both
tissues. The mechanism of hormone action was elucidated in experimental
tissue combination utilizing the androgen-insensitive Tfm ("testicular fem-
inization") mutant of the mouse (Lyon and Hawkes, 1970). At the 12-day
stage, the epithelial mammary bud can be cleanly separated from its endowing
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mesenchyme and recombined with mesenchyme from another source. Recombin-
ation explants composed of androgen-insensitive epithelium and "wild-type"
mesenchyme responded to testosterone (i.e. the mesenchyme condensed and the
epithelium was destroyed), whereas the reciprocal combinations of normal
epithelium with androgen-insensitive mesenchyme completely failed to react
(Kratochwil and Schwartz, 1976; Drews and Drews, 1977). It was thus estab-
lished that the hormone has only one target tissue in the gland and that its
effect on the epithelium is mediated by the mesenchyme. The mechanism by
which testosterone-stimulated mesenchymal cells destroy the epithelial
anlage is still not known.

Tissue destruction may justly be considered an atypical result of
mesenchyme-epithelium interaction. It is therefore important to note that
the same situation prevails in the development of the urogenital sinus:
During fetal sexual differentiation, testosterone causes the development of
the prostate with its glandular epithelium, whereas the sinus epithelium
remains smooth in the female. Experiments combining wild-type and androgen-
insensitive (Tfm) tissues have established that here, too, testosterone acts
on the mesenchyme (Cunha and Lung, 1978). Growth of the epithelium and its
glandular development are the result of hormone-initiated mesenchyme-
epithelium interaction.

The fetal development of the mammary gland is not only affected by
androgenic steroids but also by estrogens. The latter effect is not physio-
logical and can only be demonstrated experimentally. Injection of estrogens
into pregnant mothers or directly into the fetus caused severe inhibition of
gland development and nipple malformation (Raynaud and Raynaud, 1956). 1In
organ culture, concentrations of estradiol as low as 0.1 nM can prevent
outgrowth of the primary sprout (without causing effects related to the
testosterone response). Althgugh no receptor mutant is available for
unequivocal experimentation, “H-estradiol autoradiographs provided quite
convincing evidence that the mesenchyme is also the target for estrogenic
steroids (Kratochwil and Wasner, in preparation). This result again impli-
cates mesenchymal-epithelial interaction in the inhibition of epithelial
outgrowth. As in the processes mediated by testosterone, the mechanism is
not known. It cannot even be decided whether epithelial growth depends on
mesenchymal factors, the production of which is blocked by the hormone, or
whether estrogen-influenced mesenchyme actively inhibits further epithelial
growth and development.

This negative effect of estrogens in the mammary gland again has a
"positive" counterpart in the development of the female genital tract. In
neonatal mice, estrogens stimulate growth and hypertrophy of uterine
epithelium in the apparent absence of epithelial estrogen receptors. By
autoradiographic demonstration, as well as by whole cell binding assays,
high affinity and saturable estrogen-binding sites could be found in the
mesenchyme only (Bigsby and Cunha, 1986). Mesenchymal sex steroid-binding
was demonstrated for a number of embryonic organs in the chick, especially
those subject to sexual differentiation (Gasc and Stumpf, 1981 a, b). This
is an interesting finding in view of earlier tissue combination studies done
in a variety of epithelial-mesenchymal organs, which had shown that organ
morphogenesis, including the development of characteristic epithelial
structures, is more dependent on the mesenchyme than on the epithelium
itself (Alescio and Cassini, 1962; Kratochwil, 1969; Sengel and Dhouailly,
1977; Cunha et al., 1980). It would thus appear that a hormone controlling
the formation of an organ (rather than its physiological function) could do
so more efficiently by acting on the dominant partner in organogenetic
tissue interaction, i.e., the mesenchyme (Cunha et al., 1983).
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C. Tissue Interaction in the Development of Hormone Responsiveness

While the epithelium appear as the passive partner in hormone-induced
tissue interaction, it was found to play the active role in the development
of hormone responsiveness - at least in the mammary gland.

The testosterone-induced destruction of the mammary anlagen in male
fetuses takes place on day 1l4. In vitro experiments have shown that there
exists only a short androgen-responsive "window" during mammary development:
The rudiment becomes sensitive to the hormone late on day 13, and is no
longer affected on day 15 (Kratochwil, 1977). The development of androgen
responsiveness from day 12 to day 14 correlates well with the development of
specific androgen-binding sites (Wasner, Hennermann and Kratochwil, 1983).
Most importantly, mammary rudiments explanted on day 12 or even day 11,
become responsive in vitro in due time. Development (and also loss) of
testosterone responsiveness must therefore be controlled by processes within
the gland rudiment itself (Kratochwil, 1977). When, however, the mesenchyme
(i.e. the target tissue of the hormone) was explanted without epithelium, it
never showed any response to testosterone (e.g., condensation), and neither
when mammary epithelium was replaced by epithelia from other organs
(Durnberger and Kratochwil, 1980). In contrast, mammary epithelia from
other species (rat and rabbit; the glands of the latter are not affected by
testosterone) placed on mouse mammary mesenchyme caused a response to
testosterone.

The function of mammary epithelium was eventually revealed by 3y-
testosterone autoradiographs of 1l4-day mammary rudiments: steroid-binding
was restricted to the mesenchyme, as was to be expected from the Tfm - wild-
type tissue combination experiments (above), but it was also seen that only
a very few layers of mesenchymal cells around each gland bud, the "mammary"
mesenchyme referred to above, retained the hormone (Heuberger et al., 1982).
In view of earlier experiments that had excluded the migration of mesenchy-
mal cells to the mammary bud (Durnberger and Kratochwil, 1980), this
distribution (as seen in Fig. 1) strongly suggested that mammary epithelium
had induced the formation of androgen receptors in the adjacent "mammary"
mesenchyme. Experimental evidence for induction was finally obtained by
combining 12-day epithelial buds with mesenchyme of the mammary region (but
which had not been in contact with a gland before). During two or three
days of subsequent culture, each of these epithelia became surrounded by
receptor-positive mesenchymal cells (Heuberger et al., 1982).

Induction of testosterone receptors is organ-specific (i.e. epithelia
from other organ rudiments are ineffective) but not species-specific, as
seen by the positive results obtained in combinations of rat or rabbit
mammary epithelia with mouse mesenchyme (Durnberger and Kratochwil, 1980).
These are the characteristics of embryonic tissue interactions, as is also
the short range of the inductive influence.

The same situation was found to prevail for the fgrmation of estrogen
receptors. Only the "mammary" mesenchyme proper binds ~“H-estradiol, and
estrogen-binding sites can be induced in mesenchyme of the lateral body wall
by its combination with epithelial mammary buds (Kratochwil agd Wasner, in
preparation). In autoradiographs of embryonic chick organs, ~“H-estradiol-
binding mesenchymal cells were also found in the vicinity of epithelia
(Stumpf et al., 1980), and it therefore appears possible that epithelial
induction of mesenchymal steroid receptor synthesis is a more widespread
phenomenon.

Hormone action and epithelium-mesenchyme tissue interaction are thus
interdependent in at least two steps during mammary development: first, an
inductive signal from the epithelium causes the synthesis of sex steroid
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receptors in adjacent mesenchymal cells. (This dependence of one character-
istic differentiative property of the mesenchyme on the presence of the
epithelium provides the best evidence for the assumption - originally based
on purely morphological observations - that "mammary" mesenchyme develops

Figure 1: 3H-Dihydrotestosterone autoradiographs of l4-day mouse mammary
rudiments.

A. Median section through a mammary rudiment, epidermis on top. Note that
steroid-binding mesenchymal cells are found only around the gland bud and
its stalk. (From Heuberger et al., 1982).

B. Oblique section through an epithelial gland bud. Note the well defined
envelope of receptor-positive mesenchymal cells around the epithelium,
indicating the short range of the inductive influences.
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secondarily under the influence of the epithelial bud.) In the second step,
testosterone-stimulated mesenchymal cells destroy the epithelial anlage in
male fetuses, thus mediating the effect of the hormone on the bud. Similar-
ly, outgrowth of the epithelial sprout can be prevented by estrogens acting
on the surrounding mesenchyme.

Iv. OUTGROWTH AND EARLY BRANCHING
A. Outgrowth of the Primary Sprout

Eventually, after this extended period of conspicuous morphogenetic
inactivity, one or several ducts grow out from the primordial mammary bud.
In the (female) mouse fetus, outgrowth of a single primary sprout occurs at
16.5 days in the thoracic glands, at 17 days in the inguinal pairs. The
time course of this early development, especially the transition from
"resting phase" to outgrowth, does not appear to be regulated by changes in
the hormonal milieu of the fetus: explanted gland rudiments adhere to the
same strict temporal program in vitro (Kratochwil, 1969). It is not known
whether outgrowth is triggered by mesenchyme-epithelium interaction, al-
though its inhibition by estrogens (which act on the mesenchyme - above)
indicates active participation of the "mammary mesenchyme" in this process.
From heterochronic combinations of 16-day epithelium with 12-day mesenchyme,
which had shown that the time of outgrowth is determined by the stage of the
epithelium (Kratochwil, 1969), does not necessarily follow that the "clock"
for development resides in the latter tissue; the older epithelium could
have been exposed to the decisive mesenchymal signals before recombination.
Although the sprout grows by active cell proliferation, especially at its
tip, its outgrowth from the bud is not simply correlated with the resumption
of epithelial DNA-synthesis, which occurs 2 days earlier.

B. Mammary Epithelium Interacts with Two Types of Mesenchyme

The outgrowing epithelial sprout breaks through the capsular "mammary"
mesenchyme and enters the mesenchyme of the future fat pad. The fibro-
blastic "mammary" mesenchyme stays behind and - still identifiable by its
steroid receptors - eventually becomes the mesenchyme of the nipple (Wasner,
Hennermann and Kratochwil, 1983). All branching activity of the gland takes
place in this "second" mesenchyme which undergoes adipose conversion 2 days
after birth (Sakakura et al., 1982) and independently on its invasion by
mammary ducts. During the earliest, organogenetic phase of its development,
mammary epithelium is thus associated with two different types of mesenchyme
in sequence, a unique feature of its development (Sakakura et al., 1982).

C. Mesenchymal Control of Early Epithelial Branching

In relatively short-term organ culture, the development of mammary
epithelium does not appear to depend specifically on the fat pad precursor
mesenchyme. It can grow and branch in dermal and subdermal mesenchyme from
other body regions, in jaw mesenchyme, and also in mesenchyme of the lateral
body wall of chick embryos (unpublished). The overall morphology with the
characteristic monopodial branching pattern of the gland remains rather
typical in these associations. An entirely different result is obtained,
however, when mammary epithelium is forced to grow into mesenchyme of the
submandibular salivary land. Aside from a markedly increased growth rate,
the morphology of the gland epithelium and especially the pattern of its
branching activity is modified in a way to resemble a salivary rather than a
mammary gland (Kratochwil, 1969): 1instead of slim ducts with lateral
secondary buds ("monopodial" branching), the epithelium forms adenomere-like
end bulbs which are cleaved as in the salivary gland. A particularly high
growth-promoting activity of salivary mesenchyme (which can also be deduced
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from experiments with pancreas epithelium (Rutter et al., 1964) might be
responsible for the enhanced epithelial growth but it cannot easily explain
the effect on the branching pattern. Experiments on the lung (Alescio and
Cassini, 1962; Wessells, 1970) and the urogenital sinus (Cunha et al., 1981)
have shown that the mesenchyme governs epithelial morphogenesis. 1In these
cases, however, the effect seen was an induction of budding per se, which to
a large part could be accounted for by mere stimulation of growth. By
comparison, mammary epithelium growing in salivary mesenchyme shows that the
mesenchyme controls epithelial morphogenesis in a much more delicate way.
Interestingly, the cytodifferentiation of mammary epithelium is not affected
by salivary mesenchyme. Upon implantation into lactating hosts, such
combination cultures produced milk (Sakakura et al., 1976).

Since mesenchymes from diverse sources can exert such characteristic
effects on epithelial development (as shown not only in the mammary gland),
the question arises to the significance of the sequential association of
mammary epithelium with 2 types of mesenchyme. Essentially all of the
gland's development takes place in the second mesenchyme, the fatty stroma.
This tissue is the ideal grafting site for mammary epithelium and allows
histotypic reorganization even of cells previously grown in monolayer
cultures (Daniel and DeOme, 1966). The responsiveness of the adult gland
epithelium to its mesenchymal environment was shown in the experiments by
Sakakura and collaborators (1979 b) who implanted pieces of fetal mesenchyme
(the fibroblastic "mammary" mesenchyme, or salivary mesenchyme) into the fat
pad. The host gland colonizing these transplants underwent localized
hyperplasia and formed irregular ductal and ampullar structures. The
authors propose that it is the fatty mammary stroma which determines the
characteristic morphology of the adult gland with its widely spaced ducts
and branch points (referred to as "stretching out" of the duct system by
Sakakura, 1983).

It is not known whether the transient association of mammary epithe-
lium with the fibroblastic "mammary" mesenchyme during the resting phase is
of importance for its further development. The only established function of
this mesenchyme - destruction of the epithelial bud in male fetuses under
the influence of testosterone - is of no obvious biological significance
and, in addition, is a phenomenon found only in mouse-like rodents. After
outgrowth of the primary sprout, this fibroblastic mesenchyme populates the
nipple (then, perhaps, its estrogen receptors may become relevant). The
question remains whether the "mammary" mesenchyme of the resting stage
interacts with the newly formed epithelial bud to allow its developmental
segregation from the epidermis and/or maturation before actual outgrowth.
Sakakura (1983) has attempted to "skip" the association between mammary
epithelium and the fibroblastic "mammary" mesenchyme by combining young
epithelium directly with the fat pad (precursor). In an earlier study
(Sakakura et al., 1979 a) they found that 13-day epithelia, separated from
their mesenchyme and transplanted into the cleared fat pad of juvenile
female mice, could develop to an apparently normal gland. More recently
(Sakakura, 1983), however, it is reported that combinations of 12-day and
1l4-day mammary epithelia with fat pad precursor mesenchyme failed to
develop, whereas the same experiment done with 17-day mammary epithelium
(taken after the resting phase) was reasonably successful. Unfortunately,
in this latter study, young mammary epithelia (12 and 14 day) separated
from, and recombined with, their own fibroblastic "mammary" mesenchyme gave
just as negative results (Sakakura, 1983), rendering the experiment somewhat
inconclusive. Although the unusual high sensitivity of the 12 to 15-day
mammary bud to separation from its mesenchyme (also in our experience) may
suggest some specific dependence on tissue association, we have at present
no idea about the developmental role played by the "mammary" mesenchyme
during the resting phase.
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V. SUMMARY

An attempt to summarize our current knowledge of epithelial-mesenchy-
mal interactions during the fetal development of the mammary gland is found
in the following Table and in Fig. 2.

Figure 2: Schematic representation of the known interactive events during
fetal development of the mammary gland. First, the mesenchyme induces
formation of the epithelial mammary bands or buds. Then, the young bud
induces the development of the fibroblastic "mammary" mesenchyme, one
characteristic of which is the possession of androgen and of estrogen
receptors. Next, on day 14 in male (mouse) fetuses, testosterone acts on
these mesenchymal cells which then in turn destroy the epithelial anlage
(left). After experimental administration of estrogens (right), estrogen-
responsive mesenchymal cells prevent outgrowth of the primary epithelial
sprout. Bottom: In 16 to 17-day fetuses, the primary sprout pushes through
the fibroblastic "mammary" mesenchyme and invades the fat pad precursor.

The properties of this mesenchyme determine the further growth and branching

pattern of the gland epithelium.
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I. INTRODUCTION

Developmental biologists have long recognized that the extracellular
matrix (ECM) plays a vital role in various developmental processes such as
tissue morphogenesis and cytodifferentiation (1,2,3). Expression of the
proliferative, morphogenetic and functional potentialities of the mammary
epithelium in vivo and in culture are clearly influenced by the ECM (4,5).
The mechanistic details of how the ECM affects mammary epithelial cell
behavior remain to be defined. As the ECM supports the mammary epithelium
in vivo includes both acellular and cellular domains, ECM-mediated effects
are likely to include interactions between different acellular ECM compo-
nents, between cells and acellular ECM components and between different cell
types. Additionally, such interactions must be coupled to the hormonal and
growth factor requirements known to exist for expression of the mammary cell

phenotype.

In an effort to dissect the complex process that ensures proper
mammary gland function, mammary gland biologists have devoted a substantial
amount of time to developing culture systems that permit growth and differ-
entiation of mammary epithelial cells. As a result, normal mammary epithe-
lial cells can be dissociated in a viable form from their in vivo
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topological relationships, can be cultured for extended periods of time and
can be hormonally modulated to express differentiation markers. Four dif-
ferent culture systems have been shown to support the expression of tissue-
specific markers by dissociated mammary cells. These are: (a) cell culture
on two-dimensional floating collagen (stromal) gels (6,7); (b) cell culture
within three-dimensional collagen gels (8,9); (c) cell culture on complex
biomatrices (10,11,12,13,14); and (d) cocultivation of mammary epithelial
cells with adipocytes (15) or fibroblasts (16).

Different questions have been explored with each of these approaches
and each system presents advantages and limitations. A unifying conclusion
however, is that an important determinant in the expression of the mammary
cell phenotype is the ECM used as culture substratum, be it part of the
acellular or cellular compartment of the ECM. These approaches with cells
in culture thus provide good model systems to investigate the role of the
ECM in normal mammary cell growth and differentiation and in the neoplastic
process and to explore how the expression of specific genes is regulated by
hormones.

This review will focus on studies concerning the modulation of mammary
cell behavior in culture in relation to the ECM used as substratum. The
discussion presented will be dominated by data on the mouse model system as
our most extensive knowledge on the subject derives from studies with this
system. Special emphasis will be placed on contrasting results with the
different culture systems listed above both with respect to cell growth and
differentiation. The behavior of "normal" mammary cell lines as.well as
that of neoplastically altered mammary cell populations will be compared for
conditions which provide a culture environment permissive for growth and/or
differentiation of normal cells. It is beyond the scope of this review to
discuss the vast number of studies that have advanced our knowledge of the
hormonal and growth factor requirements of the mammary gland in vivo and in
culture; the readers are referred to two recent and excellent reviews that
address this topic thoroughly (17,18).

II. THE TWO-DIMENSIONAL COLLAGEN GEL CULTURE SYSTEM: EXPRESSION OF
TISSUE-SPECIFIC MARKERS

The differentiated phenotype of mammary epithelial cells cannot be
maintained when these cells are cultured on a conventional plastic substra-
tum. A notable advance in the field of mammary epithelial cell culture was
the development by Emerman and Pitelka (6) of culture conditions that
support expression of mammary cell differentiation. Based on studies by
Michalopoulos and Pitot (19) on adult rat liver epithelium, Emerman and
Pitelka introduced the use of a floating stromal collagen gels for the cul-
tivation of dissociated mouse mammary epithelial cells. Mammary epithelial
cells from pregnant mice express features of the differentiated phenotype in
culture in response to lactogenic hormones only when plated on floating
collagen gels. Differentiation markers maintained or enhanced include cell
surface polarization, microvilli, epithelial junctional complexes, a well-
developed secretory apparatus and synthesis and secretion of the milk
protein, gamma casein (6,7,20,21). Correlating with expression of cell
differentiation is a change in cell shape from squamous, if cultured on an
inflexible surface, to columnar on floating collagen gels (6,21). The
ability to modulate expression of mammary cell-specific functions by the
culture substratum is well illustrated by experiments where "dedifferen-
tiated" cells, as a result of culture either on plastic or on inflexible
collagen gels, reexpress differentiation markers when cycled to floating
collagen gels (6,22).

The recent studies of Bissell and collaborators with the two-dimen-
sional collagen system provide the most detailed data on the modulatory
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effects of the ECM on the synthesis and secretion of milk components
(13,23,24,25,26). Using mouse mammary cells from mid- to late-pregnant
mice, these studies have begun to address the important issue of whether the
ECM on which the cells are cultured can modulate the expression of the full
repertoire of biochemical products characteristic of the in vivo phenotype
and, if so, whether expression of different products is regulated coordin-
ately.

In the course of pregnancy, mammary epithelial cells must activate a
complex program of hormone-responsive differentiation in order to achieve
their fully functional state at the onset of lactation namely, milk secre-
tion (17,18). The constituents of milk are diverse and include proteins,
sugars, lipids and salts. The precise timing of their synthesis must be
synchronized with the onset of milk secretion; the details of how this is
accomplished have not been elucidated. The milk protein genes are good
markers for monitoring distinct synthetic activities that must be induced,
maintained and modulated if the in vivo secretory mammary phenotype is to be
studied under controlled culture conditions. Briefly, the major protein
components of mouse milk (Table 1 and Fig. 1), the caseins, are a family of
phosphoproteins comprising several molecular species referred to as alpha-1
(43 Kd), alpha 2 (39 Kd), beta (30 Kd), gamma (23 Kd), delta (21 Kd) and
epsilon (14.5 Kd) (27). The mouse whey proteins include: (a) a-lactalbumin

Table 1
Synthesis and secretion of caseins by mouse mammary cells

from pregnant mice in short term cultures

Culture conditions? Relative amounts of mouse caseins®
Lactogengc Cell-associated Secreted
Substratum hormones® %1 %2 8 4y § @ %% B 4 &

Freshly isolated un-

cultured mammary cells nt 3+ 3+ 4+ + o+ 3+ 3+ 4+ 2+ +
Floating h” 2+ + a - - - - - -
collagen gel nt 4+ 4+ 4+ + 2+ 4+ 4+ L4+ + o+
Attached h° + -/+ - - - - - - - -
collagen gel nt +  + 2+ - - Y s -
Plastic h° + -/+ - - - - - - - -

ht -/+ -/+ + - - - - - - -

87.12 days in culture

Pht with insulin, prolactin and hydrocortisone, h™ without these hormones

ccompiled from references (13,23-26)

dnot detectable

+ to 4+ reflect relative intensity of casein bands detected either by the
immunoblot procedure or by immunoprecipitation of labeled proteins with
antiserum to mouse caseins (normalizations for equal amounts of samples were
assumed)
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(a moiety of lactose synthetase and thus, a cofactor in the synthesis of
lactose; ref. 28) and the whey acidic protein (WAP) both with apparent
molecular weights of 14,000 (27,29,30); (b) the iron-binding protein,
transferrin (24,27) and (c) the serum protein, albumin which is not
synthesized by mammary cells but sequestered from the blood (31).

The specific proteins identified in cultures of mouse mammary cells as
a function of the substrata have been grouped into four classes (13,24,25):
(a) milk proteins whose hormone-dependent synthesis and secretion are modu-
lated by the culture substrata (e.g., the caseins); (b) milk proteins that
are not responsive to hormones and exhibit only marginal quantitative modu-
lation by the culture substrata (e.g., transferrin and butyrophilin, a major
glycoprotein in milk fat globule membranes); (c) milk proteins whose
hormone-dependent synthesis cannot be maintained or elicited by the other-
wise differentiation permissive flexible collagenous substratum (e.g., a-
lactalbumin and WAP); and (d) a set of "culture-specific" proteins that are
hormone and substrata independent and which are not detected in freshly
isolated mammary cells or in mouse milk. Data on the expression of some of
these proteins relative to the culture substrata and the hormonal environ-
ment are summarized in Tables 1 and 2. Note that these data were compiled
from the gel patterns and text descriptions provided by several studies
(13,23,24,25,26). For the sake of simplicity, the relative levels of the
protein products indicated may not always reflect the quantitative complexi-
ties of the original data, particularly with respect to mRNA levels.
Instead, such information is noted in the table below.

Mouse mammary cells continue to synthesize and secrete all casein
polypeptides for up to one month in culture to the same extent as freshly
isolated uncultured mammary cells only when maintained on floating collagen
gels (Table 2; 13,24,25,26). On attached (or glutaraldehyde-fixed) collagen
gels or on plastic, low levels of some of the caseins can be detected
intracellularly even after 2 weeks of culture; these proteins are not
secreted (Table 2; 13,25).
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Figure 1. Mouse milk proteins separated in a 15% sodium dodecyl sulfate
polyacrylamide gel electrophoresis stained with coomassie blue. Molecular
weight markers: bovine serum albumin (67K), ovalbumin (43K), carbonic
anhydrase (30K), soybean trypsin inhibitor (21K) and lysozyme (14.3K).
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