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In this brief review, the development of breast cancer is discussed from the vantage of phenotypic
differentiation, similar to what has been considered over the years for leukemias and melanomas,
both of which express easily visible differentiation markers (Hart and Easty, 1991; Clarke et al.,
1995; Lynch, 1995; Sachs, 1996; Sledge, 1996). The review is divided into a theoretical
background for human breast differentiation and a discussion of recent experimental results in our
laboratories with differentiation of breast epithelial cells.
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In the theoretical background, in situ markers of differentiation of normal breast and carcinomas
are discussed with emphasis on their possible implications for tumor therapy. So far, most of the
emphasis regarding differentiation therapy of tumors has been focused on the possible action of
soluble factors, such as colony-stimulating factors in leukemias and retinoic acids in solid tumors
(Lotan, 1996; Sachs, 1996). However, an emerging and promising new avenue in this area appears
to point to additional factors, such as the cellular form and extracellular matrix (ECM) (Bissell et
al., 1982; Bissell and Barcellos-Hoff, 1987; Ingber, 1992). The recent interest in these parameters
has evolved along with an increasing understanding of the molecular composition of the ECM,
and of the molecular basis of the classical findings that normal cells—in contrast to tumor cells—
are anchorage dependent for survival and growth (Folkman and Moscona, 1978; Hannigan et al.,
1996). We now know that this is the case for epithelial as well as fibroblastic cells, and that
interaction with ECM is crucial for such regulation. Indeed, ECM and integrins are emerging as
the central regulators of differentiation, apoptosis, and cancer (Boudreau et al., 1995; Boudreau
and Bissell, 1996; Werb et al., 1996; Bissell, 1997; Weaver, et al., 1997).
In the experimental part, we elaborate on our own recent experiments with functional culture
models of the human breast, with particular emphasis on how “normal” and cancer cells could be
defined within a reconstituted ECM. Special attention is given to integrins, the prominent ECM
receptors. We further discuss a number of recent experimental results, all of which point to the
same conclusion: namely that phenotypic reversion toward a more normal state for epithelial
tumors is no longer an elusive goal. Thus “therapy by differentiation” could be broadened to
include not only blood-borne tumors, but also solid tumors of epithelial origin.

I. INTRODUCTION
Globally, breast cancer is the most frequent form of cancer affecting women (Wolff et al.,
1996). Approximately one out of eight women will be diagnosed with this disease if they
live long enough, and the incidence rates have been increasing by 2% per year over the past
decade (Feuer et al., 1993; Wolff et al., 1996). Among the identified risk factors for breast
cancer development are early menarche and late menopause (Kelsey and Berkowitz, 1988;
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Snedeker and Diagustine, 1996). A large placenta during fetal life also correlates with higher
risk of breast cancer in adult life (Ekbom et al., 1995). Conversely, pregnancy after teens,
before age 35, and the associated period of lactation have been identified as preventive
factors (Kelsey and Berkowitz, 1988; Snedeker and Diagustine, 1996). Because the
lactational state represents the ultimate level of differentiation in the human breast, it is
arguable that repeated periods of tissue-specific differentiation constitute a physiological
mechanism for overruling the accumulation of carcinogenic and cancer-promoting events
during a lifetime (Russo et al., 1982; Snedeker and Diagustine, 1996). If this were true, it
would be tempting to speculate that the signals responsible for maturation, structure
formation, and tissue-specific function could integrate to counteract tumor growth and
progression even in the advanced stage, where tumor cells are generally considered to be
beyond normal cell regulation. In other words, although tumorigenesis has been viewed as
the result of accumulation of multistep genetic aberrations (Klein and Klein, 1985; Bishop,
1987; Weinburg, 1989), and mutation is the accepted paradigm of cancer research (Bishop,
1991), would it be still possible even after the tumor is fully developed to revert the
phenotype through manipulation of the microenvironment toward the differentiation of
normal breast? If we consider differentiation to be synonymous with controlled behavior,
growth arrest, minimal cell motility, limited life span, and structural integrity, this then is the
opposite of cancer, as Pierce, Bissell, and others have postulated (Bissell, 1981; Pierce and
Speers, 1988; Zutter et al., 1995; Campisi, 1996). Certainly, efforts to differentiate cancer
cells have been exercised at the experimental as well as at the therapeutic level as possible
chemoprevention (Noda, 1993; Lotan, 1996), with reasonable success achieved for blood
tumors such as leukemias, for which the maturation pathways in hematopoiesis have been
studied exhaustively (Sachs, 1996, and references herein).
The groundbreaking discoveries of oncogenes and tumor suppressor genes and the new
understanding of breast cancer biology in general have not translated equally well into
therapy (Sledge, 1996). The very fact that breast cancer has such a diverse array of
phenotypes in terms of histology and biology, ranging from most anaplastic to differentiated
tubular carcinomas that are often difficult to discriminate from benign lesions, indicates that
breast carcinomas have an intrinsic ability to assume considerable phenotypic maturation.
Here we argue the case for the microenvironment as an active participant not only in normal
differentiation (see Fig. 1), but also during induction and progression of cancer, with a view
to find novel avenues for therapeutic intervention for solid tumors (Bissell, 1981; Petersen et
al., 1992, 1995; Rønnov-Jessen, 1996; Rønnov-Jessen et al., 1996; Weaver et al., 1997).
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That the differentiated state is indeed a relevant end point to pursue in terms of therapy is
supported by the fact that highly differentiated tumors have a remarkably better prognosis
when compared to less differentiated tumors (Tabar et al., 1996). This in itself is not a novel
or surprising finding. These statements have been made often over the years. Thus, what is
new in this area? First, the plasticity of tumors is better documented. There is now evidence
that otherwise cohesive, differentiated tumor cells become transiently more aggressive on
stimulation with exogenous factors, such as hepatocyte growth factor (Birchmeier and
Behrens, 1994), and that noncohesive, invasive cells, on the other hand, may be reverted by,
e.g., insulin-like growth factor I, tangeretin, retinoic acid, and tamoxifen (Bracke et al.,
1996). In other words, invasion and metastasis are not irreversible next steps on a one-way
progression ladder even for epithelial cancers. Second, adhesion molecules and extracellular
matrix in general are becoming recognized as important modulators of normal and
malignant phenotypes (Petersen et al., 1992; Bracke et al., 1996; Jones et al., 1996; Varner
and Cheresh, 1996; Weaver et al., 1997). Third, we now know that the surrounding stromal
cells are extensively recruited, as the tumor develops, to convey the formation of
microenvironmental conditions resembling those of chronic wounds, the implications of
which are only beginning to be understood (Clarke et al., 1995; Rønnov-Jessen et al., 1995,
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1996, and references therein). Thus, stromal cells, which are expected to be devoid of
genotypic aberrations (although this may need further scrutiny in the future), actively
contribute to tumor development and progression, and consequently, peritumoral fibroblasts
may prove instrumental in future attempts to regulate the behavior of the tumor.

II. MARKERS OF BREAST DIFFERENTIATION
A. Morphology
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The human breast is divided longitudinally into main ducts (lactiferous ducts), of which
there are 10–12, each ending in the nipple, branching interlobular ducts, and terminal duct
lobular units, also referred to as alveoli (for review, see Rønnov-Jessen et al., 1996). Each
alveolus is the origin of further acinus formation during pregnancy and lactation (Battersby
and Anderson, 1988). Thus, rather than being formed at each pregnancy from budding ducts
all over again, as is the case of mice, the human acinus develops by expansion and
multiplication of existing alveoli (Ferguson and Anderson, 1983). This has made the search
for “stem” cells less feasible in humans compared to mice (see below). However, a
transverse section through a duct or an alveolus in the human or mouse mammary gland
reveals the same fundamental structures, i.e., an inner continuous layer of luminal epithelial
(glandular) cells and an outer more or less continuous layer of myoepithelial cells (RønnovJessen et al., 1996). This basic pattern exists irrespective of the lactational status of the
gland (Umemura et al., 1996). The interrelationship between luminal epithelial cells and
myoepithelial cells continues to be a mystery. Basically, they originate from the same
developmental origin—the ectoderm. It would, however, be a misunderstanding to assume
that, because of their stromallike phenotype, myoepithelial cells are derived from
mesenchymal cells. These cells are always on the epithelial side of the basement membrane,
as opposed to the true stromal cells, and so far there has been little published evidence for a
stromal-to-epithelial conversion as an explanation for their occurrence in vivo (Deugner et
al., 1995).
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We would like to propose that the precise structural composition of the mammary gland as a
double-layered tube has to be considered the ultimate level of organization. So far, it has not
been possible to model this structure outside an organism, and thus we do not know how
crucial this is for maintenance of function or lack thereof during cancer development. There
is some evidence to suggest that the myoepithelial cells may have two opposite functions
during tissue remodeling and resting conditions. In the former, they serve to pave the way
for emerging ductules in the stroma, consistent with the fact that they express a number of
proteases (Niranjan et al., 1995). Under resting conditions, myoepithelial cells or their
products may contribute to maintain the differentiation of luminal cells or the luminalderived carcinoma cells, and thus, may elicit a “tumor-suppressive” function (Bani et al.,
1994; Liu et al., 1996).
Clearly, myoepithelial cells are altogether missing or are less differentiated in the full-blown
invasive breast cancer in most species (Rudland et al., 1995). Here the basement membrane
is lost, and cancer cells express markers for luminal epithelial cells rather than myoepithelial
cells (for review, see Rønnov-Jessen et al., 1996). Is it meaningful then, even theoretically,
to believe that a cancer cell and its progeny can be reverted all the way back to a double
layered tube, if the cancer—monoclonal as it may be—originates from a predetermined
luminal epithelial cell?
Understanding the evolution of lineage has been considered important in the search for the
cellular origin of cancer in any tissue. The problem, as mentioned above, is that, because we
know little about the precise interrelationship between luminal epithelial and myoepithelial
cells, it is difficult to search for a “predetermined” luminal epithelial cell, assuming this
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exists (Rønnov-Jessen et al., 1996). In the mouse mammary gland, it is believed that the end
buds, the epithelial cords budding from the ducts, contain the stem cells (Williams and
Daniel, 1983). The end buds comprise two epithelial cell types: an outer layer of cap cells
and an inner solid mass of body cells. Looking at the dynamics in the growing end bud by
time-lapse video microscopy and thymidine labeling, it has been reported that the basal cap
cells give rise to myoepithelial cells, by maturation along the subtending duct, as well as to
body cells, which comprise the later luminal epithelial cells by migration into the central
cord of epithelial cells (Williams and Daniel, 1983; Dulbecco et al., 1982). Thus, cap cells
have been ascribed stem cell-like properties, which fits well with their low level of
differentiation. Therefore, in the mouse, fully developed myoepithelial cells of the duct
presumably derive from cap cells in the end buds, although definitive proof is lacking even
here. The transitional phenotypes are located in the interlobular duct and are referred to as
basal cells with intermediate levels of differentiation (Sonnenberg et al., 1986). Numerous
attempts have been made to extrapolate these results to the human breast, but there is no
solid evidence for the presence of end buds or cap cells in the human mammary gland. The
presumed cellular equivalent, the so-called clear cells, have been found throughout the
glandular tree (for review, see Rønnov-Jessen et al., 1996). Novel data that human breast
cancers in fact widely do express the most obligate myoepithelial marker, the oxytocin
receptor, are an indication that cancer cells may possess the ability to differentiate more
along this lineage than previously believed (Bussolati et al., 1996). That breast carcinoma
cells, in addition, respond to oxytocin by differentiation and growth inhibition suggests that
the myoepithelial phenotype should also be considered in assays of breast cancer
differentiation (Cassoni et al., 1996).
To clarify the discussion concerning the morphology and the existence of putative stem cells
in the human breast, measures to purify the different lineages and to regenerate the doublelayered duct/alveolus would be extremely useful.
B. Estrogen Receptors
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Another trait that needs to be addressed if one is to understand the origin of carcinoma cells
and how they relate to any normal counterpart, is estrogen receptor (ER) status. It has been
quite a task to extract sensible information about ER function under normal and malignant
conditions based on the standard tissue culture assays (Bissell and Werb, 1995). The fact is,
that if measured biochemically, the estrogen receptor is expressed in about 60% of breast
carcinomas but is hardly measurable in normal breast tissue (Ricketts et al., 1991; Khan,
1995). By this definition then, the ER-negative carcinomas should be the most highly
differentiated tumors in that, in this respect, they would resemble normal tissue the most!
This of course is not the case. Rather, all evidence from histopathological and clinical trials
point to the opposite scenario: moderate ER expression correlates with morphologically
differentiated tumors and better survival (Tavassoli and Man, 1995; Joslyn et al., 1996).
Therefore, the ER-positive breast carcinoma cell appears to be a relatively differentiated
cell. Furthermore, if one accepts that normal breast tissue is essentially devoid of ERs, then
ER-positive carcinomas would have to arise from a multipotent stem cell similar to those of
teratocarcinomas (Sell and Pierce, 1994). However, once immunocytochemical assays
became available, it was discovered that the sensitivity of the original biochemical ER
analysis was too low to measure the level of ER expression in normal breast tissue (Petersen
et al., 1987; Khan, 1995). Using the assay, the level of expression in normal breast tissue
from reduction mammoplasties was found to be an average of 7% of the luminal epithelial
cells, and the stroma was devoid of receptor expression (Petersen et al., 1987; Khan, 1995).
Based on studies in the mouse, it had been hypothesized previously that the ERs in the
stroma signal to the epithelium. However, these studies were conducted with labeled ligands
that gave too high a background (Underwood, 1983). More recent data on mice agree with
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those of human studies in that it is now known that stroma is indeed ER negative or weakly
ER positive (Haslam and Shyamala, 1981; Haslam and Nummy, 1992; Sapino et al., 1993).
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If breast cancer were to occur in a stochastic manner within the epithelium with an initial ER
level of approximately 7%, then it is puzzling that as many as 60% of the tumors are ERpositive. One possibility is that at least 60% of breast epithelial cells could turn on the ER if
“activated” by an as yet unknown mechanism that may be operative in the early stages of
malignancy. It is also likely that the 7% is an average value for all breast epithelium
(Petersen et al., 1987). Thus, Ricketts et al. (1991) reported that the total cellular pool may
be divided into classes of nonexpressors or low and high expressors, respectively. Therefore,
another possibility could be that even though the high expressors represent only a small
percent of the total normal cellular population (16%), they may be at a significantly higher
risk of developing breast cancer and thereby account for the 60% prevalence of ER-positive
tumors. In this respect, it is interesting that ER positivity is recorded in up to 80% of in situ
carcinomas and that ER expression is highest in lesions that are associated with invasive
carcinoma. Once the ER-positive tumor is developed, however, ER expression is gradually
lost with progression as a result of selection of “less differentiated” ER-negative cells
(Robertson, 1996).
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The appreciation of ER expression as a differentiated trait has been somewhat confounded
by the large body of information gathered from experimental cancers in nude mice. Here,
estrogen acts analogous to a tumor promotor, because ER-positive tumor cells will not
develop into tumors unless estrogen is provided either from the mouse or exogenously
through the diet (Soule and McGrath, 1980). This, and the fact that estradiol increases the
incidence of mammary tumors in mice and rats (Snedeker and Diagustine, 1996), raise an
interesting question, namely whether estrogen acts as a carcinogen for normal cells (Khan,
1995). This question has been difficult to answer in a physiological setting because normal
breast epithelial cells—as mentioned above—should definitely not be considered a
homogeneous population in terms of ER expression. The picture has remained confusing
because thus far no one has been successful in maintaining the ER expression under
experimental conditions (Rønnov-Jessen et al., 1996). Thus, to understand how to maintain
ER in “normal” cells in culture remains a major future challenge.
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One approach to overcome the difficulties of maintaining ER-positive normal cells in shortterm culture has been to transfect the ER into established normal breast epithelial cell lines
(Zajchowski et al., 1993). Surprisingly, in these cell lines, the response to estrogen is the
direct opposite of what is observed with tumor cells and normal cells in short-term culture;
they are in fact growth inhibited (Zajchowski et al., 1993). One of our laboratories has
transfected a spontaneously immortalized, intrinsically ER-negative breast epithelial cell
line with an ER construct and obtained the same experimental outcome, i.e., the cells were
indeed growth inhibited (Lundholt et al., 1996).
From these experiments, we are left with the question of whether the paradoxical response in
normal, transfected cells is due to the fact that these cells are intrinsically different from ERpositive tumor cells, or whether the transfected receptor lacks additional sequences that
usually give the growth signal. Unfortunately, it appears that the latter may be the correct
answer, because if overtly malignant, ER-negative breast carcinoma cells are transfected in a
similar manner, they, too, behave like normal transfected cells—that is, they are growth
inhibited by estrogen (Levenson and Jordan, 1994; Petrangeli et al., 1994). It therefore
seems reasonable to conclude that transfection of an apparently functional ER, eliciting all
the downstream events that can be measured biochemically (Lundholt et al., 1996), does not
evoke the same fundamental growth response as in nontransfected cell lines. Thus, much
more needs to be learned about normal ER function and lineage evolution during tumor
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development. This means that we must also learn about how tissue-specific gene expression
is maintained in the normal breast, i.e., we must dissect the elements of microenvironmental
control (Bissell and Barcellos-Hoff, 1987).
C. Integrins
The organization of epithelial cells into branching ducts and alveoli depends on the action of
various soluble factors, cell–cell, and cell–ECM interactions, and the establishment of
epithelial polarity. The epithelial cell membrane is segregated into specialized apical and
basolateral domains separated by tight junctions, and the cytoskeleton is organized into
fibers terminating at junctional complexes and transmembrane integrin heterodimers facing
the basement membrane (Taylor-Papadimitriou et al., 1983; Eaton and Simons, 1995). The
largest class of ECM receptors, the integrins, are now known to be the cellular antennas that
sense the subtleties of the ECM and convert the chemistry of the microenvironment into
subcellular signaling, which is then translated into form and function. Normal human breast
epithelial cells express at least two β-integrins (β1 and β4) and four α-integrins (αl, α2, α3,
α6) (Bergstraesser and Weitzman, 1994; Glukhova et al., 1995). The expression of integrins
in breast cancer is usually altered quantitatively and/or qualitatively (Zutter et al., 1990;
Mechtersheimer et al., 1993). Based on their pairing and assumed function under normal
and malignant conditions, the integrins will be described as (1) α6β4 in the normal breast,
(2) α6β4 in breast cancer, and (3) β1-integrins in the normal breast and in breast cancer.
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1. α6β4 IN NORMAL BREAST—Expression of the α6β4-integrin as a dimer in the
human mammary gland has not been analyzed in great detail until recently because of lack
of relevant antibodies. However, when studied individually in the normal breast, both β4 and
α6 are expressed primarily by myoepithelial cells (Berdichevsky et al., 1994). This should
not be surprising, because α6β4 is expressed generally by basal cells such as those in the
skin or the bronchial tree (Carter et al., 1990; Sheppard, 1996). With regard to luminal
epithelial cells, it is generally assumed that β4-integrin is expressed at the basolateral surface
of the cell membrane in vivo. However, at the light microscopic level, it is difficult to
determine whether the observed β4-integrin staining derives from myoepithelial or luminal
cells (Koukoulis et al., 1991; Natali et al., 1992). With regard to α6-integrin, there is no
clear consensus on the luminal epithelial expression pattern. It has been described either as
strictly limited to the basal cell surface (Natali et al., 1992), variably expressed also at the
lateral membranes (Mechtersheimer et al., 1993), or homogeneously expressed on the entire
cell surface (Friedrichs et al., 1995). The apparent wider subcellular distribution of α6integrin should be seen in light of the fact that, in addition to β4-integrin, α6 also pairs with
β1-integrin (Sonnenberg et al., 1990). It is important to realize, however, that α6-integrin
will preferentially pair with β4-integrin if the latter is present (Cress et al., 1995;
Schoenenberger et al., 1994). The α6β4 pairing leads to formation of stable anchoring
contacts or hemidesmosomes to the basement membrane, typical of polarized, resting cells
with little or no motile behavior (Carter et al., 1990; Cress et al., 1995). The quiescent state
of the cells is most likely signaled via β4-mediated induction of p21/WAFl/CIPl, an inhibitor
of the cyclin-dependent kinases (Clarke et al., 1995). This fits nicely with the fact that
myoepithelial cells under normal conditions are virtually noncycling (Rønnov-Jessen et al.,
1996). As expected from these studies, p21/WAFl/CIPl under normal conditions is
expressed at least occasionally in some myoepithelial cells (Barbareschi et al., 1996).
2. α6β4 IN BREAST CANCER—At first glance, the reports on α6β4-integrin expression
in cancer seems quite confusing. Clearly, whereas it is up-regulated in some forms of
cancers, including squamous cell carcinomas of the skin (Giancotti and Mainiero, 1994),
astrocytomas (Previtali et al., 1996), and thyroid carcinomas (Serini et al., 1996), other
cancers, such as those of breast and prostate, are almost completely devoid of α6β4 as
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determined by β4 staining (Cress et al., 1995; Koukoulis et al., 1991). It is noteworthy,
however, that the up-regulation of α6β4 in some cancers, e.g., in squamous carcinomas, may
be a product of the inability of the tumor cells to differentiate and to become α6β4 negative
as they would during the process of normal skin differentiation (Giancotti and Mainiero,
1994). However, if α6β4 is indeed up-regulated specifically, it may be instrumental in the
malignant phenotype in a manner different from that governing the normal conditions as
outlined above. Thus, some of the reported oncogenic activities of α6β4 include tyrosine
phosphorylation of Shr/Grb2 and induction of the ras pathway (Mainiero et al., 1995),
phosphorylation of pl85HER2 (Campiglio et al., 1994), EGF-induced deterioration of
adhesive structures (Mainiero et al., 1996), and escape from cell death mechanisms
(Dowling et al., 1996).
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Nevertheless, in vivo β4-integrin is down-regulated in invasive breast cancer as compared to
normal breast tissue (Koukoulis et al., 1991). In comparing the different reports in the
literature concerning α6-integrin in breast cancer, it is clear that this integrin is not downregulated to the same extent as β4, because it is expressed in at least 50–70% of breast
carcinomas compared to reports of β4 expression in the range of 0–22% of all carcinomas
[compare Friedrichs et al. (1995) with Koukoulis et al. (1991) and Taylor-Papadimitriou and
Alford 1995)]. The significance of this difference again should be viewed in light of the
level of β1-integrin expression in the normal breast and breast cancers (see below) and the
fact that β1-integrin is the other integrin that α6 may pair with, as mentioned above
(Sonnenberg et al., 1990).

NIH-PA Author Manuscript

3. β1-INTEGRINS IN NORMAL BREAST AND BREAST CANCER—The hypothesis
that ECM, and hence its receptors, have information and direct tissue-specific form and
function was set forth a decade and a half ago (Bissell et al., 1982). That this is indeed the
case has been amply demonstrated for many tissues but especially the mammary gland of
rodents and more recently humans (for reviews, see Adams and Watt, 1993; Lin and Bissell,
1993; Hay, 1995; Roskelley and Bissell, 1995; Rønnov-Jessen et al., 1996; Bissell, 1997).
β1-Integrin has been shown to be involved in the regulation of milk protein gene expression
(Streuli et al., 1991) as well as apoptosis (Howlett et al., 1995; Boudreau et al., 1995).
Knockouts of β1-integrin are embryonically lethal (Fassler and Meyer, 1995; Stephens et al.,
1995). In 1994, Matlin and collaborators (Schoenenberger et al., 1994) put forth an
imaginative hypothesis that stated that if phenotype, in casu, morphogenesis should depend
only qualitatively on the expression of integrins at the cell surface, then minor changes
would not be expected to be important. On the other hand, if a correct phenotype depends on
the exact balance of various integrins at the plasma membrane, then a change in the relative
amounts of individual integrins would be quite significant (Schoenenberger et al., 1994).
Because α6-integrin may pair with β4 as well as with β1, and the ratio between α6 and β4
appears to increase with cancer development, it becomes essential to know what happens to
the level and location of β1 in cancer cells (Weaver et al., 1997). The equation needs to also
include α2 and α3, the other two integrin subunits compatible with β1.
In the race to be the β1 partner on the cell surface, it has been reported that α2 wins over α3,
which in turn wins over α6, but that there is usually an excess of β1 on the cell surface of
nontransformed cells (Schoenenberger et al., 1994). In the normal human breast, α2-integrin
is expressed equally well on the basolateral cell surface of both luminal and myoepithelial
cells, whereas α3 is slightly weaker in luminal epithelial cells (Koukoulis et al., 1991;
Glukhova et al., 1995; Taylor-Papadimitriou and Alford, 1995). Looking at mRNA
expression (which is not as informative) and in at least one case of protein staining, α2
shows the same tendency as α3 in that there is a little higher expression in myoepithelial
cells compared to luminal epithelial cells (Koukoulis et al., 1991; Zutter et al., 1993). The
expression of α2 and α3 at the cell–cell junctions as well as at the cell–ECM junctions
Adv Cancer Res. Author manuscript; available in PMC 2013 December 18.
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reflects their assumed function in directing morphogenesis and maintaining cell survival
(Berdichevsky et al., 1994; Howlett et al., 1995).
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In breast carcinomas, α2-integrin has been reported to be absent or close to absent in about
50% of the cases (Mechtersheimer et al., 1993; Taylor-Papadimitriou and Alford, 1995).
Also, around 40% of breast carcinomas show decreased levels or absence of α3
(Mechtersheimer et al., 1993). For comparison, β1-integrin is not down-regulated at the
protein level to the same extent and in one report no decrease was found in the majority of
carcinomas (Mechtersheimer et al., 1993; Zutter et al., 1993). The equation may thus be
concluded as follows: with little or no β4, significant reductions in α2 and α3, and available
β1, there is room for pairing of α6 with β1 in breast cancer as opposed to what is seen in
normal cells. This fits nicely with a reported reciprocal expression of α2β1 with α6β1 in
around 50% of breast cancers (Oda et al., 1994). The α6β1 phenotype is particularly
characteristic of one histological variant of breast cancer, that of the invasive lobular cancer,
which shows little morphological differentiation (Koukoulis et al., 1993). The conclusion of
the equation is compatible with observations on prostatic carcinomas whereby the α6β4
pathway is essentially bypassed in favor of the α6β1 pathway (Cress et al., 1995). The
biological significance of this observation is supposed to involve the ability of cells to
migrate and metastasize. Whereas α6β4 is associated with stable anchoring contacts, α6β1
colocalizes with focal contacts at the cellular protrusions (Cress et al., 1995; Koukoulis et
al., 1991, 1993). In this respect, it is also interesting that the nonmalignant HBL-100 breast
epithelial cells, although clearly not normal, almost exclusively express α6β4, whereas the
highly malignant breast carcinoma cell line, MDA-MB435, shows the opposite constitution.
The invasive phenotype of the latter may in fact be dramatically reduced by dominant
negative knockout of α6β1 [compare Sonnenberg et al. (1990) with Shaw et al. (1996)]. A
related phenomenon has been reported for a colonic carcinoma cell line in which
progression from a poorly tumorigenic variant to a more aggressive variant was associated
primarily with an increase in β1 and a parallel decrease in β4 integrin expression (LopezConejo et al., 1996). It is important, however, to realize that a shift in β1 relative to β4
integrin in itself may not be sufficient to trigger an aberrant phenotype. In this respect it is
quite intriguing that a tumorlike shift in the ratio between β1 and β4 integrins is already
grossly apparent at the level of noninvolved breast tissue from the majority of cancer
patients (Jones et al., 1992). The importance of the relative ratios of integrins at the cell
surface in determining the phenotype of normal and malignant cells was tested most recently
in our laboratories and will be discussed in more detail below (Weaver et al., 1997).

III. CULTURE MODELS OF MAMMARY GLAND DIFFERENTIATION
NIH-PA Author Manuscript

All cancer biology, indeed all biology, relies on well-characterized model systems. When
dealing with human cells, the only option is to explant the relevant cells and develop culture
assays aimed at answering specific questions. Classical cancer research has benefited from
monolayer culture assays of immortality, transformation, and progression (Nettesheim and
Barrett, 1985; Harris, 1987). However, for epithelial cells, these assays do not measure
differentiation beyond the level of squamous metaplasia (Bissell, 1981; Masui et al., 1986).
Morphological differentiation appears to require more elaborate model systems.
A. Basement Membrane (EHS) Assay
We have searched for a set of criteria to define safely “normal” or “near-normal” for
cultured human breast epithelial cells, without incorporating the complexity of the
myoepithelial cells until such time that we know more about them. Analogous to mouse
mammary epithelial cells (Barcellos-Hoff et al., 1989; Aggeler et al., 1991), normal luminal
epithelial cells, when confronted with a physiologically relevant reconstituted basement
membrane (EHS; Matrigel, Collaborative Research), were shown to recapitulate a number of
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normal features, independent of the presence of a basal layer of myoepithelial cells. First,
they rapidly (within 7–10 days) organized a near-perfect acinus-like sphere (Petersen et al.,
1992). Some of these structures may well have been clonal because they were preceded by
an initial burst of growth that declined to almost zero once the final size (<50 µm) was
reached. The growth arrest was not the result of suboptimal culture conditions, because the
same medium readily supported growth of similar cells in monolayer culture or tumor cells
in EHS (Petersen et al., 1992). Second, when sectioned, these structures contained true acini
with a central lumen formed by apical cell membranes and cells with basally located nuclei.
The growth arrest was synchronized with acinus formation. We determined the mean
number of cells in an equatorial section of the spheres to be around 8 cells, and thus similar
to that seen in acini in vivo. Because an important measure of differentiation in the
mammary gland is the ability to polarize the cellular axis in a correct manner, we stained the
cells for an integral, apical-specific protein, sialomucin, as well as the basement membrane
component, type IV collagen. The localization of both proteins was found to be comparable
to what is found in acini in vivo, i.e. apical deposition of sialomucin and basal deposition of
type IV collagen at the cell–ECM junction (Petersen et al., 1992). It is interesting to note
that both the final size of spheres (50 µm), the number of cells in aggregates (~8), the initial
growth burst, the time before growth arrest (7 days), and the apical lumen formation and
basolateral type IV collagen deposition have all been found previously for Madin–Darby
canine kidney (MDCK) cells in collagen cultures, implying that these are fundamental
epithelial and-glandular behavior in the presence of relevant three-dimensional structures
(Wang et al., 1990). The fact that ER-negative epithelial cells were able to form almost
normal acini on cultivation in a basement membrane matrix indicates that neither ER
expression nor myoepithelial cells are strictly required for this phenomenon to occur in
culture and that the EHS matrix and the characteristics of cultured luminal breast cells are
compensating for the other cell types that exist in vivo (Petersen et al., 1992; Rønnov-Jessen
et al., 1996).
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Analogous to the rodent model (Medina et al., 1987; Schmidhauser et al., 1990; Lin and
Bissell, 1993), the effect of the ECM on human breast epithelial differentiation was not
restricted to freshly explanted primary cultures with a finite life span. Rather, two
nonmalignant, but immortal, cell lines (MCF-10A and HMT-3522) from benign breast
lesions responded essentially in the same manner, that is with acinus-like formation and
growth arrest. Although our assay was performed in a serum-free medium to obtain normal
behavior, others have reported similar data using MCF-10A, even with serum in the medium
(Basolo et al., 1996). A related assay, also based on three-dimensional culturing, but in type
I collagen instead of a reconstituted basement membrane, has been used for human breast
epithelial cells (Berdichevsky and Taylor-Papadimitriou, 1991; Shearer et al., 1992). In
contrast to what has been reported for MDCK cells, however, this assay does not contain
sufficient cues to polarize mammary epithelial cells correctly nor for them to deposit an
endogenous basement membrane (Howlett et al., 1995; Lu et al., 1995). Thus the basement
membrane (EHS) assay appears to be the first assay that allows recapitulation of critical
aspects of normal breast in culture.
With the establishment of the EHS assay for human breast cells, the way was paved for the
rapid identification of even subtle deviations from a differentiated behavior. Thus, within the
same period of 7–12 days, during which “normal” cells organized an acinus, HBL-100 cells
formed small, dispersed colonies, and tumor cells from either biopsies or established cell
lines formed large irregular clusters of cells that did not growth arrest, deposit a basement
membrane, or polarize correctly in response to the EHS (Petersen et al., 1992, 1995;
Howlett et al., 1994, 1995). Thus as predicted, the tumor cells failed to sense the ECM
properly, which was consistent with our hypothesis that the ability to respond to ECM
correctly is a function of a new class of “suppressor genes” that are lost or altered when cells
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become malignant (Petersen et al., 1992). The reason for this dramatic difference in
response to the ECM could lie in defects anywhere from the ECM to integrins to
cytoskeleton to nuclear matrix and to the genes themselves (Bissell et al., 1982) and need
not depend on the same genetic defects in different tumor cells. Our initial observations on
the different behavior of “normal” and “malignant” human breast cancer cells inside EHS
were confirmed by others (Shearer et al., 1992; Bergstraesser and Weitzman, 1993). Since,
then, it has been observed that the morphogenic effect of EHS on normal and cancer cells
makes the use of EHS a more sensitive assay than the soft agar assay for predicting whether
cells are tumorigenic in nude mice (Basolo et al., 1996). Moreover, not only does the EHS
assay serve to reveal normal behavior, it also supports growth of carcinoma cells better than
the soft agar assay (Oridate et al., 1996).
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To test the hypothesis that the assay could shed light on possible tumor suppressor genes, we
tested the behavior of the highly malignant MDA-MB435 breast carcinoma cells that had
been stably transfected with the tumor suppressor gene NM-23H1/NDP-kinase (Leone et al.,
1993). Whereas the neotransfected control cells behaved analogous to other breast cancer
cells in the EHS assay, the NM-23-transfected cells showed an altered morphology and
growth and polarized deposition of a basement membrane (Howlett et al., 1994). In
particular, they reached a final size of about 50 µm, as opposed to the neotransfected cells
that kept on growing. It would be too naive to attribute these findings to a specific function
of this particular tumor suppressor gene, because similar data in the EHS assay were
obtained with the same cell line transfected with quite another gene, a novel H-cadherin
(Lee, 1996), which may thus also be considered a tumor suppressor by our definition. Rather
these data collectively point to the fact that as long as aspects of the phenotype can be
compensated for, the exact error leading to the initial loss need not be corrected. The data
also indicate that structural reorganization, if successfully imposed on the cells, is a very
strong regulator of phenotype that can lead to reestablishment of a basement membrane and
polarity, even in the absence of critical epithelial markers such as keratins and cadherins,
which are permanently lost in MDA-MB435 cells (Pierceall et al., 1995).
B. HMT-3522 Epithelial Cell Line of Breast Cancer Development
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For a number of years, all our understanding of the early malignant lesions has had to rely
on experimentally generated malignant transformation as obtained by SV-40 transfection, or
benzo[a]pyrene treatment of cultured cells from normal individuals (Chang et al., 1982;
Stampfer and Bartley, 1985) (for reviews, see Rønnov-Jessen et al., 1996; Weaver et al.,
1996). In general, human cells do not undergo the spontaneous transformation in culture
often seen with rodent cells. The artificially generated malignant cells are quite aggressive to
begin with and cannot therefore be taken to represent the early stages of cancer. Attempts to
overcome the problem of spontaneous transformation of normal human cells have included
the possible generation of established cell lines from benign lesions assumed to have
initiated and immortalized prior to explantation (Pauley et al., 1993). Success in establishing
such “spontaneously” immortal cell lines from the human breast has been experienced in
two cases. Originally, one of our laboratories generated the HMT-3522 S1 cell line under
chemically defined culture conditions (Briand et al., 1987) from a person with fibrocystic
disease. Later, a different isolate was made from a similar source but with serum in the
medium (the MCF-10A) (Soule et al., 1990). The two cell lines share similar characteristics
of being nonmalignant up to a very high passage number and showing very few
chromosomal aberrations in the early passages. Clearly, they form an excellent basis for
generating model systems for malignant progression. We have concentrated on the
HMT-3522 cell line. The first question to address was whether they would progress
spontaneously to a malignant state. The cells were kept under very defined culture
conditions for more than 10 years and > 500 passages. It is relevant here to mention that
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most SV-40-immortalized cells become malignant around passage 100 (Rønnov-Jessen et
al., 1996). However, no signs of tumorigenicity were recorded in these non-xenobioticexposed cells. Interestingly, the cells have drifted substantially with regard to their
karyotype such that later passages are grossly aneuploid. Still, however, they do not become
tumorigenic (Vang Nielsen et al., 1994). This correlates with the recent findings that
aneuploidy has been found in breast tumors long before they are overtly malignant (Leal et
al., 1995; Teixeira et al., 1995). It is also interesting to note that the other spontaneously
immortal human breast epithelial cell line, MCF-10A, resembles HMT-3522 in its lack of
tumorigenicity even in high passages.
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It is a widely held notion that growth autonomy is a well-defined premalignant step in the
multistep process of cancer development. In the absence of spontaneous transformation
within a reasonable time frame, the HMT-3522 cells were forced to become autonomous
with respect to EGF/amphiregulin by omitting this cytokine from the chemically defined
medium in passage 120 (Madsen et al., 1992). With this treatment, the cells remained
relatively unaffected on the culture flask, but refrained from further growth for a few weeks
(Briand et al., 1996). After this latency period, growth commenced in a collective fashion
from a slow to a more usual rate within one or two passages. Apart from being EGF
autonomous, there were no discernible signs of further transformation of these lines
(referred to as S2) grown on tissue culture plastic, because they remained nontumorigenic in
nude mice. However, after exactly 118 passages in EGF-free medium, the cells suddenly
gave rise to tumors, and the cells explanted from one of these tumors was named HMT-3522
T4-2. This spontaneous shift in phenotype coincided with the acquisition of an extra short
arm of chromosome 7 (trisomy 7p) as the only obvious detectable karyotypic change. Other
karyotypic changes, however, have more recently been identified using comparative
genomic hybridization (collaborative studies with the Joe Gray and Dan Pinkel laboratories;
Weaver et al., 1998). The transformation was reproducible in passage 238 as revealed by
thawing frozen stocks of earlier passages and closely following them through the critical
passages by inoculations in nude mice (Briand et al., 1996). In other words, we have now
succeeded in making a controlled progression series within the same cell line and without
imposing any additional destabilizing exogenous transformation steps. Other attempts to
make a progression series within a single cell line have included at least one additional
measure to facilitate transformation (Pauley et al., 1993). The HMT-3522 series has given
us a unique opportunity to focus on the transformation-associated phenotype in the absence
of the usual “noise” arising from tremendous dissimilarities among the normal and
malignant cell lines.
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An initial question that needed immediate clarification was whether the series from S1, EGF
dependent, through S2, EGF independent, to tumorigenic T4-2 could be sufficiently
resolved in our differentiation assay inside the reconstituted basement membrane. Indeed, all
S1 passages behaved normally as described above by forming small acinus-like structures
(Petersen et al., 1992; Weaver et al., 1998). More interestingly, however, not only T4-2 but
also S2 diverged from such behavior and exhibited their own characteristic abnormal
phenotype. As seen in Fig. 2, at least one population within S2 formed very large balls of
cells many times larger than those formed by S1 cells. T4-2, on the other hand, formed
intermediate-sized clusters with irregular boundaries and dissemination into the matrix (Fig.
2). Also, on sectioning of the gels and staining for endogenous basement membrane, the S1
cells stained as expected with a continuous line at the cell–ECM junction, S2 cells were
almost negative, and T4-2 clusters in general were either not polarized or inversely
polarized, but stained for type IV collagen (Fig. 3).
The fact that S2 cells apparently do not form their own basement membrane but proliferate
continuously is compatible with their classification as benign hyperplasia. Thus, S2 cells
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resemble keratin K19-negative benign hyperplastic epithelium (Rønnov-Jessen et al., 1996).
That T4-2 cells apparently reexpress type IV collagen, albeit in an uncoordinated manner,
has precedent for breast carcinomas in vivo, as mentioned previously. Thus, some invasive
carcinomas in fact do stain for basement membrane (BM) components either in the
cytoplasm or as an abortive attempt to form a BM. Staining for BM in breast cancer is
considered a differentiated trait and correlates with better prognosis (Albrechtsen et al.,
1981; Natali et al., 1992). Also, BM staining is a consistent feature of early in situ cancers
and it is therefore not unreasonable to classify the derived T4-2 cell line as either an early
cancer cell line or a differentiated cancer. Accordingly, in contrast to the existing established
breast carcinoma cell lines, T4-2 is likely to be more subject to regulatory
microenvironmental cues, and as such an excellent model for further exploration of possible
differentiation therapy or reversion studies.
C. Reversion of Malignant HMT-3522-T4 Phenotype
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One remarkable feature that clearly discriminated the T4-2 cell line from our previously
tested established breast cancer cell lines was the distinct expression of β1-integrin on the
cell surface of T4-2 cells [compare Howlett et al. (1995) and Weaver et al. (1997)]. We
therefore used this new cell line in the previously described assay aimed at establishing the
role of β1-integrin in morphogenesis of normal versus tumor cells. This could not be tested
in the tumor cell lines that were tested previously because they did not contain much β1
(Howlett et al., 1995). The T4-2 line responded to a β1-integrin-inhibitory antibody in a
surprising manner by forming regular spheres with an occasional central lumen (Weaver et
al., 1997): They exhibited growth arrest within the experimental period, similar to what we
had recorded with the nonmalignant S1 line without the antibody (Petersen et al., 1992;
Howlett et al., 1995; Weaver, et al., 1997). A quantification of the number of acini showed
that almost all cells were in fact reverted by the treatment, leaving essentially no irregular
clusters of cells after 10–12 days of cultivation. The growth arrest was also genuine as
evidenced by thymidine incorporation and cyclin D1 expression. Moreover, sectioning and
staining for endogenous type IV collagen showed a distinct organized and polarized BM at
the cell–ECM junction similar to our observation in the S1 cells. The morphological,
proliferative, and polarized reversion was also associated with a reorganization of the
cytoskeleton. Thus, whereas the untreated or mock-treated T4-2 cells showed a diffuse
staining for actin, E-cadherin, and β-catenin, the β1-integrin antibody-treated cells polarized
these molecules to the cell–cell junction (Fig. 4; see color plate) (Weaver et al., 1997). That
the S1 cells and the β1-integrin-treated T4-2 cells were in fact different was evident only
from the fact that the latter stained for β-catenin and E-cadherin at the cell–ECM junction in
addition to the staining at the cell–cell junction (Fig. 4). In addition, in contrast to S1 cells,
very few lumina were observed at the apical surface. Finally, we established a link between
our culture observations and traditional tumorigenicity in nude mice in that β1-integrintreated T4-2 cells gave rise to significantly fewer and smaller tumors than did the mocktreated control cells (Weaver et al., 1997).
Because the behavior of T4-2 cells could be almost completely corrected by an inhibitory
antibody to β1-integrin, it was tempting to assign conversion to the malignant phenotype in
this system to an overexpression of β1-integrin at the cell surface as compared to S1 cells.
The expression level of β1-integrin was therefore measured on immunoblots of total proteins
and of biotin-labeled surface proteins. In both cases, the level of β1-integrin was higher in
T4-2 cells versus S1 cells. Thus, if the action of the β1-integrin antibody could be truly
attributed to specific blocking of the signaling pathway and cells were not selected for, then
we had conclusive evidence for the role of this integrin in the dramatic reversion.
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The specificity of the function blockade was further tested by use of other inhibitory
antibodies against β1-integrin and one β1-integrin stimulatory antibody. The latter did not
inhibit. Also, Fab fragments were generated to distinguish between receptor clustering and
inhibition of signaling. Fab fragments inhibited as well as the intact antibody. Finally, we
could exclude selection of possible contaminating S1 cells because repeated cycles of
reexplantation into monolayer and reembedding into EHS with anti-β1-integrin-treated and
mock-treated cells showed that the “malignant” and “normal” phenotypes were reversible
(Weaver et al., 1997).
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Neutralizing β1-integrin was previously shown to lead to a less malignant behavior in terms
of invasion and tumorigenicity in vivo (Fujita et al., 1992; Schiller and Bittner, 1995).
However, the mechanism(s) for this lowered tumorigenicity was neither explored nor
understood. Thus, the dramatic differentiating effect of down-regulating β1-integrin in tumor
cells is not only a novel finding for β1-integrin action on tumor cells, but it also reveals a
very important principle for glandular function. In an effort to explain the finding with the
integrin balance theory in mind (see Section II, C), we speculated that the corrected
phenotype was not only the result of a diminished β1-integrin signaling per se but also of
restoring the signaling of one or more of the other integrins. In other words, the malignant
behavior was conveyed by an imbalance of the array of available integrins at the cell
surface. Cell surface labeling showed that there was less β4-integrin on T4-2 cells compared
to the nonmalignant S1 cells. The ratios between β1 and β4 were 1.85 and 5.18 in S1 and
T4-2 cells, respectively. In further support of the imbalance hypothesis were the facts that
the level of cell surface β4-integrin in the T4-2 cells was essentially normalized on treatment
with the β1-integrin antibody, and that, conversely, treatment of S1 cells with either β4- or
α6-integrin function-altering antibodies resulted in a disorganized phenotype somewhat
reminiscent of that seen in malignant cells (Weaver et al., 1997).
As discussed in the introduction, the concept that signaling from the microenvironment may
revert an otherwise overtly malignant phenotype is not unprecedented, although a
mechanism has not been put forward. For example, it has been reported that the information
imparted by pure thrombospondin may revert malignant hemangiomas to differentiated
nontumorigenic capillary-cord-like cells, and that the expression of thrombospondin
inversely correlates with malignant behavior of melanoma, lung, and breast carcinoma cell
lines (Zabrenetsky et al., 1994; Sheibani and Frazier, 1995).
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What is equally significant about the collective observations we have made with this breast
epithelial series inside a three-dimensional reconstituted basement membrane assay is a new
integrated view of how normal tissues function in vivo. Our results may point to a hitherto
unknown switch that may be pulled, the net effect of which in a three-dimensional assay is
to override several genotypic abnormalities associated with malignant behavior. Our data
should also be viewed within the context of integrin signaling whereby the apparent
redundancy of integrins has been a puzzle to solve. Further understanding may be gained
from the concept that multiplicity does not indicate redundancy but serves to maintain an
equilibrium of signaling from different pathways responding to a microenvironment in such
a way as to maintain adequate homeostasis and growth when necessary.

IV. CONCLUSION
The recent spectacular ability to identify and clone the susceptibility genes for many forms
of cancers has led to much excitement and also much expectation for a rapid understanding
and cure for breast and other epithelial cancers.
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The central thesis of this short review, focused mainly on our current work, is that we will
not understand breast cancer unless we understand normal epithelial biology. We argue that
a simple genetic model of breast cancer, even if multistep, cannot, and does not, explain
much of the literature and our current data. The fact that malignant behavior can be reverted
by manipulation of a single ECM signaling pathway (even if so far in a single model
system) argues that many of the changes that were responsible for this behavior (unregulated
growth, aberrant morphogenesis, lack of a basement membrane, loss of cell–cell interaction,
levels of cyclins, etc.) were lost not by mutation, but by changes in their levels or
localization as a result of a global disorganization of tissue structures. Because we can
shuttle these cells back and forth in dramatic changes in phenotype, and retain the same
malignant genotype, it is clear that the tissue phenotype is dominant over the cellular
genotype.
Thus, we argue that breast cancer is the result of not just genetic change, developmental
regulation, or loss of growth regulation, but an interweaving of all of these factors. This is an
insight that should help us to unravel the molecular mechanisms that allow the genes and the
microenvironment to come together to create tissues and specificity. To understand how
these specialized cues are lost as cells become malignant may require collaboration of
oncologists, molecular and cell biologists, but also pathologists, physiologists, computation
biologists, and bioengineers.
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Diagram illustrating the normal phenotype of a cell in a triangle between growth, death, and
differentiation. The extracellular matrix (ECM) is proposed to play an important role via
integrin-mediated signaling.
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Fig. 2.

Morphological characterization of the HMT-3522 series in the EHS assay. Phase-contrast
micrographs of S1 cells (A), S2 cells (B), and T4-2 cells (C) plated inside EHS and cultured
for 12 days in serum-free conditions. Whereas the “normal” S1 cells form typical acinus-like
spheres, a subpopulation of the “benign” S2 cells form megaclusters reminiscent of
hyperplasia, and the T4-2 cells form smaller irregular colonies with some penetration of
cells into the EHS, similar to invasion (arrowhead in C). Magnification, ×90. Bar = 100 µm.
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Fig. 3.

Characterization of basement membrane deposition of the HMT-3522 series. Light
micrographs of cryostat sections of S1 cells (A), S2 cells (B), and T4-2 cells (C)
immunoperoxidase stained for human type IV collagen and counterstained with
hematoxylin. Note that although the S1 cells deposit an almost continuous basement
membrane, this is lost in the S2 cells. The T4-2 cells deposited a disorganized and apolar
basement membrane. Magnification, ×150. Bar = 100 µm.
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Fig. 4.
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β1-Inhibitory antibody treatment of tumor cells leads to the formation of reverted acini. (A–
A″) Confocal fluoresence microscopy images of F-actin. Both the S1 (A) and T4-β1 reverted
acini (A″) showed basally localized nuclei (propidium iodide) and organized filamentous Factin (FITC), whereas T4-2 mock-treated colonies (T4-2 IgG) had disorganized, hatched
bundles of actin and pleiomorphic nuclei (A′). (B–B″) Confocal immunofluorescence
microscopy images of E–cadherin (FITC) and β-catenin (Texas red): In S1 (B) and T4-β1
reverted acini (B″), E-cadherin and β-catenins were colocalized and superimposed at the
cell–cell junctions. Reproduced from Weaver et al., (1997). J. Cell Biol. 137, 231–245, by
permission of The Rockefeller University Press.
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