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Preface
I was honored to deliver the 2nd Stanley Korsmeyer memorial Lecture on May 9th, 2007 in
Padova, Italy. Stan will always occupy a very special place in my heart: I admired him greatly not
only for his magnificent and original science but also for his integrity and his grace. This review,
which summarizes my laboratory's contribution to cell and cancer biology in the last 30 years, is
dedicated to Stan's memory, and to Elaine Fuchs, one of my most cherished friends without whose
support this work would not have gained the degree of recognition it enjoys today. My thanks also
to the Pezcoller Foundation for making that week in May, 2007 one of the most memorable in my
scientific life.

I-Introduction
One of the fundamental questions in cell and developmental biology is how do different
tissues emerge from a single cell and how do they maintain their organ- and tissue-
specificity? All the many billion cells within our bodies, e.g. in our brain and liver, have the
same DNA sequence and the same genetic information. The central question is what
determines the stability and the homeostasis of tissues. Why do different organs `remember'
how to carry on their multitude of specialized functions with relatively few mistakes? If we
thought deeply about the number of organs in our bodies and the integration of function that
has to occur at any given moment as we continue our journey from birth to old age, this
becomes an astonishing feat of evolution. The answer to these questions is not only
fundamental to determining how normal organs remain functional and disease-free, but also
will shine light on how tissues may become cancerous.

Tumors by definition are made of cells that have `forgotten' to act correctly within an organ:
they behave aberrantly, pile up and go elsewhere as they metastasize. The current
conventional wisdom is that there are single or multiple mutations within the cancer cells
that make them autonomous. As a result these cells will not respond to any normal signals
which tells tissue-specific genes to act cooperatively within organs, but why are tumors of
different organs still organ-specific i.e. why a brain tumor is different from a liver tumor?
Should normal and tumor cells be treated as if they are totally unrelated species with cancer
cells not obeying any of the normal regulatory signals? Is the only way to deal with tumors
is to kill the cancer cells once they have been formed?

This brief chapter will outline the progress we have made in the last three decades in search
of some answers to these fundamental questions. I describe some of the rationale for why we
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have chosen the paths we took. A number of recent reviews from my laboratory describe
some of our findings in more detail as well as the techniques and assays we have developed
to study the readers are referred to those for further information (1–5)

II-The Importance of Context and Tissue Microenvironment
Over the past three decades our laboratory has pursued these fundamental questions using
two model systems: 1-Rous sarcoma virus (RSV), the first oncogenic virus isolated by Rous
(6), and chick embryo fibroblasts (CEF) and 2-the mammary glands of both mouse and
humans concentrating on what defines `normal' in vivo and how do we define a cancer cell
in culture (7). We have made a number of important observations that has pointed us
towards a paradigm shift on how we view tissue-specificity and cancer. We now believe
there is much proof for the model of `dynamic reciprocity' (8, see below) between the
different cell types within an organ and between the tumor cells and their surrounding
stroma, i.e. the context is crucial in regulation of tissue-specificity and in how cells become
malignant (7,9,10).

This concept is dramatically demonstrated in our papers on RSV in the 1980s: When CEF's
are infected in culture, they form a transformed monolayer that loses contact inhibition, and
when RSV is injected into chickens it produces massive local tumors that eventually kill the
bird. However, when this same virus preparation is injected into the chick embryos stage 26,
the embryos remain viable and do not form tumors until much later despite the fact that the
virus integrates and expresses pp60src (11). Indeed if we attached pp60src to a reporter gene
such as LacZ, the blue cells within the feathers of the chick could each have been a tumor if
the context was not important, but they were not. (Fig.1: 12,13).

On the other hand, if the embryos were dissociated and the cells plated on tissue culture
plastic, there was mass transformation (11,14,15). To answer the question of why the virus
can form tumors in hatched chickens and not in the embryos, is that even in the chickens, a
single oncogene is not sufficient to form tumors because the injection-induced `wounding'
may itself be a co-carcinogen. Injecting the virus in one wing and then wounding the wing
on the other side was sufficient to cause tumors at the site of the wound (16). Interestingly,
we were able to show that the molecule responsible for the wounding effect was TGFβ
which at the time was thought to work essentially by preventing the growth of epithelial
cells (17).

I had been struck already by the fact that we did not have a clear definition of what is
`normal' and what is `malignant' in a plastic culture dish. In a review mentioned above I
outlined the data from the vast literature of cell culture that had accumulated over the years,
and our own work:

“If there is one generalization that can be made from all the issue and cell culture
studies with regard to the differentiated state, it is this; since most, if not all,
functions are changed in culture, quantitatively and/ or qualitatively, there is little
or no “constitutive” regulation in higher organisms; i.e., the differentiated state of
normal cells is unstable and the environment regulates gene expression”(7)

The above summary simply states what we now have renamed `plasticity': `The
differentiated state is plastic, and the (micro) environment regulates gene expression'. This
was shown to be true also for malignant cells as discussed in our experiments with RSV, and
as elegantly shown in a land mark paper by the pioneering work of Beatrice Mintz and her
colleagues (18). They showed that the malignant potential of teratocarcinoma cells could be
constrained during embryogenesis in mice by placing these cells in the blastocyst of a
surrogate mother. Astonishingly, whereas the cells injected in the mouse flank formed
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tumors, those placed in blastocysts and put inside a surrogate mother, were tumor-free.
Tissues derived from the teratocarcinoma cells which could be identified because they were
derived from mice with black hair, were normal despite the fact that the mice were the
offspring of a normal mouse and malignant cells! The assumption at the time was that if the
teratomcarcinoma cells did not form tumors, they could not (should not) contain oncogenic
mutations. This finding in the height of the discovery of oncogenes and tumor suppressor
mutations did not seem possible. Thus despite its landmark nature, the work is not widely
known and is not included in the current textbooks (see also George Klein, 19). Our work
with RSV and our later findings in the mammary gland indicate that abundant mutations
could be present and oncogene activity could be on, yet the cells so infected could still be
nonmalignant because of the constraints exerted by the microenvironment.

These findings led to the following broad and ambitious research goals in my laboratory:

1. How is tissue-specificity maintained?

2. How could one study the problem in mammals?

3. How are these processes go awry in cancer and aging? And,

4. How can one use this information for therapy?

III-Mammary Gland as a Model to Study Tissue-Specificity
To address the first 3 questions, we concentrated on mammary gland as an experimental
system. This organ, unlike many others, changes during the adult life of the organism and
the gland undergoes cyclical changes both with estrus and pregnancy cycles. Previously,
Emerman and Pitelka (20) had shown that whereas normal mammary cells lost both milk
protein expression and morphological traits on tissue culture plastic, the same cells could
reorganize and retain some milk proteins in collagen1 gels that had been allowed to float, as
Michalopoulos and Pitot had shown previously for hepatocytes (21). Why the floating but
not the attached gels would do this or whether the retention of some of the milk protein
indicated less milk degradation or endogenous synthesis of milk proteins was not clear.
Using radioactive tracers, we subsequently showed that indeed the cells were induced to
synthesize new milk protein when they were allowed to float (22,23). Since mammary cells
in vivo, do not sit on top of collagen 1 and do not float, we argued that perhaps it is the
basement membrane (BM) surrounding the epithelial cells that allows them to function. In a
theoretical paper, written with two of my postdoctoral fellows, we argued that the unit of
function in higher organisms was the cell plus its extracellular matrix, that the latter
molecules were not simply scaffolds, but had information and could signal through ECM
receptors, via the cytoskeleton which in turn were connected to the nuclear matrix and
chromatin. We referred to this model of ECM/chromatin connection as the model of
dynamic reciprocity (8) (Fig.2)

We then expanded the concept of the unit of function to the organ itself (9). Subsequently
we developed a 3D ECM assay using a reconstituted BM gel prepared from a BM-producing
tumor in mice (24-later referred to as Matrigel) and showed that both primary mammary
cells as well as mammary cell lines from mice could reorganize and form hollow acini
which could produce copious amount of milk proteins (Fig 3 and 4;25; for review see 26)

We showed not only that it is indeed the laminin1 in the BM that signals to the milk proteins
(27), but that the floatation of collagen1 gel allows the cells to polarize and form an
endogenous laminin-containing BM (28) which in turn signals for changes in chromatin
organization and transcription of milk protein genes (see below). We also showed a
hierarchy in production of milk protein genes: different levels of architectural organizations
allow increasingly higher levels of differentiations; this is shown schematically in (Fig.4.)
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IV-Discovery of ECM-response element and chromatin reorganization
Experimental proof for the above model, i.e. the existence of an ECM/chromatin signaling
axis was provided when we discovered an ECM-response element in the promoter of the
bovine β-casein gene which we refer to as bovine casein element-1 (BCE-1; 29,30). More
recent work has indicated that chromatin reorganization (acetylation, methylation, etc) is
required for allowing the signaling to bring the appropriate transcription factors and
chromatin remodeling enzymes to the site of ECM response element to allow transcription
of the gene (31,32) (Fig.5)

V-Loss of ECM integrity leads to disruption of the differentiated state,
apoptosis and formation of mammary tumors

To demonstrate the importance of integrity of BM/ECM in vivo, in a long and productive
collaboration with Zena Werb at UCSF we showed that loss of milk proteins after involution
of the mammary gland required loss of BM by proteolytic degradation (33) and that
inhibition of BM degradation by MMPs(MMP3) prevented involution (34). Alternatively,
destruction of BM inappropriately using engineered mice by over-expressing MMP3 during
pregnancy- when there is little or no expression of MMPs in normal gland- led to loss of
milk protein expression and extensive apoptosis (35) and as animals aged, to mammary
tumors with extensive chromosomal abnormalities (36,)

We showed further that attachment to BM was necessary for the homeostasis: if MMPs were
conditionally expressed after mammary acini were formed in 3D, the cells cleaved caspases
and underwent apoptosis (37). These dramatic results confirmed that BM integrity is crucial
for maintenance of organ-specificity, and that continuous loss of tissue organization- even
without introduction of oncogenes and loss of tumor suppressor genes-is sufficient to lead to
malignancy and/or cell death.

VI-MMPs, Epithelial to Mesenchymal Transition/Transformation (EMT),
Genomic Instability and Malignancy

To understand the molecular mechanisms of why and how the mice developed mammary
tumors, we designed a cell culture model where transfected MMP3 could be turned on and
off a tetrocyclin system. We discovered that E. Cadherin is a substrate for MMP3 and that
cells underwent an epithelial to mesenchymal transition (38, and Fig.5b), a process that
occurs in embryogenesis (39), but also has been demonstrated to occur as tumor cells
become more aggressive during invasion and metastasis (40). Astonishingly, we showed
also that destruction of BM in mouse mammary cell lines that were mutated for p53, led to
rapid formation of reactive oxygen species and genomic instability (Fig 7) set into motion
via changes in the cytoskeleton and differential splicing of RAC to form RAC1b. (41;
Scheme 1).

The latter is a spliced form of RAC that has been reported recently to be expressed in many
tumors (see 41, and the references within). These data illustrate the fundamental integration
of form and function in maintenance of tissue-specificity and provide additional support for
how the concept of `dynamic reciprocity' (Fig 2) operates at multiple levels.

VII-Phenotype is Dominant Over Genotype in 3D: Reversion of the
Malignant Phenotype

The concepts and data presented above should be applicable not only to animal models but
also to human cells in 3D cultures (and presumably to human tissues in vivo. Together with
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the laboratory of Ole Petersen in Copenhagen, we adapted the laminin-rich 3D gel assay we
had already developed for mouse cells (25) also for human cells (42,Fig.8) to distinguish
non malignant and malignant cells -both primary cells and cell lines-from each other rapidly
and reproducibly. This assay and some of its reiterations are being used by increasing
number of investigators and have been instrumental in establishing that signaling in 2D and
3D are fundamentally different [for review see (1)]. Using a number of signaling inhibitors,
we have shown that malignant cells with a frankly malignant genome can be reverted to a
phenotype that resembles non malignant cells (43). We were surprised to see that we can
revert even metastatic cells such as MDA-MB-231, and that reversion using a given
pathway inhibitor in 3D could correct the level of signaling in a number of other crucial
pathways (for reviews see 1 and 4). We thus hypothesize that there are a number of central
`nodes' that connect and integrate signaling in 3D. It is noteworthy that these connections do
not seem to operate in 2D (44;1)

VIII-The Implications of 3D Assays and Tissue Polarity for Breast Cancer
Therapy

It should be clear from above that these concepts and findings would have implication for
response to chemotherapy as well as useful for therapeutic discovery, i.e. the 3D models
would be more accurate predictors of how normal and malignant cells would respond to
therapy in vivo. Accordingly our more recent data have shown both of these statement to be
true. In a complex series of experiments, we showed that response of normal and malignant
human breast epithelial cells to six different apoptotic agents used in the clinic were
profoundly influenced by whether or not they were in 3D cultures and as such whether or
not they formed a polar structure in 3D (46; Fig.9).

Furthermore, the agents discovered to revert in 3D culture were usually effective in reducing
tumor burden invivo (47, and references therein).Using the `wisdom of the acinus' (the polar
structures formed in 3D), we have discovered much useful information for both markers for
breast cancer and possible therapeutic targets as well as means of testing new and
combination drugs on human tumor cells in 3D (48,49). (Fig.10)

In our most recent studies, we utilized 25 breast cancer cell lines used previously by RNA
arrays on cells grown in 2D and classified into major breast cancer subgroups (62). We
showed that when these cells are grown on top of gels in 3D lrECM, for 4 days and then
arrayed, they could be sub-grouped into 4 morphological categories allowing us to do a finer
classification of the type of breast cancer they were derived from (Fig.10).

IX-Architecture determines the site of Branching and invasion in the
Mammary Gland

Having put the concept of three-dimensionality to good use for tumor therapy as indicated
from the brief summary above, it has been gratifying to see the acceptance and
popularization of some of these ideas and findings in the broader scientific community (e.g.
see commentaries in (50).

More recently therefore we have turned our attention to developing novel assays for
understanding how normal tissues such as the mammary gland invade into the stromal fat
pad. This is because we (as well as many others before us, believe that tumors usurp normal
pathways and use them to their own ends (for review see 61).

Using micropatterns and genetic engineering as well as some older results from our
published scientific repertoire (62), we now have developed a technique for studying
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branching morphogenesis (51). We show that the architecture of the gel into which we seed
the cells determines the pattern of branching and further that this pattern is dependent on a
gradient of inhibitory morphogene(s) which includes TGFβ (Fig.11).

X- The Shape of Things to Come
I firmly believe that we are in a position now to more fully understand how tissue-specificity
is maintained, and why cancer most probably is both a problem in the genes as well as the
microenvironment. I also believe that whereas we know so much about the alphabet and the
language of the genes, only now we can begin to learn something about the language of the
`form'. To do so more fully we need to produce physiologically accurate models of other
organs and tissues as well as a more complete 3 D models of the mammary gland. As such
and in collaboration with a number of colleagues we have embarked on a new journey to
produce as complete a 3D models of the mammary gland and breast cancer as is possible
using epithelial, myoepithelial, stromal, endothelial and immune cells together in a variety
of scaffolds and combinations. The mammary stem cells, as well as `breast cancer stem
cells'- if they exist- will have to play important roles in this endeavor. However at this point,
we have only a few results to report (63–65) and much to do. But these will be the shape of
things to come (Fig.12; 52).
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Abbreviations

(BCE-1) Bovine casein element-1

(BM) Basement membrane

(CEF) Chick embryo fibroblasts

(DNA) Deoxyribonucleic acid

(ECM) Extracellular matrix

(EMT) Epithelial-mesenchymal transition/transformation/conversion

(LacZ) E. coli gene encoding beta-galactosidase

(MMP3) Stromelysin 1

(MMPs) Matrix metalloproteinases

(pp60src) The phosphoprotein (60 kD) encoded by the src oncogene

(RAC) A small GTPase in the ras superfamily

(RAC1b) A tumor-specific splice variant of the Rac1 GTPase

(RSV) Rous sarcoma virus

(v-Src) Viral gene of RSV
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(TGFβ) Transforming growth factor β
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Fig.1.
Contribution of v-Src-infected cells to normal tissue structures during chick embryo
development. Chick limb buds were infected at day 4 in ovo (embryonic stage 24) with a
virus encoding v-Src and a genetic marker, beta-galactosidase. The contribution of v-Src-
infected cells to normal tissues (in this case a day 14 feather filament) is revealed by X-gal
staining of embryo whole mounts (unpublished picture: A. Stoker and M.J.Bissell,
unpublished photomicrograph: see (12). Reproduced also in (13).
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Fig.2.
(A) Two versions of the model of dynamic reciprocity. The original model of dynamic
reciprocity, or “the minimum required unit for tissue-specific functions”. N=nucleus;
MT=microtubules; IF=intermediate filaments; MF=microfilaments; C=collagen.
Reproduced with permission from (8) (B) An updated view of dynamic reciprocity.
Reproduced with permission from (3).
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Fig.3.
Hierarchical modeling of human breast function. Similarities between the organization of
human and mouse mammary glands have enabled our observations in one tissue to be
transferred to the other(keeping in mind that they are not identical in all aspects). This
dynamic exchange of information has led to the gradual development of mammary gland
models that now represent a continuum of organotypic systems ranging in complexity from
monotypic 3D cultures to multicellular co-cultures to in vivo xenograft models. Each of the
3D models depicted here represents a physiologically relevant assay in its own right.
However, when engineered with common cellular components and used in series, these
models become invaluable tools for the identification and verification of disease-related
molecules as well as for the design and translation of effective drug therapies. Future models
that are more faithful to the human mammary microenvironment may be achieved by adding
other cell types that interact within the mammary gland: fibroblasts, endothelial and fat cells
as well as immune cells such as mast cells. Ep, epithelial cell; Myoep, myoepithelial cell.
Adapted from previous publications and produced with permission from (53–55).
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Fig. 4.
An illustration of the different levels through which ECM controls gene expression and
tissue function. As cells transition from a 2D monolayer to a 3D environment, they undergo
changes in cell shape that influence the expression of certain genes. Exposure to ECM
engages specific cell surface receptors and initiates the transduction of biochemical and
mechanical signals through the cell to the nucleus, where they further influence gene
expression. As the duration of exposure time to ECM increases, cells undergo morphogenic
events involving the formation of acinar structures, and once again exhibit changes in their
gene expression profile. Thus, tissue structure influences gene expression and, therefore,
dictates tissue function. (Modified, with permission, from 56,10,2).
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Fig.5.
Model displaying how exposure of mammary epithelial cells to ECM and prolactin may
induce the recruitment of transcription factors and chromatin remodeling enzymes to the -
casein promoter, and how aberrations in SWI/SNF function interfere with RNA polymerase
II recruitment.(Reproduced with permission from 32).
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Fig.6.
MMP 3 overexpression leads to formation of mammary tumors as mice age: A mutated form
of MMP3 (SL-1) was attached to the promoter of the whey acidic protein gene to engineer
the mouse. This milk protein begins to be expressed essentially on midpregnancy and this
constructs effectively delivers a large amount of MMP3 essentially to the mammary gland of
pregnant mice. Animals develop mammary tumors as they age and the tumors are shown to
have substantial genomic defects measured by Comparative Genomic Hybridization (CGH).
Adopted from (36).

Bissell Page 16

Pezcoller Found J. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
MMP3 causes EMT and genomic instability in ScP2 cells: Mouse mammary epithelial cells
(mutant for p53) were transfected with a tet repressible MMP3 (the same mutated MMP3
used in Fig.6; 35). Removal of tet led to expression of MMP3, changes in the cytoskeleton,
EMT and genomic instability measured by amplification of the CAD locus. Adapted from
(39,41).
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Fig. 8.
1-inhibitory antibody treatment of tumor cells leads to the formation of reverted acini.
Confocal fluorescence microscopy images of F actin: Both the S-1 (left) and T4-2 - reverted
acini (right) showed basally localized nuclei (propidium iodide) and organized filamentous
F-actin (FITC), while T4-2 mock-treated colonies (T4-2 IgG, middle) had disorganized,
hatched bundles of actin and pleiomorphic nuclei. Adapted from previous publication
(Reproduced with permission from 43).
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Fig. 9.
Schematic presentation of data obtained on the importance of 3D structure and tissue
polarity in response of non malignant and malignant breast cancer cell lines to chemotherapy
Only nonmalignant cells within an organized and polarmammary acini are resistant to
apoptosis. But when T4-2 cells are `reverted' to an organized structure in 3D (see section
VII), they too become resistant, These findings have profound implication for dormancy in
breast cancer. Apoptotic labeling indices calculated for S-1 and T4-2 cells treated with Trai.
Modified from (46).
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Fig. 10.
Breast cell line colony morphologies in 3D culture fall into four distinct groups. A panel of
twenty-five breast cell lines were cultured in three-dimensions and grouped into four distinct
morphologies. A schematic and key descriptors of each morphology is shown on top in
addition to phase contrast (middle) and F-actin and nuclear fluorescence images(bottom) of
representative cell lines of each morphology. Scale bars: phase contrast, 50 μm;
fluorescence, 20 μm. Reproduced with permission from (49)
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Fig. 11.
(A) Schematic of 3D microfabrication method to engineer tubules. The position of cells was
quantified by stacking images of nuclei from 50 tubules to generate a frequency map before
induction of branching. F frequency map of tubules 24 hours after adding EGF to induce
branching. B. Position of branching can be predicted by calculated concentration profile.
Calculated profiles of diffusible inhibitors in tubules oriented perpendicular and parallel to
each other. Frequency maps 24 hours after induction of branching confirm that branching is
inhibited in regions predicted to be surrounded by a high concentration of inhibitors in
perpendicular and parallel tubules. Scale bars, 50 mm. B' Positional control of branching is
disrupted by blocking signaling of endogenous TGF 1. Shown are frequency maps 24 hours
after induction of branching in tubules of vector control cells and (E) cells overexpressing
dominant negative TGFb receptor type II (HA-DNTbRII). Scale bars, 50 mm. Reproduced
with permission from (51).
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Fig. 12.
The tissue-engineered breast. New strategies should enable the control of the
microenvironment at the nano-, micro-, and macro-scales with temporal precision. (A)
Synthetic and recombinant ECM polymers impart cues sensed directly by cell-surface
receptors. (B–C) Microfabricated constructs control the positions of multiple cell types with
respect to each other and the ECM with micrometer precision across large areas of tissue.
(D) Engineered breast tissues that can be visualized and manipulated in real time. Adapted
from previous publication (Reproduced with permission from 52).
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Scheme 1.
Flow chart of the steps postulated to give rise to genomic instability and EMT as a result of
MMP3 activation, Adapted from previous publication (41).
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