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Abstract

The extracellular matrix (ECM) is a dominant regulator of tissue development and homeostasis.
“Designer microenvironments” in culture and in vivo model systems have shown that the ECM
regulates growth, differentiation, and apoptosis in murine and human mammary epithelial cells
(MEC) through a hierarchy of transcriptional events involving the intricate interplay between soluble
and physical signaling pathways. Furthermore, these studies have shown that these pathways direct
and in turn are influenced by the tissue structure. Tissue structure is directed by the cooperative
interactions of the cell—cell and cell-ECM pathways and can be modified by stromal factors. Not
surprisingly then, loss of tissue structure and alterations in ECM components are associated with the
appearance and dissemination of breast tumors, and malignancy is associated with perturbations in
cell adhesion, changes in adhesion molecules, and a stromal reaction. Several lines of evidence now
support the contention that the pathogenesis of breast cancer is determined (at least in part) by the
dynamic interplay between the ductal epithelial cells, the microenvironment, and the tissue structure
(acini). Thus, to understand the mechanisms involved in carcinogenesis, the role of the
microenvironment (ECM as well as the stromal cells) with respect to tissue structure should be
considered and studied. Towards this goal, we have established a unique human MEC model of
tumorigenesis, which in concert with a three-dimensional assay, recapitulates many of the genetic
and morphological changes observed in breast cancer in vivo. We are currently using this system to
understand the role of the microenvironment and tissue structure in breast cancer progression.
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Introduction

Cell — extracellular matrix (ECM) interactions are known to play important roles during
embryonic morphogenesis and are required for the maintenance for tissue homeostasis in the
adult organism (for a review, see Stoker et al. 1990; Adams and Watt 1993; Martins-Green
and Bissell 1995; Askhenas et al. 1996). For example, it is known that the ECM is involved in
the initiation and induction of embryonic branching morphogenesis in the salivary and
mammary glands and promotes lung, pancreas, and kidney development (Bernfield and
Banerjee 1982; Ekblom et al. 1990; Koch et al. 1991; Silberstein et al. 1992; Hisaoka et al.
1993). Postnatally the ECM is intimately involved in the estrous cycle and pregnancy-
associated regulation of mammary gland proliferation, differentiation, and apoptosis (Talhouk
etal. 1992; Sympson et al. 1994), while alterations in ECM turnover and cell-ECM interactions
have been shown to be vital for wound healing and during an inflammatory response (Hauser
et al. 1993; Murray et al. 1993; Martins-Green and Bissell 1995). Although much has yet to
be learned about how the microenvironment regulates these physiological processes, it has
been shown that the ECM directs changes in gene expression via both biochemical and
biomechanical signalling pathways (for review, see Roskelley et al. 1995). This has been shown
to occur through integral cell-membrane ECM-specific receptors, including the well-described
integrin heterodimers (Hynes 1992) and syndecans (Bernfield et al. 1993). Furthermore, it has
been reported that cell shape and the internal cell architecture per se can dictate how these
ECM-generated signals are integrated and how the cell or tissue will respond (Dhawan and
Farmer 1994; Roskelley et al. 1994; Ingber et al. 1994, 1995). Because changes in gene
expression also modulate the expression of ECM receptors, ECM molecules, and alter tissue
architecture, this underscores the existence of a dynamic reciprocity between the cell, its tissue
structure, and the microenvironment, as was predicted more than a decade ago by Bissell et al.
(1982) (Fig. 1).

Consistent with its role in dictating cell fate, alterations in cell-ECM interactions and ECM
components have been shown to be present in epithelial cancers (Lochter and Bissell 1995;
Dedhar 1995). Thus, perturbations in the expression and signalling of integrins have been
described for kidney, skin, lung, mammary, and salivary tumors, while well-characterized
changes in ECM proteins have been reported for breast, colon, and ovarian cancer (Petersen
et al. 1992; Grant et al. 1994; Kibbey et al 1994; Cannistra et al. 1995; Zutter et al. 1995;
Lochter and Bissell 1995; Berdichevsky et al. 1994; see also H.K. Kleinman, unpublished).
Although it has now been accepted that these alterations are important features of tumors in
vivo, both their role in the genesis of malignancies and an understanding of the events leading
to their disturbance have yet to be determined. What is now becoming apparent, however, is
that the dynamic interaction between the cell and its microenvironment is a major contributor
to tumor development. We have attempted to illustrate this point in the following short review.
We briefly describe what is presently known about changes in cell-ECM interactions and tissue
structure associated with the various stages of breast cancer in vivo and reported for
nonmalignant and malignant mammary epithelial cells (MECSs) in culture. We also described
a unigue MEC model system of breast cancer, which in concert with a three-dimensional
reconstituted basement membrane (BM) assay, is now being used to clarify many of the
questions regarding the role of the ECM and its receptors in tumor progression. By emphasizing
the relationship between cell-ECM interactions and changes in tissue morphology, it is the
intention of this review to highlight an interactive structural paradigm of breast cancer
aetiology: that there exists a dynamic interaction between the normal cell, its
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microenvironment, and the tissue structure (acini), which reciprocally influence each other to
dictate the tissue phenotype and behavior. The cancer cell must subvert the regulatory
mechanisms governing this polar, three-dimensional structure to be free to grow and
metastasize.

The importance of the microenvironment in the regulation of mammary
epithelial cell gene expression

The epithelial component of the postpubertal breast consists of a monolayer of luminal
epithelial cells, which are in contact at their basal surfaces with myoepithelial cells and hence
with a laminin-rich BM. This simple polarized cell bilayer, which is embedded in a stroma and
surrounded by myoepithelial cells, is organized into branching epithelial ducts, which contain
a central lumen and terminate in multiple lobuloalveoli or acini (Ronnov-Jessen et al. 1996).
The luminal epithelial cells characteristically express the simple epithelial keratins 7, 8, 18,
and 19 and the polymorphic epithelial mucin (PEM) but not vimentin or keratins 5 or 14. Also
a small percentage of these cells express the estrogen receptor. The myoepithelial cells, on the
other hand, express keratins 5 and 14 as well as a-actin and vimentin (Taylor-Papadimitriou
etal. 1989, 1992). It is the luminal epithelial cells of the ducts and lobuloalveoli that give rise
to the vast majority of cancers of the breast. The stroma of the human breast, which is composed
of fat tissue, interstitial or interlobular dense connective tissue, intralobular loose connective
tissue, and blood vessels, accounts for greater than 80% of the breast tissue volume (Drife
1979, 1986). During the estrous cycle and following pregnancy this secretory gland undergoes
developmental cycles of proliferation, differentiation, and programmed cell death, which
involve striking changes to both the stroma and the resident epithelial cells. The most dramatic
changes occur during pregnancy and lactation when a fully functional mammary gland is
reached. This pregnancy-associated differentiation is preceded by a peak of epithelial cell
proliferation and branching morphogenesis, which culminates in the development of mature
alveoli (Neville and Daniel 1987). Following cessation of lactation, ECM remodelling and BM
loss ensue, and the mammary gland involutes by the process of programmed cell death (Strange
et al. 1992; for review, see Tenniswood et al. 1994). Subsequently the gland returns to its
nulliparous state.

Much of what is currently known about the role of the ECM in the regulation of mammary
gland gene expression has been obtained from studies that have used animal models or their
isolated cells and derivative cell lines. This has included studies using different murine strains
and transgenic mouse models, which have examined the changes in tissue morphology and
gene expression associated with the various developmental stages of the breast, such as occurs
during pregnancy, lactation, and following involution (Daniel and Silberstein 1987; Strange et
al. 1992, Talhouk et al. 1992; Sympson et al. 1994; Boudreau et al. 1995b; Neuenschwander
et al. 1996; for review, see Lelievre et al. 1996). In addition to determining the important
molecules and key events necessary for these stages, the in vivo studies have served to
emphasize the necessity for a strict regulation of the changes in cell-ECM interactions and
ECM turnover during these processes and have highlighted the vital contribution of the stroma.
Thus, it is now clear that the development and function of the mammary epithelium depends
on systemic hormonal interactions (Topper and Freeman 1980) and on Local cues from the
surrounding mesenchyme or stroma, the basement membrane, and soluble cytokines (Sakakura
etal. 1982; Daniel and Silberstein 1987; Chen and Bissell 1989; Streuli et al. 1991; for review
see Howlett and Bissell 1993). For example, the branching morphogenesis that occurs during
pregnancy is under the direction of and is dependent on ovarian hormones and factors provided
by the adipocytes of the fat pad stroma (Daniel and Silberstein 1987). Furthermore, subsequent
data has shown the important contribution of the stromal fibroblasts during this process. There
is now evidence that stromal tissue and resident stromal fibroblasts can mediate the growth
regulatory activities of oestrogen (Haslam 1986, 1991), epidermal growth factor, transforming
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growth factor a (Snedeker et al. 1991), and transforming growth factor -1 (Silberstein et al.
1990; Robinson et al. 1991). Not surprisingly then, loss of regulated control of these
interactions has deleterious effects. Thus, it was shown that transgenic CD-1 mice
inappropriately expressing stromeylsin-1, an ECM degrading metalloproteinase, which is
under the control of a mammary gland specific promoter, exhibited excessive branching
morphogenesis while in the resting state and underwent unscheduled premature apoptosis
during pregnancy (Sympson et al. 1994; Boudreau et al. 1995b). Moreover, four independent
lines of these mice were shown to have a dramatically increased incidence of tumors (Sympson
et al. 1995). Thus far, these mice have been shown to exhibit reactive stromas and phenotypic
abnormalities ranging from severe hyperplasia, resembling a lactational phenotype, to overt
adenocarcinomas (Sympson et al. 1995). It is not unreasonable, therefore, to suggest that when
the tightly regulated processes governing mammary gland development become uncoupled,
and tissue homeostasis is compromised, the process of mammary tumorigenesis can ensue.

Primary murine MEC cultures have provided an important model system for understanding
the influence of the microenvironment on the expression of the differentiated phenotype and
have thereby revealed the existence of a hierarchy of differentiation-specific gene expression.
Thus, when plated on tissue culture plastic or attached type | collagen gels, freshly isolated
murine MECs were shown to acquire a flat cuboidal morphology, but failed to differentiate
and express milk protein genes, even in the presence of lactogenic hormones. In contrast, when
plated on floating collagen gels these cells were now able to express B-casein, an early class
of milk protein (Emerman and Pitelka 1977). Finally, when grown in the presence of a
reconstituted, laminin-rich BM matrix these cells differentiated to form mature, spherical
structures, reminiscent of the alveolar structures they were derived from in vivo, and were
capable of the vectorial secretion of all classes of milk proteins (Barcellos-Hoff et al. 1989).
These studies have also been used to illustrate the role of stromal factors as regulators of
epithelial cell morphology and proliferation. For example, it was previously reported that
normal ductal outgrowth and end bud formation did not occur if mammary epithelial tissue
was isolated and cultured within collagen gels (Yang et al. 1980; Richards et al. 1982). Yet
recently, using such collagen gel systems, it was shown that secreted stromal molecules such
as scatter factor and heregulin were capable of promoting the outgrowth of primary murine
MECs (Yang et al. 1995).

To understand the mechanism by which the ECM elicited its effects on breast tissue structure
and gene expression, a series of studies have been conducted (which are still ongoing) using a
number of immortalized murine MEC lines (e.g., CID-9, Scp2, EPH4), in conjunction with
designer microenvironments. This has included the use of different extracellular matrices such
as rat tail collagen, fibronectin, purified laminin and laminin fragments, as well as a
reconstituted laminin-rich BM matrix and entails the manipulation of the cell or the
microenvironment such as by the use of matrix overlay assays, the preclustering of epithelial
cells with poly HEMA, the use of floating collagen versus rigid gels and specialized filter
systems, as well as alterations of the hormonal or growth factor milieu. From these studies it
has thus far been deduced that changes in cell shape and biochemical cascades, initiated by a
laminin-containing BM and through laminin-specific integrin receptors, are necessary for
mammary-specific gene expression and that loss of either of these cues will lead to apoptosis
(for reviews see Roskelley et al. 1995; Boudreau and Bissell 1996; Lelievre et al. 1996). In
addition, these studies have also shown that mammary gland acinar tissue structure dictates
the greatest stringency of all for differentiation-specific gene expression and repression of
programmed cell death (Roskelley et al. 1994; Boudreau et al. 1996).
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Recapitulation of the normal phenotype of human mammary epithelial cells

in culture

Based on the observation that cell-ECM interactions and acinar tissue structure are necessary
for the expression of the fully differentiated phenotype of murine MECs, it was predicted that
similar pathways would influence human MEC differentiation and morphogenesis. Not
surprisingly then, analogous to murine MECs, human MECs in culture were shown to rely on
both tractional forces within the gel and on laminin-induced biochemical events for the
expression of the fully differentiated phenotype. Thus, when human MECs were cultured in
floating collagen gels as opposed to rigid gels, the cells formed ducts with branched cylindrical
structures containing a central lumen that was surrounded by polarized epithelial cells, similar
to human luminal epithelial cells in vivo (Yang et al. 1980; Berdichevsky and Taylor-
Papadimitriou 1991). However, under these conditions the cells did not form correctly
polarized acinarlike structures comparable with those observed in vivo and instead grew duct-
like extensions (Foster et al. 1983; Rudland et al. 1989). This ability to undergo rudimentary
morphogenesis in collagen gels was subsequently shown to depend upon a2B1 integrins
(Berdichevsky et al. 1992). Further studies by Howlett et al. (1995), showed that when non-
malignant immortalized human MECs were embedded within collagen gels, although they
formed spherical structures, these colonies were inversely polarized and did not deposit and
organize an endogenous BM. In contrast, when normal primary human MECs or immortalized
nonmalignant human MECs were cultured within a laminin-rich reconstituted BM, they formed
alveolarlike structures composed of polarized luminal epithelial cells and deposited an
endogenous BM (Petersen et al. 1992; Howlett et al. 1995). Interestingly, these structures
growth arrested to form acinar structures of a similar size and with similar cell numbers to that
of the terminal ductal lobular units in vivo, despite the presence of numerous growth factors,
both in the medium and within the matrix (Fig. 2). When laminin-specific cell-ECM
interactions were prevented by the use of either a3 or B1 integrin function-blocking antibodies,
nonmalignant immortalized human MECs failed to proliferate and underwent apoptosis,
despite the presence of other cell-ECM interactions and an abundance of growth factors
(Howlett et al. 1995). However, when these cells were cultured within collagen gels, they were
now dependent upon a2B1 integrin collagen-specific signalling for growth and survival, despite
the continued presence of a3p1 laminin receptors (Howlett et al. 1995). This illustrates an
inherent existing plasticity of integrin-mediated signalling in these epithelial cells. Thus, by
the use of three-dimensional matrix assays it has now become possible to begin to understand
the morphological and biochemical mechanisms underlying human MEC differentiation.

Changes in cell adhesion and tissue structure are associated with breast
cancer progression in vivo

Loss of tissue organization is one of the first visible changes seen in the development of breast
cancer. Not surprisingly, then, pathologists diagnose breast biopsies primarily by recognizing
altered relations between the ductal cells and their microenvironment (fig. 3). Identification of
alterations in these interactions has permitted the following diagnoses: ductal hyperplasia (or
proliferative fibrocystic changes), atypical ductal hyperplasia, intraductal carcinoma (or ductal
carcinoma in situ; DCIS), and invasive (or infiltrating) ductal carcinoma.

In the normal, postpubertal, nonlactating female breast the luminal epithelial cells form a single
row on the innermost part of the duct, while the myoepithelial cells lie between the ductal cells
and the basal lamina (basement membrane) (Fig. 3a). While the myoepithelial cells are

mitotically inactive and are thought to arise from the terminal differentiation of the ductal cells,
the ductal luminal epithelial cells retain the potential to proliferate (Ferguson 1988;Sapino et
al. 1990). Studies have shown that the luminal epithelial ductal cells can proliferate in response
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to a number of signals and that these mitotic events can occur anywhere along the ducts.
However, there does appear to be a zone of relatively higher proliferation in the terminal ductule
units (Russo et al. 1978;Sapino et al. 1990). What defines normal breast tissue behavior and
histology is the maintenance of normal interactions between the ductal cells and the other
cellular and molecular constituents of their microenvironment (Fig. 3a). Thus, while normal
ductal and alveolar luminal epithelial cells may proliferate greatly during pregnancy, the ductal
cells maintain their polarized relation to the myoepithelium and BM microenvironments
without stratification, and there is no increase in their number relative to the other cellular
components (Fig. 3a).

At all times the whole ductal system is embedded in and dynamically interacting with a
collagen-rich stromal matrix, within which reside periductal fibroblasts, periductal blood
vessels, and adipocytes. From histologic sections, it is clear that this stromal compartment is
organized with respect to the ducts and lobules (Fig. 3a). The normal periductular fibroblasts
are arranged parallel to the basal lamina of the ducts and lobules, in turn these fibroblasts
synthesize, secrete, and organize collagen and ECM molecules with a clear concentric
orientation to the ducts and lobules. The integrity of this ductal system is maintained by the
coordinated activity and function of the cell-cell and cell-ECM adhesion systems. MEC
homotypic interactions are mediated predominantly by the adherens junctions proteins, of
which E cadherin, a-catenin, and p-catenin are the most abundantly expressed at cell—cell
junctions in the breast luminal epithelium (Alford and Taylor-Papadimitriou 1996). Of the
array of cell-ECM receptors known to exist in the breast, the best described and characterized
are the integrin heterodimers. The luminal epithelial cells of the human breast express the
laminin and (or) collagen integrin receptors: a1p1, a2f1, a3pl, avpl, a6B1 and a6p4, although
the fibronectin receptor a5B1 has also been detected (Zutter et al. 1990,1993;Berdichevsky et
al. 1994;Bergstraesser and Weitzman 1994). Of these a2p1 and a3p1 have been shown to have
a basolateral expression, while a6 and B4 are present where cells interact with the BM at the
basal surface, and are thought to be localized to the hemidesmosomal junctions (Alford and
Taylor-Papadimitriou 1996;Borradori and Sonnenberg 1996). In concert with their associated
cytoskeletal and plaque proteins, these two adhesion systems mediate the assembly and
maintain the integrity of the mammary epithelial ducts and terminal lobular ductal units
throughout the developmental programs of the breast.

There is an accummulating body of evidence that suggests that integrin and adherens receptor
pathways dynamically interact and synergize with growth factor pathways to tightly regulate
epithelial tissue development. The best evidence for this has been provided by the coordinated
expression and associated functions of cadherins and integrins observed during keratinocyte
differentiation (Hodivala and Watt 1994; Braga et al. 1995; Hotchin et al. 1995) and
myodifferentiation (Sastry et al. 1996), although there is now striking evidence for a functional
interaction between these pathways during human MEC morphogenesis (Weaver et al. 1997).
This implies that a breakdown in normal tissue architecture may be precipitated by changes in
any one or more of these pathways or interactions. In support of this argument, adherens
junction assembly has been shown to be a plastic event, which can be disrupted by several
growth factors and oncogenes and modified by kinases and phosphatase inhibitors (Warren
and Nelson 1987; D’Souza and Taylor-Papadimitriou 1994; Hoschuetzky et al. 1994; Ochiai
et al. 1994; Kinch et al. 1995). Thus, molecules known to alter adherens junction assembly,
for example c-erb-B2, have also been shown to inhibit integrin expression and alter integrin
function (D’Souza and Taylor-Papadimitrious 1994; Ochiai et al. 1994; Mainiero et al.
1996), Also growth factor pathways, such as the epidermal growth factor receptor signalling
cascade, which is known to be altered in a large percentage of aggressive breast cancers, has
been shown to modulate both cell-cell adherens junction assembly and cell-ECM molecules
and pathways (Hoscheutzky et al. 1994; Lichtner et al. 1995; Rohde-Schulz and Lichtner
1995; Narita et al. 1996). Furthermore, constitutive activation of intracellular signalling
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proteins (often by oncogenes), associated with integrin-mediated signal transduction (src,
p217@S) are capable of uncoupling ECM-dependent growth and survival (Dedhar 1995).
Interestingly, several stromal factors such as heregulin and hepatocyte growth factor are known
to induce the activity of the ERB receptors, implying a role for stromally induced cell adhesion
disruption (Peles et al. 1992; Meyer and Birchmeier 1994; Lupu et al. 1995; Yang et al.
1995). Consistent with a role for stromally mediated cell adhesion modulation, prostaglandin
E2 receptor antagonism, an adipocyte-derived factor, was shown to repress the expression of
a3 integrins (Zhang and Fulton 1994).

A large number of breast lesions are classified as benign and include proliferative fibrocystic
changes, ductal hyperplasia, epitheliosis, and intraductal papillomas. Whether these
perturbations in normal breast homeostasis constitute premalignant precursor changes capable
of progressing to frank malignancy remains controversial. At the very least lesions predict a
twofold increased risk of subsequent invasive carcinoma, although the carcinomas occur with
approximately equal frequency in either breast (Page et al. 1978; Page 1987). However,
biopsied patients shown to have marked proliferative fibrocystic changes do have a slight
(twofold) increased relative risk of subsequent development of invasive ductal carcinoma
(Page et al. 1978; Page 1987). Evidence that these may be precursors to invasive carcinomas
include the observation of single or multiple clonal cytogenetic abnormalities in 11 of 15 short-
term cultures of proliferative ductal lesions (Dietrich et al. 1995). Interestingly, these
proliferative lesions contained similar karyotypic abnormalities as was previously reported for
invasive breast carcinoma (Dietrich et al. 1995). Moreover, similarities in the loss of
heterozygosity patterns exist between these proliferative lesions and concommittent intraductal
or invasive carcinomas (O’Connell et al. 1994), while about 25% of proliferative lesions show
grossly aneuploid DNA content suggestive of genomic instability (Visscher et al. 1993).

Morphologically these benign lesions are extremely heterogenous. This probably reflects the
multiplicity of genetic, trophic, cell adhesion effects, and stromal interactions responsible for
these changes. These lesions are generally divided into “proliferative fibrocystic changes,”
“intraductal hyperplasia,” or “epitheliosis” and “intraductal papillomas.” The former group
comprises the majority of diagnosed benign lesions of the breast. Ductal hyperplasias are
generally characterized by an increase in the relative number of luminal epithelial cells, such
that they now consist of a multilayer of luminal epithelia that are disproportionately increased
in relation to the other cells of their mammary gland microenvironment. The luminal epithelial
cells in this group of ductal proliferations still retain the ability to generate terminally
differentiated myoepithelial cells and exhibit a partial trophic and survival dependence on the
basal lamina. Thus, although the luminal epithelial cells stratify, those cells distal to the basal
lamina have a less active cytologic appearance (Fig. 3b). The term “active cytologic
appearance” is defined by pathologists as abundant euchromatin, prominent nucleoli, and
commensurate cytoplasmic basophilia (reflecting increased numbers of polyribosomes), often
with a Golgi zone present (Frost 1986). Furthermore pathologists distinguish these benign
lesions from malignant proliferations, by the tendency for these luminal epithelial cells to orient
themselves in a similar direction spatially and form attentuated bridges and slit-like spaces.
This suggests they have retained their characteristic luminal cell polarity or at least the ability
to respond to an microenvironmentally or structurally generated orientation cue. Consistent
with this observation, the few studies that have examined cell adhesion systems in these lesions
have shown that they retain the full expression of, and a normal distribution for, all of the
adherens junction and integrin molecules (Bergstraesser and Weitzman 1994;Gui et al.
1995). Interestingly, when cultured in three-dimensional BM matrices, immortalized cells
generated from these lesions are capable of growth arresting and recapitulating normal breast
cytoarchitecture, implying that an altered in vivo breast microenvironment might be at least
partially responsible for the expression of the proliferative phenotype (Petersen et al.
1992;Howlett et al. 1995;Weaver et al. 1997). Consistent with this hypothesis, it has been
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shown that growth factor responsiveness, which is dependent on cell-ECM interactions, can
be modulated by different matrices, potentially yielding a higher proliferative response to a
given growth factor (Elliott et al. 1992). In addition, there is considerable histological evidence
that the ductal/myoepithelial compartment can interact with the stromal compartment,
particularly the so-called specialized perilobular fibroblasts. A mutually beneficial interaction
between fibroblasts and the ductal/myoepithelial population has been proposed by Rosai (1994)
to produce phyllodes tumors (related to fibroadenoma). Phyllodes are viewed as neoplasms of
perilobular fibroblasts that induce the non-neoplastic ductal or myoepithelial compartment to
expand. The development of papillomas also appears to display a trophic interaction between
ductal/myoepithelial cells and periductal fibroblasts. In this case, however, the neoplastic
population has been shown to be the ductal/myoepithelial cells. However, it remains to be
determined whether subtle differences in epithelial cell responsiveness or alterations in
microenvironmental factors exist in this condition and how they might precipitate the
development of these ductal hyperproliferative diseases. In this regard, the stroma in these
mammary glands is also affected by fibrocystic intraductal hyperplasia and has been shown to
expand with the epithelial proliferation. This stromal reaction often results in a fibrosis that
extends into the loose intralobular connective tissue and distorts the terminal ductal lobular
unit (Ronnov-Jessen et al. 1996).

Atypical ductal hyperplasia (ADH) is a marker of breast cancer risk and may be a precursor to
intraductal carcinoma. Its occurrence predicts a four-fold increased relative risk for the
development of invasive ductal adenocarcinoma (Page et al. 1978; Page 1987; Dupont et al.
1993). The morphological features of ADH can overlap with either the proliferative ductal
lesions or carcinoma in situ (Mariuzzi et al. 1994). What distinguishes these lesions from the
proliferative, non-atypical ductal lesions is that the cells now appear to be nearly independent
of the trophic and survival influences of their microenvironment. For example, they have
similar cytological features whether they are adjacent to the basal lamina or not (Fig. 3c).
Furthermore, they are no longer strictly polarized and appear to be nearly independent of the
orientation of their neighboring cells. However, they may still retain the rudiments of
responsiveness to their microenvironments, and by definition the area of proliferation usually
does not extend over 2 mm (Tavassoli 1992). Unfortunately, there is scant to negligible
immunocytological or biochemical data available concerning the status of adhesion molecules
and the stromal microenvironment in this preneoplastic disease.

Ductal carcinoma in situ is distinguished from invading malignancy in that the relation of the
luminal epithelial cells with the periductal stroma is unaltered. The ductal epithelial cells in
intraductal carcinoma or ductal carcinoma in situ have completely lost both their tropic and
survival dependence on the basal lamina and grow equally well at any polarity, randomly within
the duct. Furthermore, they are characterized by the almost complete absence of adjacent
myoepithelial cells. Thus, the cells in the duct have a completely disordered spatial orientation
and appear cytologically similar to each other, possibly reflecting clonal expansion (Fig. 3d).
However, they are sometimes characterized by a microheterogeneity in DNA content
indicating genomic instability, which can be detected by nuclear staining or FACS analysis
(Fujietal. 1996) and is correlated with nuclear structural abnormalities (Fig. 3f). In vivo studies
suggest that the epithelial cells of in situ carcinomas express the full complement of luminal-
specific integrin receptors. However, their localization is usually severely disrupted, and there
is evidence for diffuse cytoplasmic staining, loss of membrane localization, and some
decreased expression (Berdichevsky et al. 1994;Bergstraesser and Weitzmann 1994;Gui et al.
1995). The only published exception is a1B1, a collagen IV receptor, which was shown to be
absent in the majority of in situ carcinomas examined in one study (Bergstraesser and
Weitzmann 1994). Furthermore, another Study reported a decrease in the expression of a6/p4
integrins and suggested this was an early critical change in mammary tumor progression (Jones
etal. 1992). Also Natali et al. (1992) reported perturbations in a6p4 localization in in situ
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carcinomas, and while some peripheral staining was observed around the primary tumor nests
in 70% of lesions, this was associated with loss of polarity and morphological disorganization.
The few studies that have examined the presence and state of cadherins in breast cancer in situ
have found their localization to be perturbed, with evidence of diffuse cytosolic staining
suggestive of disruption of cytoskeletal interactions (Gamallo et al. 1993;Sommers 1996).

Invasive or infiltrating ductal carcinoma (Fig. 3e), which represents the most common type of
breast cancer, is a heterogenous disease with more than one phenotype often appearing within
the same lesion (Petersen et al. 1995). Aside from disproportionate increases in luminal
epithelial cell numbers and their complete trophic independence, these cells demonstrate a loss
of cell—cell interactions, which is associated with increased invasiveness (for review see
Takeichi 1993;Sommers 1996). Thus in several invasive carcinomas, cadherin and or catenin
expression is often reduced or absent, and these changes are dependent on the grade, type, and
differentiation state of the tumor (Gamallo et al. 1993;0ka et al. 1993;Lipponen et al. 1994).
In general there is a good inverse correlation between E-cadherin expression and tumor grade
or degree of differention (Sommers 1996). However, loss of expression and tumor grade or
degree of differentiation (Sommers 1996). However, loss of expression need not be a
prerequisite for the genesis of the invasive phenotype. There are several examples of
aggressive, metastatic breast tumors that express the full complement of adherens junction
proteins. Instead these tumors have lost the ability to assemble stable adherens junctions,
probably via the action of one or more of the multitude of factors and pathways that have been
shown to modulate the assembly of these junctions (see previous section on adhesion systems
in the normal breast) (as for example shown by Matsuyoshi et al. 1992). Consistent with their
invasive character, the luminal epithelial cells of these lesions have often disrupted the
basement membrane and can be seen infiltrating the surrounding stroma (see Fig. 3f) (Flug and
Kopf-Maier 1995). Thus, Barsky et al. (1983) reported that profound changes occurred with
the destruction and continuity of the epithelial BM during the transition from benign to invasive
carcenomos, such that irregular defects, thinning, fragmentation, and disruption were observed
near foci of microinvasions. Here again there are exceptions, so that, in some invasive
carcinomas, less than 1% of the cells have been reported to invade and metastasize into the
surrounding stroma (Poste and Fidler 1980), while there are cases of benign lesions in which
extreme changes in the stromal tissue and loss or disruption of the BM are present yet there is
no invasion. Likewise there are reports of a continuous BM existing around continuous
infiltrating carcinomas, such as has been observed for squamous-cell carcinoma of the head
and neck (Gusterson et al. 1984). Invasiveness then likely involves a number of factors and
circumstances that interact in concert to promote metastasis. This has been reported to include
changes in the synthesis and secretion of metalloproteinases, BM protein synthesis, and
alterations in the stroma (McDougall and Matrisian 1995). For example, in infiltrating ductal
carcinoma there is usually a dramatic loss of basement membrane components, often associated
with downregulation of lamina expression and less frequently collagen IV (Lochter and Bissell
1995). Moreover, this disease is characterized by a pronounced degree of desmoplasia and is
often referred to as “scirrhous carcinoma” (Fig. 3e). Desmoplasia is the common host response
to epithelial tumor invasion and is classically described as fibroblast proliferation in
conjunction with overproduction of collagens (Sapino et al. 1988;Barsky et al. 1982;Ronnov-
Jessen et al. 1996). A characteristic feature of this reaction is the appearance of activated
myofibroblasts (Ronnov-Jessen et al. 1995,1996). The origin of these myofibroblasts was
shown to be the resident stromal fibroblasts, whose myogenic conversion was found to be
contingent on the activity and conversion capacity of the resident tumorigenic MECs, thereby
providing evidence for a dynamic interaction between these two cellular components in the
process of this disease (Ronnov-Jessen et al. 1995). Associated with the desmoplasia there is
often an increased stromal content of type | collagens, vitronectin, proteoglycans, and
glycosaminoglycans, particularly hyaluronic acid and chrondroitin sulfate, and the
inappropriate expression of such proteins as thrombospondin (Lochter and Bissell 1995). As

Biochem Cell Biol. Author manuscript; available in PMC 2010 September 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weaver et al.

Page 10

such the influence of the ductal microenvironment exhibits many of the changes observed
during wound healing, albeit in an uncontrolled fashion (Yeo et al. 1991). For example, during
wound healing, fibrin, fibronectin, and tenascin are transiently present, while in contrast in
invasive breast tumors these molecules are always present (Clezardin et al. 1993;Lochter and
Bissell 1995;Ronnov-Jessen et al. 1996). Considering these striking stromal changes in the
neoplastic breast, it is not unreasonable to suggest that this tissue component plays an integral
role in the pathogenesis of the disease. Thus it has been hypothesized that “disruption of the
self-regulating, dynamic, and reciprocal interaction between the stroma and epithelium in the
adult could lead to various proliferative disorders, including neoplasia” (Ronnov-Jessen et al.
1996). In this regards, it is noteworthy that skin fibroblasts cultured from breast cancer patients
and their cancer-free relatives displayed an abnormal phenotype, including growth
characteristics and the secretion of a soluble migration-stimulating factor, a molecule shown
to promote fibroblast migration, that is not synthesized by normal fibroblasts (Schor et al.
1985,1988).

Several groups have provided evidence that many adhesion molecules including integrins, E
cadherin, and its complement of plaque proteins may be downregulated, lost, disorganized, or
overexpressed in invasive carcinoma of the breast (Zutter et al. 1990, 1993; Berdichevsky et
al. 1994; Glukhovaet al. 1995; Sommers 1994, 1996). However, the great heterogeneity among
studies, patients within studies, and the type of carcinoma (infiltrating ductal vs. lobular),
makes its difficult to derive any definitive conclusions. Generally, however, it may be stated
that the degree and heterogeneity of alterations in these molecules increases with increasing
tumor grade and aggressiveness.

Infiltrating carcinoma has a more marked phenotype, and an increased heterogeneity with
respect to its cell adhesion molecule expression, than its in situ carcinoma counterpart. In these
types of lesions the integrins are most frequently markedly disorganized and show a loss of
polar distribution, and several studies have reported decreased overall expression or the
complete loss of one or more specific integrin heterodimers (Zutter et al. 1990, 1993; Howlett
et al. 1995; Glukhova et al. 1995). For example, a comparative study of integrin expression in
three mammary tumor cell lines and a nonmalignant MEC line showed loss of expression of
B4 integrin and decreased or disorganized expression of a2, a3, o6, and 1 integrins (Howlett
et al. 1995). Bergestraesser and Weitzmann (1994) examined tissue sections and parallel
primary cultures of several invasive MEC tumor specimens and concluded that the integrin
tissue distribution was disturbed and expression was decreased in the majority of cases
examined. Interestingly, they reported that several integrin receptors shown to be decreased or
absent in vivo were induced in culture, suggesting in vivo factors or the in situ tissue structure
may be dynamically modulating integrin expression. Several groups have reported o2 and or
a3 integrin expression to be lost both in vivo and in culture, and one group was able to show
that reexpression of a2 integrins in a highly malignant, metastatic breast cancer cell line was
able to confer repression of tumorigenicity in vivo and loss of anchorage-free growth in culture
(Zutter et al. 1990, 1993, 1995 Pignatelli et al. 1991; Berdichevsky et al. 1994). However, not
all invasive mammary tumors loose their integrin expression, and examples of specific or
relative integrin overexpression do exist. This in turn may reflect the general course of tumor
development, such as has been described for breast tumors with a more aggressive clinical
course and with a poorer overall prognosis (Taylor-Papadimitriou 1992). Thus Berdichevsky
etal. (1994), reported that several aggressive, metastatic, vimentin-positive mammary tumors
and tumor cell lines, with basal cell characteristics, retained full expression of most of their
integrins with the exception of 4. More provocatively, while decreased expression of a6
integrins have been reported in vivo and in several mammary tumor cell lines in culture
(Glukhova et al. 1995; Howlett et al. 1995), these integrins were shown to be retained by 30%
of malignant breast tumors in vivo (Natali et al. 1992), and high a6 expression was strongly
correlated with decreased patient survival (Friedrichs etal. 1995). Furthermore, overexpression

Biochem Cell Biol. Author manuscript; available in PMC 2010 September 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weaver et al.

Page 11

of a6 integrin has been shown to correlate with increased metastasis in prostate cancer (Cress
et al. 1995) and is associated with a more aggressive tumor phenotype (D’Ardenne et al.
1991; Rossen et al. 1994). In this regards, Shaw et al. (1996) reported that overexpression of
a dominant-negative B4 integrin receptor repressed the metastatic potential of an aggressive
highly metastatic breast cell line in culture. These effects were attributed to the ability of this
manipulation to decrease the formation of a6p1 integrin heterodimers and thereby prevent its
activity. Other integrin receptors that have been shown to exhibit striking changes in invasive
breast cancer include the specific loss of a5p1 as well as an increase in the expression of avp3
(Zutter et al. 1990, 1993; Bergestraesser and Weitzmann 1994). Finally, while many breast
tumors may retain the expression of several integrins, their function may be altered by
transcriptional or posttranslational modifications (Leppa et al. 1995), or they may be rendered
nonfunctional by other secreted proteins such as episialin (Wesseling et al. 1995) or osteopontin
(Denhardt, and Chambers 1994). Unfortunately the role of integrin changes in breast cancer
has mainly focused on their contribution to invasiveness and metastasis. To date there are no
studies that have examined the relevance of alterations in the adherens junction cell—cell
adhesion system and related this to alterations in cell-ECM or trophic factors. Furthermore,
the role of ECM receptors in relation to the growth and morphological perturbations
characteristic of breast cancer have yet to be studied. This may be due in part to the lack of
relevant, physiological culture systems in which to study these features.

Changes in cell adhesion and tissue structure are associated with
malignancy in culture

Based on the accumulated body of evidence showing that the ECM is a dominant regulator of
tissue structure and gene regulation, it was hypothesized that the ability to sense and respond
correctly to cues generated by the microenvironment was the function of a new class of tumor
suppressor genes (Petersen et al. 1992). More specifically, the striking basement membrane
alterations, stromal reaction, and perturbations in integrins and tissue architecture observed in
vivo in mammary tumors led to the prediction that breast cancer was a disease of an aberrant
microenvironment and (or) inappropriate microenvironmental responsiveness (Petersen et al.
1992; Ronnov-Jessen et al. 1996). It was thereafter determined that cell-ECM responsiveness
could be the basis for an assay to distinguish normal, nonmalignant MECs from tumorigenic
MECs (Petersen et al. 1992). Thus, it was demonstrated that cells from reduction
mammoplasties and nonmalignant cell lines were able to growth arrest, deposit an endogenous
BM, and form polarized, organotypic spheres resembling acini in situ. In contrast, primary
breast carcinomas and tumorigenic breast cell lines formed large, loose, and unpolarized
colonies of cells and failed to organize a BM or growth arrest (Petersen et al. 1992). Similarly,
three-dimensional collagen gel assays were also used to distinguish between various SV-40
immortalized tumorigenic and nonmalignant human MECs (Shearer et al. 1992). The
reconstituted BM studies of primary benign and tumorigenic MECs by Bergestraesser and
Weitzmann (1994) have confirmed these observations. This assay system has since been used
to reveal a latent function for the putative metastasis suppressor gene nm-23, whose altered
expression is associated with poor clinical progress and aggressive tumor behavior in vivo
(Barnes et al. 1991). Thus overexpression of nm-23 in the highly aggressive, metastatic
mammary tumor cell line, MDA MB 435 was shown to reduce the metastatic potential of the
parential cell line in nude mice (Leone et al. 1993). Using this three-dimensional assay it was
shown that, while the parental cell line formed large, disorganized colonies and failed to growth
arrest or deposit an organized BM, the transfectants were able to growth arrest and basally
deposit a laminin and collagen 1V containing BM (Fig. 4) (Howlett et al. 1994). This assay
system is now being used to uncover subtle phenotypic and biochemical differences between
normal and tumorigenic MECs. For example while a normal nonmalignant MEC line was
shown to be entirely dependent upon B1-integrin signaling events for proliferation and survival
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in three-dimensional cultures, tumorigenic MEC lines were shown to be refractory (Howlett
et al. 1995). However, while these studies are useful for identifying important pathways and
molecular differences between normal and tumorigenic MECs the use of model systems that
mimic the stages of mammary tumorigenesis are critical for understanding the early changes
and subtle differences responsible for this process.

A unique human breast cancer cell culture model of mammary tumor
progression

Recognizing the necessity for unraveling the early critical molecular events during mammary
epithelial cell transformation, investigators have developed progression model systems of
breast cancer (Weaver et al. 1997). This includes the establishment and characterization of
several SV-40 immortalized luminal epithelial cell lines generated from breast milk exudates,
ranging from nonmalignant phenotypes to overt malignancy (Bartek et al. 1991; Shearer et al.
1992), a cell series of immortalized, preneoplastic transformed human MECs, generated by
HPV E6 and E7 oncogenic transformation of cells from mammary reduction mammoplasties
and their transformed irradiated counterparts and metastatic derivatives (Wazier et al. 1994,
1995; Band 1995), a xenograft model of MCF10A transformation (Miller et al. 1993), frozen
organ cultures of primary MECs and their chemically derived immortalized and oncognenically
transformed counterparts (Stampfer and Bartley 1985; Clarke et al. 1988; Stampfer and
Yaswen 1993), and a growth factor manipulated model of human mammary tumorigenesis
derived from a spontaneously immortalized cell line originating from fibrocystic disease
(Briand et al. 1987). The HMT-3522 breast cancer cell series was established from a breast
biopsy of a woman with benign fibrocystic disease (Briand et al. 1987) and propagated in a
chemically defined medium for greater than 400 passages, without becoming malignant
(Nielsen et al. 1989, 1994; Briand et al. 1996). When EGF was removed from passage 118 of
these cells they became tumorigenic after an additional 120 passages (Briand et al. 1996). Not
surprisingly, continuous passage on tissue culture plastic led to a number of mutations and
amplifications in both the EGF-dependent and EGF-independent cell lines, including a p53
point mutation and a c-myc amplication by passage 59-60, as well as other deletions and
rearrangements in subsequent passages (Madsen et al. 1992; Moyret et al. 1994; Nielsen et al.
1989, 1994; Briand et al. 1996). This cell line series then comprises the first culture model of
spontaneous breast cancer progression. Recently we have begun studying selected cell passages
(S-1 epidermal growth factor (EGF) dependent passages 50, 110, and 175; S-2 premalignant
EGF independent passage 215; and T4-2 tumorigenic passage 25) from the breast cancer model
system in concert with our three-dimensional reconstituted basement membrane assay system,
to understand how cell-ECM interactions might influence the genesis of breast cancer.
Analogous to in vivo breast cancer progression, as these cells progress towards malignancy
their growth factor dependency declines, such that the premalignant cells exhibit EGF
independance contingent on the activity of an autocrine loop (Madsen et al. 1992), while the
tumor cells are completely EGF independent (Briand et al. 1996). Consistent with these
changes, the proliferation rates also increase along the series (not shown). However,
morphologically when these cells are grown as monolayers, only small phenotypic changes
can be distinguished between the cell passages (Figs. 5a-5e). In contrast, after they have been
cultured for 10 days within a reconstituted basement membrane matrix these cells demonstrate
striking differences in their phenotypes (Figs. 5f-5j). This early passage EGF-dependent cell
lines S-1 passage 50, 110, and 175 all growth arrest and undergo mammary epithelial cell
morphogenesis within 6 or 7 days of culture. However, while the earlier cell passages form
structures reminiscent of acini in vivo, passage S-1 175 consistency form acinar structures that
are typically 40% larger than the earlier passages, possibly reflecting subtle changes in their
cell cycle control mechanisms. In contrast, the tumorigenic cells fail to respond appropriately
to cues from the basement membrane and form large disorganized, multilayered colonies that

Biochem Cell Biol. Author manuscript; available in PMC 2010 September 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weaver et al.

Page 13

fail to growth arrest. Furthermore, these colonies now show features of invasiveness.
Interestingly the premalignant cells exhibit a distinct, heterogeneous phenotype, and while all
of the colonies formed are disorganized, only a subgroup of these cells continue to proliferate
to eventually form large cyst-like structures with stratification, reminiscent of atypical ductal
hyperplasia in vivo with some features of carcinoma in situ. These changes in phenotype can
be demonstrated by examining the actin microfilaments of the various cell passages in three-
dimensional cultures, by staining of cryosections with FITC phalloidin. Thus, while early
passage cell lines form well organized spheroids, the premalignant and tumor cell colonies
formed exhibit profoundly disorganized cytostructures (Fig. 6). These results imply that an
alteration in the cellular responsiveness to the ECM precedes malignancy. Furthermore, they
demonstrate that loss of ECM responsiveness is reflected by changes in the cytoarchitecture
and tissue structure. Importantly, only the tumorigenic cell line is able to form continuously
growing tumors in nude mice. Ongoing studies are now underway to begin to unravel the
interacting pathways and events responsible for these changes.

Conclusions and future perspectives

In this review the progression of mammary carcinoma has been presented as a linear sequence
of events; however, it should be emphasized that the development of breast cancer is stochastic
with an unpredictable evolution that lacks a predetermined time scale or a prerequisite series
of stages. Thus, the time course of breast tumor evolution can be quite long, taking anywhere
from 5 to 30 years to develop, or it may appear suddenly and progress rapidly (Holt et al. 1993).
Furthermore, while the appearance of atypical and proliferative ductal lesions can be viewed
as potential precursors to infiltrating ductal carcinoma, many breast cancers arise without prior
detection of fibrosis, while the existence of proliferative ductal hyperplasia does not necessarily
preclude the development of cancer (Rosen 1993). Interestingly, the increased risk of
developing breast cancer in patients diagnosed with atypical ductal hyperplasia is equally high
in both breasts, and this has been attributed to an existing genetic predisposition. However,
hereditary breast cancer accounts for only 5% of diagnosed cases, and only 25% of women
who get breast cancer have known genetic and exposure-associated risk factors. Thus, while
there is sufficient evidence to emphasize the genetic component of this disease, the concept
that breast cancer arises simply via the accumulation of a number of critical genetic mutations
is no longer sufficient to adequately explain the pathogenesis of this disease. For example, this
simplistic perspective does not clarify the origins of the heterogenous responses to curative
treatments, nor does it explain the aggressive nature of the disease in some individuals and
benign course in others. Neither does it explain the sudden appearance of diffuse metastatic
disease in some women after years of tumor dormancy (Love 1996).

Considering the growing body of evidence for the dominant role of the microenvironment on
gene expression, it seems more likely that breast cancer results from a complex interaction
between the cell, its tissue microenvironment, and the inherent tissue structure. Thus, it is
postulated that breast cancer is a disease that represents the loss of normal tissue homeostasis
and consists of both an epithelial contributor and a microenvironmental component that predict
the course of the disease, with overt infiltrating carcinoma and metastasis representing the
extreme deviant endpoint. The concept that the microenvironment is an important contributor
to structural homeostasis explains the characteristic genomic heterogeneity and instability and
the widely diverging clinical course observed for this disease, as well as why breast cancer
takes so long to develop even in individuals with inherited susceptibility. It also provides an
explanation for the poorly understood phenomena of spontaneous breast tumor reversion and
the sporadic occurrence of an auxiliary nodal metastasis in which a true ductal carcinoma in
situ, complete with a central necrosis and a surrounding intact basement membrane, is
recapitulated (Barsky et al. 1994).
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If an interactive paradigm for breast cancer etiology were correct, then expression of a tumor
phenotype should in all probability be a plastic condition whose behavior can be modified by
host microenvironmental — tumor cell interactions. This predicted tumor phenotype plasticity
has been elegantly demonstrated by the seminal studies of Mintz and IlIMensee (1975). In these
experiments, embryonal carcinoma cells that were fused with normal blastocysts were able to
give rise to phenotypically normal, genetically mosaic mice (for review see Mintz and
Fleischman 1981). Another example of the modulatory role of the tissue microenvironment on
the tumor phenotype was demonstrated by our previous work, in which active pp60S
constructs attached to a lac-Z gene, packaged in a replication-defective virus, were injected
into stage 24 chick embryos and subsequently appeared as apparently normal blue cells in a
well-formed background of feathers and tissues (Stoker et al. 1990). Removal and culture of
those cells without the tumor suppressor tissue microenviroment effects led to the rescue of
their oncogenic properties (Boudreau et al. 1995). Keeping this in mind then, it seems
inherently logical that to understand the origins and pathogenesis of this disease and to try to
develop new thereapeutic approaches, it will be necessary to understand the role of the
microenvironment both in the maintenance of the normal healthy breast and its involvement
in the events preceding and promoting the development of breast cancer. To this end,
reconstructed cell culture model systems will play a vital role, as has been demonstrated by
the coculture model systems used by Ronnov-Jessen et al. (1995) to discern the origins of the
myofibroblasts in the breast cancer associated stromal reaction.

Abbreviations

ECM extracellular matrix
MEC mammary epithelial cell
DCIS ductal carcinoma in situ
BM basement membrane
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Fig. 1.

Tissue structure, as determined by the dynamic interactions between the cell and the
extracellular matrix (ECM), via its cell adhesion molecules (CAMS), as an integrator of
function in the mammary gland. The ECM by its effects on tissue structure and through the
CAMs, positively influences tissue-specific gene expression and inhibits inappropriate
branching, proliferation, apoptosis, and the development of cancer.
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Fig. 2.

Phase-contrast micrographs of normal primary breast epithelial cells. (a) Freshly explanted
terminal duct lobular unit at low magnification (x100). (b) Single acinus in focus at a higher
magnification (x250). (c) Second passage cells in monolayer culture (x250). (d) Fully
developed spheres in the EHS matrix (x100). (e) Single sphere at higher magnification, (x250).
(Reproduced with permission from Petersen et al. 1992.)

Biochem Cell Biol. Author manuscript; available in PMC 2010 September 3.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Weaver et al.

Page 25

Fig. 3.

Photo-contrast micrographs of tissue sections stained with hematoxylin and eosin of normal
human breast tissue (a), ductal epithelial hyperplasia (b), atypical ductal hyperplasia (c), ductal
carcinoma in situ (DCIS) (d), DCIS with invasive ductal carcinoma (), and a fine needle
aspirate of a ductal carcinoma (f). (a) In the normal breast, multiple cell types contribute to the
organization of the ducts. On the innermost part of the duct (small arrows) are the ductal
epithelial cells. External to the ductal cells are myoepithelial cells (arrowheads) derived from
terminal differentiation of the ductal cells. The abundant collagen and other extracellular matrix
material of the stroma (appearing fibrillar) wraps concentrically around the ducts. The stroma
is arranged concentrically around the entire lobule (delineated by long arrows) and then around
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each individual acinus (x200). (b) In ductal epithelial hyperplasia, the ductal cells have grown
towards the center of the duct and formed small bridges or arches across the lumen of the duct.
The ductal cells that grow in their native environment next to the basal lamina (long thin arrows)
have a more active nuclear appearance than the cells farthest from the basal lamina (long thick
arrows). The activity of the nucleus is gauged on the basis of the degree of heterochromatin
formation. The presence of abundant heterochromatin in the central-most ductal cells predicts
that gene transcription has decreased in these cells compared with the cells toward the basal
lamina zone (x400). Residual myoepithelial cells (small arrows) are still present. (c) In atypical
ductal hyperplasia, the ductal cells are able to grow away from the basal lamina
microenvironment (delineated by long, thin arrows) with almost no effect on their degree of
activation. Furthermore, the myoepithelial cells become sparse. Note the presence of some
cells with slightly more heterochromatin and less cytoplasm than the rest of the cells (compare
curved arrow with open arrow cells). Also, the ductal cells focally have a shared polarity in a
few areas of the duct (see the lower leftmost bridge of cells just below the curved arrow) (x200).
(d) The defining feature of ductal carcinoma is the apparent complete trophic independence of
the ductal cells from the basal lamina zone (delineated by short arrows). Thus, the ductal cells
can grow away from the basal lamina zone into the center of the duct (arrow) and maintain
identical nuclear and cytoplasmic features compared with the cells next to the native basal
lamina zone (x400). (e) On the right is a focus of DCIS in which the original concentric
wrapping of stromal collagen is intact, the outline of the duct is smooth, and the fibroblasts
next to the DCIS (curved arrow) appear inactive since the nucleus is small and heterochromatic.
In contrast, ragged groups of infiltrating ductal cells without the normal organized wrapping
of collagen is seen on the left side. The invasive cells appear able to activate the stromal
fibroblasts since the fibroblasts next to the invasive ductal cells show euchromatic nuclei
(straight arrow) with occasional nucleoli. This diagnostic apparent tropic interaction between
infiltrating cancer cells and the stroma is called desmoplasia (x400). (f) Ductal cells strip away
from the stroma in fine needle aspirates and invasion is difficult to diagnose, although these
cells maintain an active (abnormal) nuclear appearance in three dimensions, this includes lack
of shared cell—cell interactions an polarity, microheterogeneity in DNA content, indicated by
variation in hematoxylin staining, sharp nuclear membrane infoldings (curved arrow), large
nucleoli (straight arrow), and chromatin asymmetry. Magnification: a & ¢, x100; b, d, & e,
x200; f, x1000.
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Fig. 4.

Immunohistochemical staining of type IV collagen and lamin expressed by nm23-H1 gene-
transfected MDA-MB-435 clone H1-177 cells (A) and normal HMT-3522 breast epithelial
cells. (B) Arrows show localization of type 1V collagen at the basal surface of spheres formed
by nm-23 gene-transfected cells and normal breast cells. Insets show similar localization but
less intense staining of laminin for H1-177 cells (inset of panel A) and for reference HMT-3522
cells (inset of panel B). Note the absence of collagen IV deposition by the untransfected parental
MDA-MB-435 cells (C) and control transfectants clone C-100 (D) (original magnification
x400; inset original magnification x320). (Reproduced with permission from Howlett et al.
1994.)
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Fig. 5.

Characterization of the HMT-3522 human breast cancer cell model. Phase-contrast
micrographs of nonmalignant S-1 cell passages 50 (a and f), 110 (b and g), 175 (c and h),
premalignant S-2 cells passage 215 (d and i), and tumorigenic T4-2 passage 25 (e and j) viewed
directly on top of plastic or collagen type I (a—€) or inside EHS (f-j) for morphology. There
are very few distinguishable morphological differences between these cell passages when they
are grown as monolayers (a—e). However, S-1 cell passages 50 and 110 (f and g) arrest growth
and form spherical structures, reminiscent of true acini in vivo (see Fig. 2), when cultured in
EHS. The S-1 passage 175 cells also growth arrest; however, they form spherical structures
that are 40% larger than the two earlier S-1 cell passages. In contrast, when grown in three
dimensional BM cultures, the T4-2 cells do not growth arrest and instead form large irregular
colonies (j). Distinct from both the S-1 and T4-2 cells, the premalignant S-2 cells are
heterogeneous and form growth-arrested colonies as well as larger tightly packed, continuously
growing colonies (i). All cultures were analyzed after 10-12 days of culturing either as
monolayers or inside EHS (x400).
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Fig. 6.

Characterization of actin microfilament organization in the HMT-3522 human breast cancer
cell model after culture in three dimensions. Confocal fluorescence microscopy images of 5
pm cryosections of S-1 passage 50, 104, and 173; S-2 passage 215; and T4-2 passage 25 cells
stained for F actin with phalloidin (Texas red). The S-1 nonmalignant cell passages 50, 104,
and 173 all show organized filamentous F-actin, although the T4 colonies have disorganized,
hatched bundles of actin. Similar to the T4 colonies, the S-2 premalignant colonies also have
disorganized actin, yet there is no evidence of hatched bundles. All cultures were analyzed
after 20-30 days inside EHS (x600).
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