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PREFACE

This book, “Cell Motility in Cancer Invasion and Metastasis”, is the fifth
contribution in the Series “Cancer Metastasis — Biology and Treatment”.
Here, we focus neither on a molecule or set of molecules nor on a tissue, but
on a cell behavior — motility. As the research community as a whole
investigates organismal biology at more and more complex levels, the
dynamic nature of the underlying processes come to the fore. Cell movement
and migration is an integration of such dynamic multifaceted processes,
involving not only the moving cell itself and its supporting matrix, but also
adjacent and distant cells. While cell motility has been appreciated and
studied for decades, only more recently has its critical role in the
pathophysiology of tumor dissemination been probed extensively. This book
was commissioned to note the current state of understanding in this arena,
and highlight new avenues and key questions for future investigation.

The chapters that comprise this book are presented in three themes. Prior
to these themes, I present an introductory chapter that overviews cell
motility and presents evidence that suggests that tumor invasiveness may be
considered a disease of dysregulated motility. This chapter provides a
common framework for the ensuing contributions. The first theme of three
chapters focuses on technological breakthroughs that will enable novel
modes of study. Yuan and colleagues describe matrices available for study
and newer ones being developed. As motility is a biophysical process that
depends on the substratum not only for dynamic tractive and contractile
forces but also for active signals, the choice of model system determines the
range of responses noted. It has been realized that complex matrices are
required to provide in vitro models relevance to the human condition. The
next chapter mainly describes innovative work from the laboratories of
Segall and Condeelis utilizing a novel intravital imaging capability. These
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studies take the investigation of migration during tumor progression directly
into the tumor itself in a living animal. This retains the relevant host
environment. Yates, Stolz and Griffith describe novel intermediary modes of
study in which organ environments are recreated ex vivo to enable higher
throughput and more direct manipulations in a system that retains much of
the in vivo complexity.

Five chapters comprise the second theme of molecular regulators of
tumor cell motility. These select five key classes of molecules that are
amenable for intervention. While not comprehensive, the chapters focus on
arguably the molecular classes best examined and justified in the context of
tumor progression. Starting from outside the cell, Joslin and Lauffenburger
explore the concept that peptide growth factors often drive motility in an
autocrine modality as a form of cellular sonar; this is in addition to the well-
described paracrine chemotactic signaling. As a wide variety of tumors, and
practically all carcinomas present autocrine signaling loops involving the
motogenic erbB family of receptors, these are highlighted. The next chapter
by Comoglio and Boccaccio focuses on peptide growth factors that are
defined by their exquisite ability to loosen the bonds between cells and
enable an transition to the mesenchymal state. This sets the stage for
invasive growth as individual cells break from the primary tumor mass and
attain the ability to survival and proliferate as individual cells. At the
interface of the cell and surrounding barrier stroma are the proteinases that
remodel both the matrix and the cell surface allowing for new cellular
interpretations of the external milieu; new advances in these studies are
described by Stetler-Stevenson and Seo. Rabinovitz and Mercurio detail the
molecules that most ubiquitously provide both traction and interpretation of
that supporting matrix, the integrins. In particular, one integrin appears to
redirect its activities from maintaining sessile hemidesmosomes in normal
epithelia to driving invasiveness in a variety of carcinomas. In the last
chapter in this theme, Collard and colleagues describe regulators of the
actual motive force, the actin cytoskeleton. In response to signals from
growth factor and traction receptors, among others, a family of small
GTPases control cytoskeleton assembly, disassembly and connectivity to the
substratum.

The last theme aims to integrate these molecules and processes in tumors
that exemplify the issues of motility in tumor dissemination. Four neoplasias
were selected based on clear human correlative and experimental causative
implications of increased motility leading to both localized invasiveness and
distant metastases. In all these cases, even the local invasiveness results in
significant morbidity and mortality. The first tumor discussed by Stettner,
Natarajan and Gladson is highly invasive, with motility being strongly linked
to growth factor signaling, adhesiveness, and cell-matrix interactions. A
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second tumor with significant local invasiveness driven by autocrine growth
factor signaling is squamous carcinoma of the oral cavity, as related by
Thomas and Grandis. Bosserhoff presents a tumor, melanoma, in which
invasiveness is a first step to distant metastases. Lastly, prostate cancer
represents a complex invasion/metastasis situation in which motility plays a
central, and rate-limiting role.

The compilation of these chapters is a compendium that relates current
concepts and techniques, and highlights key questions in the role of motility
in tumor dissemination. We hope that these chapters stimulate further
research in this emerging field. As editor of this book, I must apologize to
the readers and investigators looking for chapters addressing other aspects of
tumor dissemination or other tumor types. Particular to the subject matter,
this book focuses on the invasion and metastasis of solid tumor, as motility
of hematopoietic cells and their neoplasias present unique issues and
challenges. In addition, only select key regulators are described at length, not
because others are not involved, but due to the strong linkage of these to
both motility and tumor dissemination. No doubt future studies will uncover
additional key effectors that can be targeted. It is only by focusing on these
select topics and representative tumors that we can provide a cohesive and
internally comprehensive view that may serve as a starting point for future
investigations.

ALAN WELLS
Department of Pathology
Pittsburgh VAMC and
University of Pittsburgh
Pittsburgh, Pennsylvania
USA

1 April 2005
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Chapter 1

MOTILITY IN TUMOR INVASION AND
METASTASIS — AN OVERVIEW

Alan Wells
Department of Pathology, Pittsburgh VA Medical Center and University of Pittsburgh,
Pittsburgh, PA, USA

Abstract: Most cancer morbidity and mortality derives from the dissemination of the
tumor cells and subsequent growth in ectopic locations. Local invasion of
adjacent normal tissue and adnexia compromise homeostatic functions and
prevent surgical or radiological extirpation of the tumor. Recent investigations
highlight the central role that induced motility plays in promoting this spread.
Metastatic seeding and growth, that dramatically increase tumor burden and
relegate local therapies, require additional complex acquired behaviors
including resistance to anoikis and shear stresses. Still, tumor cell motility and
associated biophysical processes such as adhesion modulation, are central to
this terminal progression. Our growing understanding of the function of
motility, and key molecular switches that govern this behavior, provide new
targets for rationale therapeutics aimed at arresting tumors in their tracks.

Key words:  tumor progression, invasion, metastasis, adhesion, protrusion, biophysical
processes, migration

1. INTRODUCTION

Most cancer morbidity and mortality occurs upon spread of the tumor
from an original localized site. Primary tumors are, by and large, accessible
for surgical removal or radiological elimination. However, once the tumor
extends beyond the physiological borders, these approaches are either
rendered ineffective or engender significant morbidity and mortality in
themselves. Subsequent therapeutics suffer from the need to be globally or
broadly applied with the concomitant toxicities. Limiting this dissemination
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would provide palliative benefit, improve physical targeting of cytotoxic
therapies, or just stabilize the tumor in a manageable state. Therefore, such
limitation of tumor dissemination per se is an appropriate goal for new
therapies. However, to realize this in a rational and targeted manner, tumor
cell behaviors that enable dissemination must be defined and their key
molecular controls identified.

Tumor dissemination takes two forms, invasion and metastasis (Table 1).
Localized invasion of unaffected tissue and adnexia compromises normal
homeostatic functions of the organs. This invasion is distinct from non-
invasive but otherwise growing localized tumors in that the invasive tumor
cells breach physiologic boundries and/or organ capsules to interdigitate
with normal cells. That this ability is not simply related to cell proliferation
was evident when it was noted that the growth rate of invasive tumors was
not appreciably greater than encapsulated counterparts (1). A number of cell
properties were examined as the basis for this contiguous spread. Induced
cell motility has come to be recognized as the dominant regulator of tumor
invasion (2), particularly as matrix degradation and remodeling is now
understood to be limited rather than extensive, and a part of or partner to
motility (3, 4) (see Chapter 7).

Table 1. Properties needed for invasion and metastasis.

Property acquired Invasion Metatasis
Dissociate from tumor mass partial full
Reorganize/remodel matrix at invasion at metastasis
Migrate major limited-to-major
Survive in conduit transit N/A major
Recognize endothelial cells N/A limited-to-major
Proliferate within ectopic stroma TBD major

N/A —not necessary, TBD — to be determined

The changes the tumor cell must undergo to survive and proliferate in the
invasive state are not well documented. Often the invasion, as in the case of
glioblastomas and astrocytomas, remains mainly within the original organ
and thus does not require adaptation to a new environment. Even when
invasive tumor cells reach into ectopic sites, as for many carcinomas, the
contiguity to the primary organ enables wholesale transfer of orthopic
stromal cells. This would alleviate the barriers to proliferation normally
encountered in an ectopic environment. Thus, the driver of invasion becomes
the common rate-limiting step to be targeted, and that is the cell behavior of
induced motility.

Metastasis requires multiple new tumor cell properties. Not only must the
tumor cell reach a conduit by intravasation or capture in a poorly formed



vascularity, but must survive the de-adherent state, extravasate from the
conduit, and finally survive and proliferate in an ectopic site dissociated
from the normal stromal support elements (5, 6). Most of these behaviors
distinguish metastasis from invasion, and define these as two separate
developments that may occur in tumors, rather than invasion being simply a
stepping stone to metastasis. Clinically, it has long been recognized that
some small and localized tumors have a propensity to metastasize well
before any evidence of invasion is noted; this has been bolstered by the
finding of copious tumor cells in circulation even in non-invasive tumors (7).
One cell behavior that they share, however, is induced motility (8, 9); this is
involved at both the intravasation and extravasation steps and possibly to
find a conducive site in the ectopic organ.

Induced motility of tumor cells and its role in tumor progression is the
focus of this compendium. By induced cell motility, or simply motility, the
authors are referring to upregulated motility caused by changes noted during
carcinogenesis and progression. This often results from the establishment of
autocrine stimulatory loops, but may be secondary to altered adhesion
receptor profiles or changes in the motility machinery. The chapters will
either present the tools by which tumor progression is studied, highlight the
molecular cell biology underlying cancer dissemination, or describe
individual tumor types that are illustrative of these behaviors and control
points. This first chapter will set a common groundwork.

2. EPITHELIAL-MESENCHYMAL TRANSITIONS
UNDERLIE TUMOR PROGRESSION

Physiological tissue architecture prevents the migration required for
tumor cell invasion and metastasis. This is particularly evident in epithelial
organs and their derived carcinomas. Cell-cell adhesion dictates the cell
asymmetry that belies the organ function. In many epithelial organs, such as
mammary and prostate glands, this cell asymmetry is mirrored by locale-
specific extracellular communications (10). Basal stromal cells produce
growth factors, in particular TGFo and KGF/FGF7 that act on basolateral
cognate receptors in a paracrine fashion. o634 Integrins anchor the cells to
the underlying basement membrane that is produced by both the stromal and
epithelial cells. E-cadherin-dominated adherens junction establish the
cellular asymmetry as various growth factors, including those for the EGFR
and other expressed receptors, are secreted from the apical membrane
domains. An autocrine stimulatoray loop is prevented by the E-cadherin-
mediated tight junctions. Such asymmetric cells are non-motile and



proliferation inhibited by the cadherin-mediated junctions and other cell-cell
communications.

Carcinogenic transformation releases these constraints. Cell undergo a
epithelial-mesenchymal transition reminiscent in many aspects to that noted
during wound repair (11-13) (see Chapter 9). During the wound healing
response, the injury breaks the integrity of the epithelial layer allowing for
autocrine signaling by EGFR and the met receptor for scatter factors that
drives the transition further (14, 15). However the cells redifferentiate upon
cell-cell contact as the wound is re-epithelialized, and the proliferative and
motility responses are abrogated. In the case of carcinogenic transformation,
a cell-intrinsic change enables the epithelial-mesenchymal transition to occur
and continue despite cell-cell contact (16).

The initiating carcinogenic change for the epithelial-mesenchymal
transition is still undetermined and likely can be subsumed by a number of
gene alterations. Ras is a prime candidate for triggering the diverse
proteomic alterations (14, 17), with loss of E-cadherin, changes in integrin
profiles to move o6P4 to the cell front, and an altered cytoskeletal
architecture to enable motility (see Chapter 8). In addition, the basement
membrane composition is altered to include the pro-motogenic molecules
tenascin-C (18-20) and laminin-5 (21). These components, noted during
ontogeny, wound healing, and tumor invasion, are produced by both the
mesenchymally-transitioned epithelial cells and the reactive stromal cells.

Other initiators must exist in addition to oncogenic ras mutations. In a
number of carcinoma cells (see Chapter 13), the epithelial-mesenchymal
transition occurs in the absence of mutated ras or p53, and is reversible upon
inhibition of growth factor signaling (22, 23) or autonomous expression of
E-cadherin (24). In fact, we have found that suppression of EGFR signaling
in DU145 prostate carcinoma cells leads to upregulation of the E-
cadherin/catenin complex and formation of cell-cell adhesion (23). The same
is noted when inhibiting autocrine signaling through c-met (15, 25) (see
Chapter 6). This is not unexpected as the scatter factors and many other
growth factors, including the carcinoma-ubiquitous EGFR ligands,
downregulate E-cadherin-mediated cell-cell adhesions. Thus, we are left
with a reinforcing cascade of events in which loss of the E-cadherin-
mediated tight junctions leads to autocrine signaling through receptors which
further suppress cell-cell adhesions (Figure 1).



Figure 1. Schematic of reinforced cell-cell de-adhesion. Disruption of the cell-cell tight
junctions allows apically-secreted growth factors access to their basolaterally-presented
receptors. As growth factor autocrine loops are established, signaling from the growth factor
receptors further downregulate E-cadherin-mediated junctions. Shown here is the situation
for the EGFR signaling loop in many glandular epithelium and adenocarcinomas.

The implications for tumor motility are immense. In the differentiated
state, the cells are essentially non-motile with the exception of lateral (or
vertical in the case of keratincytes) shuffling related to normal cell turnover.
The cytoskeletal architecture creates a rigid scaffold and the asymmetry of
the cell receptors limits motogenic signaling. With the transition to the
mesenchymal state, the cell attains a motogenic phenotype (26, 27). The
cytoskeleton is reorganized to enable a protrusive actin meshwork at the
invadipodia and stress fibers to retract the tail (see Chapters 9 and 3). The
now-realized autocrine stimulatory loops are motogenic (see Chapter 4). In
the face of underlying genetic alterations that prevent reversion of this
phenotype as during physiological wound repair and ontogeny, these events
serve to further the fibroblastoid phenotype and motility noted in carcinoma
and sarcoma cells (28).

3. BIOPHYSICAL MODEL OF CELL MOTILITY

Cell locomotion consists of moving the cell body from one locale to a
distant one, while being attached to a substratum; this involves active
motility from the cell itself. This latter point distinguishes locomotion from a
passive dissemination noted when tumor cells achieve vascular conduits.
The term motility is often used as synonymous with locomotion but also can
denote the cell undergoing the biophysical cycle described below without
actually translocating as persistence approaches zero. The motility cycle for
adherent cells has been best described in fibroblasts (hematopoietic cells and
yeast locomote under related principles some of which are nontransferable
likely due to differing size, speed and adhesion regimens). These principles
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can be transferred to disseminating cancer cells as these have undergone a
mesenchymal transition to approach the biophysical and biochemical state of
fibroblasts. Furthermore, when carcinoma and glioblastoma cells in
particular, have been queried for motility, the biophysical and biochemical
events have mirrored those in fibroblasts; though there are some cancer-
specific events due to presence of autocrine stimulatory loops and altered
adhesion and signaling profiles. Thus, this discussion will provide an overall
foundational model incorporating information from both fibroblasts and
cancer cells.

The foundational model of cell motility flows from a biophysical
dissection of the process presented earlier (29) (Figure 2). Prior to actual
motility, the cellular skeleton must be labilized to enable the structural
changes the cell undergoes. Locomotion then involves lamellipodial
extensions at the leading edge, new attachments to stabilize the extension,
transcellular contractility, and detachment at the rear. Motility is usually
conceived as multiple cycles of these steps, with such a sequential nature
often appearing so when locomoting cells are viewed. However, many of the
underlying biochemical events occur simultaneously, particularly in rapidly
moving cells. This creates a need for temporo-spatial control of the events.
For example if cell contractility extended into lamellipod prior to being
stabilized by adhesions at the tip, the nascent extension would be retracted
abrogating locomotion. Overexpression or overactivation of motility-
associated signaling pathways actually leads to failed locomotion as the
various biophysical processes lack coordination (30, 31). Thus, locomotion
results from a highly orchestrated and segregated control machinery.

i Actin Binding Proteins
4.Contraction PLC ¥ P——
ERK 2Protrusion

PKC & PLC ¥ 3 Adhesi
Myosin i

ADetachment
ERK
m- Calpain

Figure 2. Transition to a motile phenotype involves multiple coordinated changes. Shown are
key steps in locomotion with the stylized order superimposed. Underneath the biophysical
step are key molecular switches implicated in transmitting the cues to actions for both
adhesion and growth factor receptor-initiated motility (plain text) and selectively activated for
growth factor receptor-initiated motility (italics).



Locomotion can be triggered by a number of external signals. Adhesion
receptors not only provide the adhesive and traction forces, but can generate
motility signals from binding to substratum ligands. This mode of motility is
referred to as haptokinesis or haptotaxis depending on the absent or presence
of a substratum gradient, respectively. Other receptors, those for peptide
growth factors/cytokines are most relevant to tumor progression, drive
motility by triggering biochemical regulatory cascades; the tractile forces are
still provided by adhesion receptors. This mode is referred to as
chemokinesis or chemotaxis. What distinguishes the two modes of motility
in addition to the inducing receptor are both quantitative, growth factor
motility is generally faster and recruits a higher fraction of the cells, and
qualitative, a few key regulatory switches appear differentially activated.
However, the clear cut distinctions are blurring. First, classic growth factor
receptors can signal from matrix-bound and even matrix-intrinsic ligands
(19, 21, 32-34), and this can drive motility and provide for adhesion (35).
Integrins can be triggered to induce motility from matrix-liberated
fragments, as demonstrated by the situation of the o6B4 integrin in
carcinoma progression (36, 37) (see chapters 6 and 8). What appears to be
key is not the mode of triggering motility but the strength and duration of
signaling, and the downstream signaling pathways activated.

In the following chapters there will be exposition of key regulatory
biochemical signaling pathways that control motility. Adhesion receptor-
mediated (see Chapter 8) and growth factor receptor-mediated (see Chapter
6) induction of Icoomotion will be explored as to initiating steps. Other
chapters will focus on key intracellular molecular switches (see Chapters 6
and 9) and extracellar determinants (see Chapter 7). The focus of these are
not to describe the operative cytoskeletal and membrane events that occur to
produce motility; these alone would fill a book (38, 39). Rather, we aim to
highlight key points in the regulatory machinery that can be, and are in many
cases actually being attacked to limit tumor progression.

4. BIOCHEMICAL CONTROL POINTS OF CELL
MOTILITY

Recent investigations have shed light on many of the critical regulatory
biochemical cascades that underlie the foundational model of locomotion.
These will be described briefly here, with their cognate biophysical
processes. The initial event of cytoskeleton labilization to enable cell shape
change is linked to the weakening of cell-cell and cell-substratum adhesions
(40, 41). The cell-cell adhesion may be lost by cell intrinsic changes related
to carcinogenic mutations (42), or driven by scatter factor signaling (15, 41).
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While the signaling pathways between receptor signaling and loss of
adhesion are still subject to investigative extirpolation, it is clear that catenin
signaling and localization is key to the mesenchymal transition of the cancer
cells and the resultant cytoskeletal reorganization. Growth factor receptor
signaling most evidently affects cytoskeleton structure when cells are in the
mesenchymal state. This is driven in part by PLCy hydrolysis of
phosphoinositide (4,5) bisphospate (PIP,). Removal of this important
membrane docking motif not only releases bio-active signals (diacylglycerol
(DAG) for protein kinase C species, and inositol trisphosphate (IPs;) for
intracellularly stored calcium release), but removes cytoskeleton regulating
proteins from the membrane. Release of gelsolin, cofilin, profilin, and capG
enables them to perform their actin filament severing and monomeric actin
nucleating functions to initiate new actin networks that can provide
protrusive forces (43-47). This lability of the actin cytoskeleton allows for
the cell shape changes necessary for a tumor cell to migrate through a dense
matrix and extravasate through a functional endothelium.

The cytoskeletal reorganization is linked to changes in cell-substratum
adhesion in two major ways. First, the existence of stable, strong focal
adhesions is interrelated with the existence of tensed actin cytoskeleton and
stress fibers (48, 49). The loss of these structures, and appearance of more
labile close contacts and focal contacts, is coincident with changes in the
actin cytoskeleton (40). PIP, hydrolysis might play a role in lossening focal
adhesions. As a key linker between the integrin adhesion receptors and the
cytoskeleton, PIP, is required to open vinculin to enable its linking function
(50). In addition, many enzymes that regulate focal adhesions are activated
by both growth factor and adhesion receptors (51-53). This loosening of
adhesiveness not only moves the cell into a motility-permissive regimen, but
also allows membrane distortions such as lamellipodia. Strong focal
adhesions and actin stress filaments are largely absent from the protrusive
structures during both adhesion and growth factor receptor motility. The
lessened cell-substratum adhesiveness in these areas may also be due to
activation of the limited intracellular protease calpain under direction of the
integrins at the cell front (54-56).

Lamellipod protrusion is governed at many levels, but the underlying
mechanism is of actin polymerization under the control of the Wasp-Arp2/3
complex (for reviews see 38, 47, 57). This machinery for generating a
branched actin network is controlled by a number of upstream effectors
triggered by both integrin and growth factor receptors. Primary roles have
been designated for small GTPases, particularly cdc42 (58), and actin
binding proteins, including cofilin (59, 60). As such, phosphoinositide
metabolism likely plays a critical role in initiating and reinforcing
protrusion. Phosphoinositide 3’(OH) kinase (PI3k) simultaneously generates
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PIP; and removes PIP, from the membrane, altering the docking sites for
plekstrin-homology (PH)- and C2 domian-containing proteins. This enzyme
is found to be activated in lamellipodia (61, 62), and is responsible at least in
part for determining the cell front of Dictyostelium (63). Thus, the nature of
the molecules localized to and activated in the lamellipod is altered, with
PIP,-binding molecules such as PTEN being largely absent (64). This
selective accumulation and activation of protrusion-promoting effectors in
lamellipodia further reinforce the extension.

Upon contact with the substratum, new cell-substratum adhesions are
formed at the front of a lamellipod, which now becomes the dominant one
dictating the cell’s direction. The molecular decision tree that leads to the
formation and stabilization of such attachments is not fully understood, since
many lamellipodia are retracted, particularly during the membrane-ruffling
phase that proceeds productive locomotion (65). Whether these failures are
ones of establishment of attachments (66) or excessive disassembly and
retractive forces (67) needs to be determined by further investigations. The
formation of stabilized attachments at the lamellipod front appears to involve
the same players as those throughout the rest of the cell body. The small
GTPases rac and rho both appear involved in adhesion formation during
motility (68), though this is likely linked as adhesions dissipate in the
absence of cytoskeleton linkage and mechanical stress. Interestingly, the
main traction forces emanate from the base of lamellipod (36), a site of well-
formed adhesions. This suggests that the contacts at the lamellipod tip serve
mainly as guidance points.

Transcellular contractility is required to both move the cell body forward
and detach the tail for productive motility, locomotion, to occur. This occurs
mainly via the acto-myosin contractile machinery. These forces have been
visualized by displacement of pliant surfaces (69-71). These studies have
found that during motility a number of forces are generated dependent on the
cellular geometry and cell locale. These forces are directed vectorally
forward from the centromer towards the dominant lamellipod and from
trailing tail inward towards the cell body. Thus, there appear to be two
distinct phases of contractile forces to accomplish motility (70). That there
are distinct contractile regions is supported by finding intracellular spatial
segregation of myosin isoforms; myosin IIb appears to be preferentially
localized to the front of the cell nucleus (72-74) while Ila is required to rip
up the tail (75), though both myosin Ila and myosin IIb also might be
involved in lamellipodia in migrating fibroblasts (76, 77).

The signals that generate these actin-myosin contractions are likely
dependent on the nature of the motive signal (78). During haptokinesis, it is
possible that stretch-activated calcium channels lead to calcium-induced
contraction near the cell tail (79), providing for localized contractility.
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However, it is likely that active signaling from integrins also contributes via
ERK phosphorylation and activation of myosin light chain kinase (80).
Growth factors acutely initiate cell contractility, that when unopposed by
sufficient adhesiveness leads to cell rounding and stasis (81). EGF-induced
contractility appears to be triggered by a third signaling cascade, one that
does not require ERK or calcium signaling (82), but occurs via PKCd (83).
Other important growth factor receptor-activated pathways could include rho
(84), Pakl (85), or ZIP kinase (86). The outcome of increased transcellular
contractility is eminently linked to localized adhesiveness as prevention of
m-calpain activation leads to lamellipod retraction (87) and transmittal of the
force to the matrix rather than productive motility (82).

Failure to release the trailing edge aborts locomotion (87) and transmits
the contractile forces to the substratum (82). The control of this release likely
depends on the induction of the motive force. During fibroblastoid motility,
the tail adhesion components are shed and left on the underlying substratum
(88); this appears to be mimicked by tumor cells moving through three
dimensional matrices (89). While this shedding might result from
mechanical stress (79, 80), it is likely that the detachment is assisted by
enzymatic partial disassembly of adhesion (51, 90, 91) or proteolytic
cleavage of adhesion components (92, 93). The limited intracellular
protease, calpain, is required for integrin-mediated tail detachment from
moderately to highly adhesive substratum (94); while the isoform is not fully
determined, though there might be a role for calpain II (95). Growth factor
receptor triggered locomotion activates calpain II by direct phosphorylation
by ERK MAPkinase (96). The target of the calpain-mediated proteolysis
appears to be adhesion complex components including talin, FAK, and
paxillin (95, 97, 98).

Cell locomotion is an epigenetic phenomenon. While some tumor cells
might contain genetic mutations in genes whose products enhance motility,
the need for such mutations is not a prerequisite as various extracellular
signals can induce locomotion. Still, for productive motility to be evinced,
the expression of various proteins must be controlled. For instance, the
(m)ena/vasp proteins prevent forward protrusion and thus must be
downregulated (99, 100). Additionally, as various motility-associated
proteins are shed or proteolyzed, production must be upregulated to
compensate, such as for calpain II (101). It is not surprising to find that
transcription factors play a role in motility (13, 102-104), suggesting that
motility-associated genes may be coordinately regulated. Not only would
transcription increase, but the mRNA translation might be directed to the cell
locale that requires protein addition or replacement. It has been found that
the B—actin mRNA is directed to the based of lamellipodia (105). This aspect
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of locomotion control has not been extensively mapped, but likely holds key
insights into the molecular bases of tumor cell progression.

5. CELLULAR ASYMMETRY

Cell locomotion inherently requires cellular asymmetry (106, 107). From
the above, it is evident that the biophysical processes and the biochemical
signaling pathways are distinct in different parts of the motile cell. While we
can describe the actual differences operative in each cell locale, an
unanswered question remains as to whether there exists a unifying event or
process that underlies the spatial segregation. The gradient of motility-
inducing ligand was thought to be operative during chemotaxis and
haptotaxis, but mathematical modeling suggests that ligand-binding receptor
differences are too shallow across the dimensions of a cell; this is borne out
by the finding that receptor-ligand complexes are not concentrated at the cell
front (108-111). In retrospect this was predictable as active receptor
signaling also must occur at the cell rear for tail detachment, at least for
adherent fibroblasts and carcinoma cells. Rather, focus has shifted to
asymmetry in the signaling mechanisms.

Recent work has supported the postulate that phosphoinositide profiles
dictate the cellular asymmetry (Figure 3). This would either release/capture
PI-binding proteins or serve as segregated docking sites for various motility-
associated proteins. In Dictyostelium, PIP; is accumulated in the cell front
due to PI3kinase enrichment there and exclusion of PTEN to the cell rear as
PTEN requires PIP, binding for activation (64, 112). In EGFR-mediated
carcinoma cell chemotaxis, PI3kinase appears to reinforce the cell front but
(113) but only after initiation of the protrusion by PLCy (114, 115). EGFR-
induced motility of fibroblasts and keratinocytes appears not to be dependent
on PI3kinase (116, 117), but does utilize PLCy to create a gradient of
phosphoinositide species (116, 118, 119). How PLCy and PI3kinase are
directed to the front of the cell is still an open question, but it appears that
cdc42, either directly or indirectly, traffics activated PLCy to the front (31).
This finding is consistent with cdc42 being the master switch for directional
motility (68, 120). There is as yet no report of a similar interaction of
PI3kinase and cdc4?2. Still, this begs the question of how cdc42 recognizes
the cell direction and does so within seconds of a chemotactic gradient being
established.
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Figure 3. Phospho-insoitides establish a cellular asymmetry during the motile phase. Shown
are key molecular switches for growth factor receptor-initiated motility schematized in a
locomoting mesenchymally-transitioned cell. In the front, PIP2 is hydrolyzed by PLCy to
release PIP2-bound actin binding proteins (not shown for space reasons) for cytoskeletal
reorganization, while at the rear the presence of PIP2 allows binding and co-activation of m-
calpain and subsequent rear detachment and retraction. The role of PIP2 in PKCS activation is
only speculative at present.

During chemotactic and haptotactic locomotion, the cells move more or
less directly up the gradient. Under such a situation, speed changes with
induction of locomotion but persistence, the time a cell continues to move in
the same direction, continues until the cell reaches a point of maximal
motility in the gradient. Chemokinetic and haptokinetic locomotion are
fundamentally different in that no external directional cues exist. The cells
appear to locomote in a stochastic manner. Interestingly, upon stimulation of
growth factors, cells become actively motile within seconds, with numerous
ruffles and aborted protrusions, but only begin to locomote productively
after a lag phase that can last hours (121, 122). What determines when and
which protrusion becomes established leading to locomotion is unknown,
but tight regulation of cdc42 activity plays a role (31). While growth factors
increase the translational speed of cells, they also decrease the persistence
(121). The cell changes direction often, sending out secondary protrusions
that then dominate to send the cell in a new direction. This results in greater
dispersion. Such a mode of locomotion enables the cell to sample a greater
area. During development and tissue regeneration, this might allow cells to
find matrix-embedded cues (123, 124). For cancer dissemination, this would
be the perfect strategy to find more permissive regions to penetrate a barrier
matrix or an ectopic site that possesses the necessary factors for metastatic
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seeding and growth. Thus, while chemotaxis might be important for
intravasation, though carcinoma cells appear to migrate along collagen
cables suggesting a mixed chemokinetic and haptotactic control of
directionality (125), during extravasation, a non-persistent search mode
would be beneficial.

6. EPIGENETIC AND GENETIC CONTROL OF
TUMOR MOTILITY

From the above discussion, it is clear that much of tumor cell motility can
be driven in absence of genetic mutations. Over the short term, the signals
coming from the external cues can work on the existing proteome. For naive
fibroblasts, there is an extended period of nonproductive motility prior to
actual locomotion (122). However, it appears that tumor cells can locomote
almost immediately upon expose to growth factors (126). These findings
suggest that the entire migration machinery is present. Over the longer term,
protein translation and message transcription are required to sustain cell
locomotion (127). Specific transcription factors are activated and
upregulated during tumor cell motility (13, 102, 103). AP-1 was the first
transcription factor to be specifically implicated in tumor motility and
invasion (102). Subsequently, others have similarly been shown to function,
including STAT3 (128), ERK MAPkinase (103), and, potentially, B-catenin (129).

This transcription upregulation may function to simply replace proteins
either shed during tail retraction or proteolyzed during signaling (e.g. as by
calpains [93]) or signaling attenuation. An alternate explanation is that
transcription and translation are altered during locomotion to enhance and
reinforce the motile phenotype. A hint that the latter is at play was the
finding that upregulated EGFR signaling in prostate carcinoma cells
specifically increase levels of uPAR and HGF (130, 131). As both uPAR and
HGF further enhance tumor cell motility and progression (15, 132, 133), this
would establish a cascade of autocrine, motility-promoting signaling loops
(Figure 4). Additionally, increased levels of thymosins 15 (134) and 4
(129) induce actin polymerization to promote motility.

Genetic changes are the hallmark of cancers and cancer progression.
Changes in the cell-cell adhesion machinery lead to the mesenchymal
transition and enables autocrine stimulatory loops in carcinomas, thereby
promoting invasion and metastasis. Still, most tumor cell locomotion is
considered to derive from external cues, either from the surrounding tissue
or autocrine secretion, even if the proteomic keyboard upon which they play
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is altered by genetic mutations (2). Thus, the genetic alterations found in
cancers only partly provide the impetus for tumor invasion and metastasis.

pro-HGF

uPA
EGFR . )
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Figure 4. Downstream signaling re-inforces the motility phenotype. Epigenetic signaling of
motility occurs not only within the peri-membrane space, but also drives new transcription
that generates new paracrine and autocrine signaling that is also motogenic.

7. SUMMARY

The general outlines of the locomotive machinery rapidly are being
defined. The commonalities between cell and tumor types and across species
and even kingdoms are striking. It is tempting to target common elements in
this machinery to limit or stop tumor progression. Abrogating signaling
through key molecular switches (Figure 2) or eliminating required proteins,
stops cell motility and, when assessed in experimental models, tumor
invasion and metastasis. A problem lies in the fact that such cell locomotion
is central to many homeostatic and repair processes, including the
functioning of the immune response. While many animal-based therapeutic
interventions find surprisingly little systemic toxicity, these do not faithfully
replicate the stressors and injurious contemporaneously present in human
patients. Thus, it is likely that such a global inhibitor will present limiting or
even unacceptable toxicities, regardless of how specific the agent is.
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Many cancers and subsets therein employ unique variations to these
themes in their upregulation or dysregulation of motility. Such specifics are
described in the chapters devoted to individual cancers (see Chapters 10, 11,
12, and 13). These changes are more likely to be exploited with less impact
on homeostatic and repair-associated locomotion, and thus less toxicity. For
instance, if specific thymosin isoforms are upregulated particularly in colon
(129) or prostate (134) carcinomas, then reduction to physiological levels
should provide some diminution in invasive and metastatic capabilities. A
prefered interventional strategy, may therefore, be to develop a multitude of
cancer type-specific agents.

Even this limited approach might provide only limited benefit. Inhibitors
of EGFR family signaling are only partially effective or effective in only a
subset of cancers. Higher doses of agents that reduce signaling to near zero
are not tolerated; this is likely due to adverse effects on homeostatic
functions of these receptors. Rather, a more successful strategy may be to
simultaneously target multiple control points.

The delineation of the key molecular switches that control motility
provides for a rational interventional strategy. However, the multitude of
inputs and activated pathways suggest a redundancy that may obscure any
one particular target. As such, model systems for investigating locomotion
and testing agents need to recapitulate the complexity and multicellularity of
the human condition. Fortunately, in parallel with hypothesis-driven
investigations, newer and more relevant model systems are being developed
(see Chapters 2, 3 and 4). These provide a span from in vitro to in vivo,
enabling multiple levels of intervention and assesssment. It is expected that
these will enable quantal advances in both our understanding and approach
to tumor progression.

Advances in blocking locomotion and thereby tumor progression will
require a paradigm shift in clinical testing. Currently, the vast majority of
chemotherapy is initially tested on patients with metastatic (advanced)
disease. As the locomotion-targeted agents are not likely to be tumoricidal or
tumoristatic, little benefit would be predicted and clinical testing must shift
to earlier stage cancers. This is possible, as these agents would surely be
adjuvants to be administered along with tumoricidal and tumoristatic
therapies. Thus, other than the real issue of toxicity, there would be little
concern about ‘doing harm’. The recent success of an anti-angiogenic agent
in such a clinical trials provides hope for more support of adjuvant therapy
testing (135). However, the current endpoint measures may not be relevant
or realistic to test for locomotion inhibitors. The key intermediary markers of
tumor burden, either as response or time to ‘clinical progression’, would not
likely be affected. The real parameter would be patient survival, but in most
earlier stage cancers this is both an extended target and confounded by the
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multitude of therapies utilized during the many recurrences/relapses. New
intermediary clinical markers have to be established that measure the key
killers of tumor invasion and metastasis. The present body imaging is not
sufficient to measure these changes. New modalities need to be developed.
One hope might be the in the recently developed approach of finding shed
tumor cells in the circulation (7). In sum, while the leaps in understanding
tumor cell locomotion and its role in tumor progression have provided us
with rational targets and even lead compounds, realization of the promise
will await new thinking, and even new technologies in clinical trial design
and endpoints. The good news is that such changes are already occurring.
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Abstract:

Key words:

Metastasis is the major cause of death in patients with cancer and thus
attempts have been made for more than a century to experimentally dissect its
component parts. Multiple arbitrary divisions have been offered that often
begin with immortalized and transformed cells demonstrating altered cell
proliferation, cell cycle and apoptotic pathways initiating their journey of
dissemination by detaching from the primary tumor mass, initiating
angiogenesis, degrading and penetrating the basement membranes and the
surrounding connective tissue boundaries, intravasating, circulating and
extravasating through the blood or lymphatic circulation and after evading the
immune system eventually reaching one or more distant metastatic sites where
they must undergo a similar process in reverse order. Tumor cell invasion is
one of the key steps in this complex process. As the metastatic potential of
tumor cells is largely dependent on their ability to degrade and migrate
through extracellular matrix (ECM) barriers, inhibition of its subroutines
(proteolysis, ECM degradation, chemotaxis, haptotaxis etc.) become logical
targets for experimental cancer therapy. To explore potential approaches to
inhibit tumor invasion, various in vitro invasion assays have been devised and
become widely-accepted surrogate endpoints to mimic the in vivo condition.
Most invasion assay systems are based on measuring the ability of cells to
invade across purified ECM components such as collagen or complex artificial
or reconstituted ECMs. Each has certain strengths, quantitative abilities, ease
of manipulation of treatments etc. and like the tumor cells themselves, each is
counterbalanced by inherent weaknesses. These are reviewed in this chapter.

metastasis, extracellular matrix, collagen, amniotic membrane matrix
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1. INTRODUCTION

Tumorigenesis is a multi-step process involving genetic and epigenetic
cellular changes recognized as phenotypic events including uncontrolled
proliferation, immortality, dysregulation of signal transduction and cell
cycle, altered expression of proteases and their inhibitors, active degradation
of host matrix barriers and tumor cell dissemination ending in metastasis (1-11).

The neoplastic progression cascade is also much more than a series of on-
off binary events. Rather, it involves a series of coordinated cell-cell and
cell-matrix interactions in response to locally produced soluble factors and
insoluble matrix signals. Tumor invasion as a discrete step in this cascade
has also been studied in depth and can be viewed itself as a series of events
including, but not limited to adhesion/de-adhesion states, transmigration of
activated cells and degradation of tissue matrix by tumor-secreted and matrix
containing proteases (12, 13).

However, the discrete nature of the molecular events driving these
cellular processes remains less than fully understood in human tumors due,
in large part, to lack of defined functional models.

To that end, and as outlined in this chapter, a number of in vitro pure
matrix and more complex cell-matrix models of tumor invasion have been
developed over the past few decades which employ both animal derived
purified matrix e.g., rat fibrin, collagen I gels, rodent tumor biomatrix, pure
normal human biomatrix and complex animal-human chimeric matrices with
cells.

2. THE EXTRACELLULAR MATRIX

Since the earliest days of microscopy, it has been evident that cells are
embedded in an intricate extracellular matrix (the ground substance), which
not only provides mechanical support and conglutination, but also influences
cell growth, adhesion and motility. During tumor invasion, cancer cells
must degrade ECM to penetrate into deeper tissues and vasculature.
Individual components as they were recognized and characterized by
advances in separation technology, biochemistry and molecular biology
became valuable as coating layers for the testing of cell populations for
phenotypic changes during neoplastic progression. These cells were later
shown to contain a myriad of cell surface matrix receptors, thereby driving
these cell-matrix interactions.
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2.1 Major Components of ECM (14)

The ECM contains tens of thousands of bioactive molecules but is
composed primarily of fibrous proteins and polysaccharides, which are
secreted locally and assembled into a gel-like organized meshwork. Fiber-
forming proteins have been divided into mainly two functional types:
structural (collagens and elastin) and adhesive (fibronectin and laminin).

Collagen is the major scaffold of the ECM, its major functions including
strengthening, organizing and stabilizing other matrix components. The
main types of collagen in connective tissues are types I, 11, III, V, and XI;
type I collagen being the most abundant. The other groups of collagens are
fibril-associated collagens, including types IX and XII collagen. They attach
to and intertwine collagen fibrils to modulate the interactions of the fibrils
with other matrix components. Type IV collagen is the major collagenous
constituent of the basement membrane (basal laminae). It forms a sheet-like
meshwork with other basement membrane components to support usually
epithelial and endothelial cells. Each of the two dozen or so collagen family
members has a characteristic role and distribution which varies among the
different tissues and organs. For example, collagen type VII assembles into
anchoring fibrils thereby contributing to the attachment of the basal lamina
of epithelium to the underlying connective tissue.

Elastin molecules form a highly cross-linked network, providing
elasticity and resilience to the ECM. The core of elastin is covered by
microfibrils, whose major component is fibrillin. Fibrillin, in turn, contribute
sto the integrity and assembly of the elastic fiber.

Glycosaminoglycan (GAGs) chains and other proteoglycans form a
hydrated gel meshwork interwoven by various protein fibers. The GAGs are
proteoglycans with negatively charged polysaccharide chains covalently
linked to protein. GAGs provide mechanical support, resist compressive
forces and selectively sieve the trafficking of molecules and cells. There are
mainly four main groups of GAGs: hyaluronan, chondroitin sulfate and
dermatan sulfate, heparan sulfate and heparin, and keratan sulfate.
Hyaluronan is the simplest type of the GAGs. The other GAGs covalently
attach to proteins in the form of proteoglycans. The functions of GAGs are
mediated by both core proteins and GAG side chains. Large glycoproteins
and proteoglycans in the ECM also bind growth factors and latent proteases,
participate in chemical signaling and regulate the activities of proteolytic
enzymes.

Fibronectin is a large, multi-domain, adhesive glycoprotein widely
distributed in the matrix. Fibronectin binds both collagen and GAGs through
multiple binding domains. Its major functions include organizing the ECM,
guiding cell migration and facilitating cell adhesion through interaction with
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integrins. The integrin family members bind to specific domains of collagen,
fibronectin, and laminin as well as heparan sulfate, and entactin.

Laminin, an adhesive glycoprotein mainly found in basement
membranes, promotes the attachment of epithelial cells to the basal lamina.
Laminin molecules can self-assemble into mesh-like sheet polymers and
tightly associate with entactin, which also binds type IV collagen. Thus,
Entactin serves as a structural link between type IV collagen and laminin
networks in the basal laminae. Laminin is also the ligand for alpha6/beta4
integrin; the latter interacts with intermediate filaments of the
hemidesmosomes, anchoring epithelial cells to the basal lamina. These
complicated interactions weave the cross-linked networks in the basal
lamina.

2.2 Basal Lamina

Basement membranes are distinguished from other connective tissue
elements by their 3-dimensional sheet-like structural complexity containing
specific proportions of type IV collagen, laminin and other minor
constituents include tenascin, perlecan, nidogen/entactin, fibronectin, agrin,
fibulins, BM-40, and calcium-binding proteins (15) The basal lamina is
predominantly synthesized by the cells that rest on it. Most basal laminae
consist of two distinct layers as viewed by the electron microscope, the
lamina lucida or rara and lamina densa just below. The penetration of the
basement membrane is the hallmark for malignant tumor progression beyond
carcinoma in-situ for epithelial malignancies. Tumor cells metastasizing
across tissue and vascular spaces often have to breech multiple membranes
to be successful in surviving and proliferating at a site distant from the
primary disease.

As laminin and type IV collagen assemble into a flexible sheet-like
network, this serves as the scaffolding for the other components including
heparan sulfate proteoglycans to bind. This intricate network provides
mechanical support, forms selectively permeable barriers for tissue
compartments, and provides immobilized ligands that interact with cell
surfaces by binding to specific cellular receptors, which eventually affects
cell differentiation, polarity, metabolism and migration (Figure 1 [16]).
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Figure 1. The complicated inter-relationships of the major components of the basement
membrane are shown in a diagram to scale based on detailed analyses of molecular
interactions by Dr. Peter D. Yurchenco. In the diagram, Collagen Type IV (Col-1V) forms one
network. Laminin (Lm) forms another. Entactin (En) and Perlecan (Perl) interact with the two
networks. HS is the heparan sulfate glycosaminoglycans linked to the perlecan core protein.
(16 adapted with permission). See also Color Plate Section page 339.

3. THE ECM AND CANCER

The dissemination of cancer from the site of origin to non-contiguous
locales depends on numerous interactions between the cancer cell and the
host environment, in most cases, the extracellular matrix serves as a key
modulator. ECM components and their receptors undergo changes during
both normal and abnormal growth (17, 18). Localized degradation of matrix
components is a prerequisite for tumor cells to migrate through basal
laminae.  Extracellular proteolytic enzymes (matrix metalloproteinases,
urokinase activators, etc.) are responsible for the proteolysis, clearance, turn-
over and remodeling of ECM components during tumor invasion. These
enzymes have been shown to degrade virtually all the components of the
ECM including the basement membrane (19). Proteolytic action releases
sequestered growth factors, individual amino acids such as entrapped
arginine and glycine, RGD sequences, and other signaling molecules from
the ECM.
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As noted above, cell-cell and cell-ECM interactions are altered both
during malignant transformation and in neoplastic progression (20-22).
Further, the ECM components have been found to participate in the
regulation of tumor cell invasion (23, 24). Specifically, not only does the
ECM serve as a barrier for invading tumor cells but ECM component
degradation products participate in signaling selected cellular responses and
interact with cell surface receptors. In addition, components of ECM when
in contact with host-derived and tumor cell-secreted factors, can generate
signals that modulate the motility of cells. The transduction of signals after
ligand-receptor coupling is known to be important in the regulation of cell
locomotion (25).

4. SIMPLE IN VITRO MATRICES TO
MEASURE INVASION

4.1 Single ECM Components

Many investigators use only purified ECM components of defined type
and concentration to test the invasive ability of tumor cells under
experimental conditions. This list is as long as there are ECM components
but most often 1 of 4 types (or a combination of 2 or more of these):
collagen type I, collagen type IV, fibronectin or laminin is the matrix of
choice. However, many of the commercial products are not as pure as
anticipated and contain “contaminating” growth factors, metalloproteases or
other bioactive molecules (26). Further, animal derived purified ECM and
blood product matrices such as rat fibrin and collagen I gels have their own
advantages and limitations when dealing with human cells (27-30).

Collagen I, the main substrate for MMP-1, is also the major dry
component by weight of the ECM, thus it was reasonable to purify and
utilize this matrix in the first invasion assays. Solutions should be prepared
at a concentration between 1 and 4 mg/ml, depending on the desired final
thickness. The collagen gel should form at 37°C for 30 min, followed by air
drying in a tissue culture hood between applications (31). Nejjari et al.
dissolved type I collagen in culture mediums and then poured it into culture
plates and incubated them overnight at 37°C for gelation. Cells were seeded
on the top of the collagen gels. After incubation, the depth of cell migration
inside the collagen was measured (32). Japanese investigators prepared Type
I collagen diluted to 1.0 mg/ml with ice-cold HCL. Fifty ul alliquots of the
matrix solution, after neutralization were applied to an inert filter at 37°C
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for 15 min. (33). Albo et al. utilized a similar approach whereby 100 pug (1
mg/ml in 60% ethanol) of type I collagen was coated on a filter and dried
overnight at 25°C (34). Collagen type I could also be diluted in cold distilled
water, added to Transwell chambers (100 pg/well) to examine invasion (35).

Type I collagen could also be directly mixed with cancer cells suspended
in culture medium on ice, followed by gelling at 37°C in a CO, incubator.
Medium supplemented with 5% FCS could be added to the gel and changed
on a regular schedule such as every 3 days. After culture for extended
periods, changes in cellular morphology and cluster characteristics were
observable by either phase contrast or conventional bright field microscope
(36, 37). Type I collagen has also been used in three-dimensional (3-D) gel
preparations (38).

Type IV Collagen is, as noted above, the major collagenous component
of basement membranes. Commercially available collagen IV is derived
either from human placenta or EHS mouse tumor. Tumor cells remain
viable and can even proliferate when directly seeded onto a substratum
consisting of type IV collagen (39). Rooprai et al. applied collagen type IV
(10 pg/ml) onto the upper surfaces of polycarbonate filters air-dried
overnight, (40) similarly, Kempen et al. coated polycarbonate filters in
Transwell inserts with 100 ul of type IV collagen (200 pg/ml) diluted in PBS
to examine the invasive capacity of tumor cells. Uniformity of the coating
could be assessed by Coomassie blue staining. Ideal rehydration and pH
balancing were achieved by washing with water and incubation in serum-
free DMEM at 37°C (41).

Commercial entities have developed techniques to directly glue
polycarbonate filters to collagen type IV inserts (Becton-Dickinson Labware,
Bedford, MA) (42). Collagen IV could also be used in an indirect invasion
assay through measuring its degradation by living tumor cells. Tumor cells
are inoculated into culture wells coated with biosynthetically (**C)proline-
labeled type IV collagen. Soluble degradation products are detected by
measuring the radioactivity present in the medium (43).

In a fibronectin based invasion assay, cells were added to Fluorescein-
fibronectin-coated crosslinked gelatin films on a 15-mm round glass
coverslip in a multiwell plate. Since the gelatin film is itself predominantly
type I collagen, one might considered this a mixture rather than a single
protein system. This technique was shown to reflect the invasiveness of the
tumor cell population by measuring invadopodial extensions and surface
indentations in the crosslinked gelatin film after culture for 12 h (44).

To detect invasion associated molecules during the process of tumor cells
invading a laminin matrix, Thirupandiyur et al. precoated Teflon-printed
microscope slides with purified human laminin-5 (1 pg/well) at 4°C
overnight. Cells were then plated onto the coated laminin-5 and incubated
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for 48 h. After incubation, cells were removed with EDTA, and the coated
laminin was aspirated using a solubilizing buffer for PAGE gel analysis and
immunoblotted (45).

4.2 Mixtures of ECM with and without serum
components

In an attempt to more closely mimic the native state, investigators have
tried to utilize mixtures of ECM components for in vitro invasion assays and
to select for subpopulations of cells with enhanced invasive ability. One such
basement membrane-stromal matrix model was constructed by reconstituting
purified laminin and type IV collagen onto type I collagen. The authors were
able to show that tumor cells that had the capacity to penetrate such barriers,
when isolated and subcultured, were more invasive and able to produce more
metastases than the parental population (46). A defined matrix mixture
containing laminin (50 pg/ml, type IV collagen (50 pg/ml), and gelatin (2
mg/ml) in a 10 mM glacial acetic acid solution mixture could also be
delivered onto a 10-um pore polycarbonate filter and packaged as a
Membrane Invasion Culture System Chamber. Once cells were seeded on to
the surface, an invasion assay system was in place (47). Ho et al. used a
virtually identical “home-made” system (48).

Polycarbonate filters of slightly smaller pore size (8uum) have also been
used as cell culture inserts coated with 5.0 ug laminin or 5.0 pg/cm’
fibronectin for similar kinds of experiments (49). Simple ECM component
could also be used to adulterate commercial ECM preparations, for example,
Farrow et al. mixed laminin with the cells into Matrigel (see below) (50).

To investigate the role that plasminogen activators play in the tumor
invasion process, investigators have taken fibrinogen (plasminogen-free 100
ul of a 10 mg/ml stock solution) and 100 pl of 1 unit/ml thrombin, mixed
them and immediately delivered them onto an 8 um pore sized filter. A
fibrin gel formed after incubation at 37°C for 30 min. Tumor cells were then
trypsinized, centrifuged, resuspended in medium supplemented with 0.1%
BSA and 10 pg/ml plasminogen and incubated for 15 min at room
temperature. Cells were added to the upper chamber of a Boyden chamber-
like invasion assay system and incubated for 24 h before calculation of
invasion (51). Similarly, invasion gels composed of fibrin have been created
by adding human thrombin (0.2 U/ml) with rabbit fibrinogen (3 mg/ml)
dissolved in DME. 0.5 ml of this solution could be added to chambers,
swirled to allow uniform distribution and allowed to solidify (30 min, 37°C).
Cell invasion was measured by quantifying the number of tubular networks
formed by invading microvascular endothelial cells (52).
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To evaluate in vitro tumor invasiveness, Hori et al. devised a more
elaborate mixture, coating microporous membranes (pore size, 12 wm) with
laminin (5 pg/ml), type IV collagen (100 pg/ml), hyaluronic acid (50, 100 or
1,000 pg/ml), and fibronectin (1 pg/ml). Cancer cells were then added to the
upper transwell chamber and invasion quantified (53). Quax et al. measured
the capacity of Dunning rat prostate cells to degrade ECM by culturing them
on “H-labeled ECM produced by bovine smooth muscle cells. Bovine aortic
smooth muscle cells were grown to confluency. The cells were then
incubated for 4 days with medium containing a *H-amino-acid mixture (1
mCi/ml). Cells were then lysed using 0.5% (v/v) Triton X-100 in PBS, and
the cytoskeleton was removed by 25 mM ammonium hydroxide treatment.
Unincorporated “H-amino acids were washed from the remaining
extracellular matrix using H,O and 75% (v/v) ethanol. The *H-labeled
matrices were soaked with medium for 1 hr before use (54).

S. COMPLEX IN VITRO MATRICES TO MEASURE
INVASION

5.1 Matrigel™ (BD)

Among the various native, artificial and reconstituted extracellular
matrices used in in vitro invasion assays, the most widely used is Matrigel, a
mixture of basement membrane components isolated from the Engelbreth-
Holm-Swarm (EHS) mouse tumor (55-57). Others have used similar natural
or induced products derived from animal systems to, for example,
characterize the desmoplastic response of human carcinomas (58, 59).
Through use of a Matrigel based invasion assay, numerous inhibitors and
enhancers of tumor invasion have been identified (60, 61).

Several companies produce ECM extracted from the EHS mouse tumor.
In this discussion we refer to the Matrigel produced by BD Biosciences (San
Jose, CA) as the model. The major components of BD Matrigel Matrix
(Matrigel) including laminin (56%), collagen type IV (31%) and entacin
(8%) (62). Matrigel also contains growth factors with EGF (0.7 ng/ml),
PDGF (12 ng/ml), IGF-1 (16 ng/ml) and TGF-a (2.3 ng/ml) predominating.
At room temperature, Matrigel polymerizes to produce biologically active
matrix material resembling basement membrane. There have been several
modified preparations of Matrigel, including Growth Factor Reduced (GFR),
Phenol-Red Free and HC formated, suitable for special research purposes.
Matrigel may be used as thin gel layer (0.5 mm) for plating cells on top of
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the matrix or cells can be cultured inside the Matrigel using a 1 mm layer.
Matrigel provides a suitable ECM environment for studies of cell
morphology, biochemical function, migration, invasion, and gene expression
as long as the investigator recognizes the presence and potential role of other
bioactive molecules within the complex including metalloproteinases.
Matrigel support the culture of polarized cells, in vivo peripheral nerve
regeneration and promotes the differentiation of many cells types. Matrigel
has also been used in in vitro models for drug toxicity studies, for in vivo
angiogenesis, for examination of augmentation of growth, maintenance of
cell integrity and to localize implanted tumors (60, 63-68).

Matrigel is widely accepted as a biologically active basement membrane
mimic, and numerous publications have proved its usefulness for in vitro
invasion assays (46, 69-73). The advantages of Matrigel invasion assay
include its quick, reliable, and easy to quantitate nature and its commercial
availability (72, 74). Matrigel has been used to screen cells for malignant
potential, to select invasive subclones, and to identify invasive and anti-
invasive factors. A positive correlation between the transformed phenotype,
tumor cell invasive ability in vivo, or metastatic potential and the ability to
invade through Matrigel has been demonstrated (72, 74-77). However,
others challenge many of these assumptions and thus, interpretation of
results may become an issue (78, 79). Matrigel could also be mixed with
type I collagen (usually from rat tail) (80) or mixed with fibronectin (250
ng/ml ) as a model of a more complex invasion matrix barrier (81). Other
combinations have also been offered (82).

As noted above, Matrigel has been found to contain both active and latent
MMPs by Western blot analysis. A rough quantitation of MMP-2 and
MMP-9 in 100 pug of Matrigel was between 0.3 and 0.6 ng. The presence of
these “Contaminants” may blemish the interpretation of information
obtained from Matrigel assays (26). Matrigel also contains bio-active
plasminogen, which may interfere with the analysis of factors affecting
cellular invasion (83). Lastly, Matrigel contains little or no type I collagen,
the essential footprint for stromal cell-matrix interactions found under in
vivo conditions (1-11).

5.2 ECMatrix™ (Chemicon)

Other commercial sources have also developed reconstituted basement
membrane/ matrix components derived from the Engelbreth Holm-Swarm
(EHS) mouse tumor (72, 84, 85). The Chemicon (Temecula, CA) invasion
kit utilizes this matrix as the invasion barrier in their QCM 24-well collagen-
based Invasion Assay (86). The utility of this assay kit to measure cell
invasiveness have been reported (87). The experiments proceed over long
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periods of time (48 h) at 37°C and because of the nature of the matrix, is
limited by the same bioactive substances as Matrigel. To better assess
relative rather than absolute invasive capacity to test cell populations, the
highly invasive cell line HT1080 and the noninvasive cell line NIH3T3 are
often used as positive and negative controls, respectively (88).

5.3 ECM gel (Sigma)

The ECM gel as developed by Sigma (St. Louis, MO) is also prepared
from mouse Engelbreth Holm-Swarm tumor and thus, not surprisingly, its
major components include laminin, collagen type IV, heparan sulfate,
proteoglycan and entactin. In this system, a filter is coated with 40 ul of the
ECM gel and then placed in an invasion chamber (60). The ECM gel
undergoes thermally activated polymerization and gels within 5 minutes at
20°C to form a reconstituted basement membrane. Addition of collagen type
IV to the ECM gel increases polymerization whereas addition of collagen
type I, fibronectin or heparin does not. The ECM gel formed at 37°C
maintains its form in culture medium for at least 14 days and viable cells can
be recovered from the gel by the use of proteases. ECM gel has a relatively
short half-life but may be stored up to 72 hours at 2-8°C.

5.4 PuraMatrix™ (3DM)

PuraMatrix™ (3DM Inc. Cambridge, MA) is a synthetic 16-amino acid
polypeptide which assembles into an in vivo-like 3-dimensional extracellular
matrix hydrogel to support the growth of many different cell types in tissue
culture (89-92). PuraMatrix is normally added to the surface of a polylysine-
coated dish followed by the addition of media to cause the material to gel.
After the PuraMatrix gels, the media is changed twice before plating of the
cells at the desired concentration. Gentle handling during media exchange is
key to help prevent coating lift off. PuraMatrix peptide gels serve as a
synthetic 3-D ECM scaffolding and invasion assays are carried out in
combination with cell culture media, serum, and often exogenous growth
factors, and cytokines (93, 94). The advantage of PuraMatrix as elucidated
by the manufacturer include animal-free production, high reproducibility,
approximation of in vivo ECM fiber size, high hydration level, sterilization
in situ, easy cell recovery and straightforward molecular biology analysis.
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5.5 Amgel/HuBiogel™ (VBI)

Although animal-derived matrix coatings and scaffolding serve important
roles in dissecting the steps of neoplastic progression, these models pose
numerous biologic limitations and disadvantages as elucidated above. Major
concerns include the fact that although these systems support cell
proliferation and monitor invasion they may induce untoward effects
including mitogenesis and differentiation and, most critically, they do not
recapitulate the defined human biomatrix milieu critical for identifying
specific tumorigenic responses.This has therefore retarded our understanding
of regulatory steps of tumor invasion (and other critical defined steps
including angiogenesis), especially in humans. We, thus recognized in the
mid-1980s the need to develop a well-defined human based matrix derived
from non-neoplastic tissue for studying steps of neoplastic progression in
Vitro.

Initially we created a human reconstituted basement membrane matrix
which we called Amgel, for studying primarily the invasive capabilities of
neoplastic cells (95, 96). In more recent years, this product and its process
has been reformulated, enhanced and commercialized under the name
HuBiogel. This work has extended the usefulness of this material for studies
of tumorigenesis (97, 98). A schematic comparison of Amgel/HuBiogel,
Matrigel and collagen models as well as their cell-cell and cell-matrix
interactions is depicted in Figure 2.

Unlike many of the “ready-to-use” products available, Amgel/HuBiogel
contains both stromal and BM matrix proteins: laminin, collagens I and IV,
fibronectin, entactin, tenascin and heparan sulfate proteoglycan. Its other
advantages include, i) that it is a defined physiological human biomatrix
(free of proteases, major growth factors and other immunologic agents), and
ii) that it alone is nontumorigenic but supports the promotion of tumor
growth in co-culture or co-inoculation models (68). Some unique physical
characteristics of Amgel and composition differences with Matrigel are
summarized in Table 1.
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Table 1. Comparison of Amgel(HuBiogel) and Matrigel.

Properties Amgel Matrigel
Source/ origin: Human placentas Mouse EHS-tumors
Handling: Semi-gel (4°C to 37°C) Temperature-sensitive

Matrix environment:

Major matrix
components:

Growth factors:
Proteases:
Biologic advantages:

Native biomatrix,
Physiological

Collagens I & IV, laminin,
tenascin, entactin,
proteoglycans

None, undetectable

None, undetectable

Normal cell growth, defined or
controlled induction

Reconstituted BM,
Tumorigenic, Angiogenic
Laminin, collagen IV,
entactin, proteoglycans

TGF, EGF, PDGF, FGF
Collagenase activity
Uncontrolled cell activation,
growth, differentiation

Because of its properties, Amgel/HuBiogel mimics more closely an “all-

human” physiologic environment for in vitro cell growth and maintenance
and thus allows one to develop “controllable” bioassays to identify
differential cell motility, adhesion and invasive capability. Important too,
Amgel/HuBiogel has proved itself useful for identifying single positive and
negative modulators (natural or synthetic) of target cell function. Two
examples are 1) under defined formulation one can mimic both dose and
time dependent stages of endothelial morphogenesis (proliferation,
transmigration and differentiation) (98) and 2) Amgel-based tumor invasion
assays can be used to determine the phenotypic profiles of transgenic cell
constructs. For example, human prostate DU-145 tumor cells (Table 2).

Table 2. Biologic responses elicited by EGFR-cell constructs.

Construct EGFR-function Mito Moto  Detach Prolif Invasion
WT (+) full-length + + + + +
¢'1000 single P-tyr site + + + + +
¢'1000F°* mutated P-tyr site + - + + +
c'973 truncated, no C-tail + - + + +

P- auto phosphorylation; d- dominant-negative; Mito - mitogenesis; Moto - motogenesis;
Detach - EGF-induced detachment from ECM; Prolif- proliferation activity; Invasion-Amgel

Transgenic fibroblast constructs expressing EGF-receptors have been
analyzed for cell adhesion and transmigration properties (25).
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5.6 Multicellular and related models

At present, tumor invasion and angiogenesis are mostly studied using
monolayer cell cultures which are, by definition, two dimensional (2D)
coculture models. Multicellular models representing a more complex
biology have recently been developed using heterogeneous cell lines and
biomatrix coculture methodology (99, 100). Using specialized rotary vessel
or spinner flask culture technologies, multicellular spheroids and organoids
of tumor, liver, bone, prostate and cartilage have been generated with
collagen-coated microbeads or Matrigel-embedded cell systems. ) Compared
to conventional monolayer culture models, these 3D coculture systems more
closely resemble the multicellular organization and biologic complexity of
target tissues in situ (110). Tumor spheroids show promise as experimental
models of tumor growth and micrometastasis for studying the effects of
anticancer drugs or therapy (111). Unfortunately, heretofore defined micro-
tumor models which can replicate the in vivo tumorigenesis events are not
reported. Matrigel-based cell aggregates in coculture exhibit apoptosis of
core cells and cell-matrix signaling is induced by its tumorigenic milieu
instead of normal host microenvironment. Moreover, these spheroid models
do not support neovascularization or angiogenesis processes. New cell-
biomatrix models are now becoming possible utilizing Amgel/HuBiogel to
mimic the 3D tumor-host interactions and functional events.

6. INVASION ASSAYS

Various in vitro models have been developed to investigate the invasion
process, to further understand mechanisms of action and to explore potential
anti-invasion drugs. For decades, and still today, investigators obtain most of
their information about anti-invasive factors and experimental interventions
by use of invasion assay models based on measuring the capability of tumor
cells to degrade matrix as elucidated above. Although the in vitro invasion
assay does not fully mimic the complicated multi-cell-ECM micromilieu in
vivo, it is still suitable for studying the influence of individual molecules. To
better place in context application of the extracellular matrices we
introduced above, we overview several common types of in vitro tumor
invasion assays.

6.1 Chemoinvasion Assays Using Artificial ECMs

The Boyden-chamber chemo-invasion assay was first developed by
Albini et al. (72) and gradually became the most widely used experimental
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invasion system in vitro. Using different matrices as basement membrane
mimics, the invasion chamber system provides a simplified and standardized
model to test the cell capacity to invade into ECM towards a chemoattractant
(or gradient). Microporous membranes (usually made of polyvinyl-
pyrrolidone (PVP)-free polycarbonate, with pore size 8-12 um) are usually
used to separate the chemoattractant in the lower chamber from the cells
adherent to the ECM/filter in the upper chamber. Pro- or anti-invasion
factors are generally added in the upper chamber containing the tumor cells.
The matrices occlude the microporous membrane pores, blocking non-
invasive cells from migrating through, while invasive cells actively invade
the ECM layer and migrate onto the polycarbonate membrane and eventually
into the lower chamber media or floor. Typically after cells are given time
to first adhere to and then penetrate the ECM layer over time, non-invaded
cells on the upper surface of the filter are removed, and cells successfully
invaded onto the lower surface of the filter membrane are fixed, stained and
counted (Figure 3). We have utilized this approach to create an
Amgel/HuBiogel invasion assay system (Figure 4).

- Upper chamber

Tumor cells suspended
in low-serum Medium

| Tumor cells invading

malrices

— Filter with mini-pores

7 Lower Chamber

Figure 3. Illustration of a Boyden Chamber Invasion Assay. Tumor cells are suspended in the
upper chamber in low-serum medium; various extracellular matrices are coated on a
microporous membrane to mimic basement membrane. Most invading tumor cells will be
blocked by 8pm pores on the filter and are stained and enumerated; while non-invading cells
loosely attached to the upper surface or free-floating are removed with matrix before staining.
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AMGEL TUMOR INVASION ASSAY SYSTEM

Lucite Invasion Chamber Assembly:

- e Amgel-coated filters
(I i _ « (polycarbonate, 8 um pore size)
L - 4 = . 1
Upper compartment Labeled cells
/ 1% BSA - DMEM
‘ I = reconstituted - Amgel filters
= 1 i
!F- = 10% FBS- DMEM
Lower compartment

Figure 4. Diagram of disassembled (top) and assembled (bottom) two-chamber HuBiogel
Tumor Invasion Assay System.

Most commonly chemotaxis is achieved by providing a serum
concentration gradient, with the lower chamber containing the higher
concentration (eg. 10% FBS) and the upper chamber containing a lower one
(eg. 1%BSA or serum free). In addition, the lower surface of the filter
membrane could be coated with different matrix components serving as
chemoattractants. These include collagen I (112, 113), fibronectin (114),
gelatin (115) and purified type IV collagen (116).

Although the phenomenology of chemoinvasion was perceived as a
simple single process, it is now known that the ability of the cells to migrate
through the filter is influenced by multiple factors including cell density,
locomotive ability, and the pore size. Tumor cells display considerable
variation in their ability to adhere, migrate and attach to the lower side of the
filter membranes. To adjust for these influences, results should be corrected
for these variables. In addition, an internal standard to compensate for
variations is often set up by calculating the percentage of invasion relative to
a reference cell’s invasive ability, which enables comparison of data
obtained from independently performed experiments on different cell lines (117).

Three-dimensional invasion assays provide an environment for tumor
invasion closer to the natural in vivo state as tumor cells are known to grow,
form clusters and invade into normal tissue in three dimensions. This can
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sometimes be achieved by use of rotation cultures. Rotation cultures of
chick embryo liver cells and pigmented murine myeloma cells as well as
rounded fragments of chick embryo heart have all been used (118). Fetal rat
brain aggregates can be used as the host tissue for brain tumor invasion
determinations (119). Additionally, invasion of tissue sections by test cell
populations can be assessed by conventional microscopy by utilizing a
micrometer (ocular reticle) to measure the depth of penetration of labeled
tumor cells.

Lastly, a modified “Semi-3D” invasion assay has been described by
Perumpanani et al. Type I collagen prepared from rat tail tendons was
mixed with medium on ice. The mixture was then added onto an inert filter
and collagen polymerization was induced by incubation at 37°C for 60 min.
A hole was punched in the center of the gel using a pipette tip and tumor
cells suspended in 50 pl of medium were then added to this central hole
surrounded by the collagen. One ml of medium was added and incubated at
37°C in a 10% CO, environment for 4 days. Invasion was assessed by
averaging the distance traveled by the invading front in four mutually
perpendicular radial directions (120).

6.2 INVASION SYSTEMS USING TISSUES

Tumor cells that could penetrate natural human or animal membranes, it
has been argued, more closely mimic the in vivo state, mimicking the
complexity of the authentic basement membrane. Several methods have
been developed. Chief among these in experimental systems are chick
chorioallantoic membrane, mouse urinary bladder and canine blood vessels
(121).

Hart et al. measured the rate at which radio-labeled tumor cells migrate
through the chorioallantoic membrane (CAM) in developing chicken
embryos. The chambers were placed in glass vials resting on discs of
photographic sponge which were immersed in tissue culture medium.
Labeled tumor cells were added to the chamber and quantitation of the
radioactivity retained in the sponge provided an indirect measure of cell
invasiveness. This invasion assay was shown to correlate with the metastatic
potential of the cells in vivo (122). Scanning electron microscopy
documented that transformed cells passed the chick chorioallantoic
membrane ectoderm within 6 hr, while viable NIH/3T3 cells did not
penetrate the ectoderm within 24 hr. The transformed cells entered the
mesoderm of the CAM and formed tumoUrs aggregationS (123). The
invasive potential of human choriocarcinoma cell lines in the CAM was
further found to correlate with the tumorigenic potential in hamster cheek
pouches. In addition, the invasive capacity of cell lines correlated with the
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amount of collagenase secreted by them. (1240. Melanoma sublines with
highly invasive ability in this assay were also shown to correlate with high
rates of spontaneous and experimental metastases in vivo (121).

The application of a sea urchin embryo basement membrane
(SUECM) invasion assay was described by Livant et al. and Dyer et al.
(125, 126). Tumor cells were layered on top of the SUECM and incubated
for 4 hr at 37°C. The percentages of both spreading and adherent cells were
evaluated in each assay following fixation in formaldehyde and scoring by
microscopy. The numbers of cells adhering to the surfaces of the SUECM
and their location with regard to the exterior surfaces were determined.
Invasion percentages were determined as a ratio of cells inside (invading the
SUECM substrates) as compared to the sum of all cells (both adhering to the
exterior and within the interior surfaces) (127).

In contrast with these invasion assays using animal-derived tissue, Liotta
and his colleagues used human amnion in an invasion assay. When first
separated from the chorion and subsequently stripped of the single layer of
epithelial cells, basement membrane is exposed to the test cells as the ECM
barrier. (128). This succeeds because the amnion is relatively uniform and is
composed simply of the aforementioned epithelial layer resting on a
continuous basement membrane overlying an avascular collagenous stroma.
The protocol for isolation and preparation of human amnion basement
membrane have been described in detail by Smith et al. (129). Cells capable
of invading the whole thickness of the amnion membrane remain trapped
within the microporous membrane filter which is examined after 24 h (130)
or will pass into the lower chamber after longer time points (131).
Endothelial cells could also be plated onto the amnion basement membrane
and thus an artificial vessel wall could be created to study tumor cell
intravasation or extravasation in vitro.

To investigate the penetration of melanoma cells through the dermal-
epidermal junction, an in vifro model has been reported by Bechetoille et al.
Metastatic melanoma cells were seeded with normal allogenic keratinocytes
onto acellular human de-epidermized dermis containing a preserved and
intact basement membrane and cultured for up to 1 month at an air-liquid
interface. The invasion was then identified by histological,
immunohistochemical and ultrastructural methods. This model preserved
the 3-D architecture of the native dermal-epidermal junction. The authors
were able to demonstrate that the active invasion process coincided with the
dissolution of ECM components within the basement membrane and that the
invasive ability of melanoma cells in vitro correlated with metastatic
potential in vivo (132).

Tumor cells need to penetrate vessel endothelium to gain access to the
blood and lymphatic circulation and extravasate across similar endothelial
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barriers at distant sites to form metastatic foci. To study this critical process,
invasion assays have been successfully developed by using a layer of
endothelial cells as the barrier for tumor cells to migrate through. These
barrier cells including human bone marrow endothelial cells (133),
Human umbilical cord endothelium and bovine capillary endothelium
could also be cultured on the basement membrane derived from human
amnion. In one series of experiments, squamous carcinoma cells were
inoculated onto the basement membrane surface in the presence or absence
of such an endothelial monolayer. Tumor cells that invaded the endothelium
and underlying basement membrane were captured by a microporous
membrane (130).

6.3 INVASION SYSTEMS USING ORGANS

Organ cultures invasion assays measure the ability of tumor cells to
invade cultured organ fragments. As the invasion barriers are intact
structures containing 1 or more tissues, they are considered by some to more
pathophysiologically reflect the conditions in vivo during tumor cell
invasion. The detailed procedure of performing the Chicken Heart
Invasion Assay has been described by Engers et al. One major advantage of
this approach is that the extent of invasion in three dimensions can
quantified by estimating the volume of the host tissue (organ) that had been
replaced by the tumor aggregates (134). Using embryonic chick cardiac
muscle as the host tissue, Schroyens et al. found that the invasiveness of
tumor cell lines correlated with tumorigenicity in nude mice (135).
Monitoring the depth of invasion by thin-section electron microscopy, Pauli
et al. discovered that salt-extracted bovine articular cartilage could be used
as an invasion matrix to determine the potential of cells for tumor invasion
(136). Fresh embryonic chick lung fragments could also be used as the
host tissue in this invasion assay (137).

To provide conditions simulating even more closely that of the in-vivo
condition, investigators have cocultured myoepithelial cells and fibroblasts
in a matrix barrier to which breast or ovarian carcinoma cells were exposed,
respectively (138, 139), or cocultured human foreskin fibroblasts with rat-
tail collagen and examined the invasive ability of breast cancer cells (140).
Nakayama et al. used preformed type I collagen gel overlaid with type IV
collagen followed by seeding of calf pulmonary arterial endothelial cells and
incubated them until they reached confluence. Highly invasive tumor cell
lines displayed a higher penetration rate through the monolayer of
endothelial cells and type IV collagen sheet onto the type I collagen gel
(141). Wandel et al. prepared 5 mg/ml solutions of type I collagen in
complete DMEM which were overlaid with the collagen solution containing
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fibroblasts and melanoma invasion was examined (142). Similarly, to study
the invasion of laryngeal carcinoma cells, an even more complicated
reconstituted ECM has been described by Yamada et al. Their invasion
matrices incorporated type I collagen, fibroblasts, and fat cells to closely
simulated the epithelial-to-submucosal layer of the larynx (143).

7. IMPROVING INVASION ASSAYS

For all intents and purposes an in vitro assay of any kind only has value if
it is predictive of the in vivo state it proposes to represent (Table 3).

This is certainly true for invasion assays. The disadvantages of the
invasion assays elucidated above are many. These include, but are not
limited to, the fact that they are usually time-consuming and tedious,
involving multiple points to insert potential artifacts (for example cotton
swabbing), often rely on manual staining and counting, and not the least of
all don’t, in a uniform and reproducible way, mimic the in vivo state where it
can be examined. As an example, Le Marer et al. compared the invasiveness
of human breast cancer cell lines by Matrigel, Collagen I and Chick Heart
Fragment Invasion Assays and revealed contradictory results among the
different experiment methods (144). Several improvements have been
attempted to address these issues.

Table 3. summarizes the invasiveness of various human cell lines on HuBiogel and Matrigel
coatings as compared to in vivo findings. Note the Matrigel exhibits higher bioactivity,
possibly due to its own mitogenic milieu. A standard 72-hr bioassay employed 75 ug
biomatrix coated-Transwells and monolayered tumor cells. Percent invasion represents
number of cells present in bottom filters/chambers.

Cell line Amgel Matrigel In Vivo
Invasion (%)  Invasion (%)  Tumor Index

HF 1.0 3.5 -
HT-1080 12.0 17.5 -+
DU-145 5.5 8.5 ++
PC-10 1.5 4.0 +

U-87 8.5 14.5 -+
U-251 3.5 5.5 +

Commercially available invasion kits help to improve the reproducibility
and decrease the inter-investigator variation. Adaptations and modifications
of these in vitro invasion systems continue to be used at a high rate today for
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the study of invasion. With the advent of new techniques, these analyses are
becoming more quantitative.

The replacement of manual histological analyses by objective automatic
measurement of the labeled cells may represent the future direction for the
improvement of invasion assay in vitro. Employing the fluorescent dye YO-
PRO-1, cells that penetrate Matrigel-coated Transwells are counted on the
basis of dye-bound cellular nucleic acid content, measured as fluorescence
intensity in 96-well microplates and quantitated against a cell- or DNA-
calibration curve (145). The QCM Cell Invasion Assay (Chemicon,
Termecula, CA) uses fluorescence methods to measure invasion in 96 well
culture plates simultaneously, which provide a more objective and quicker
way to measure invasion. This system does not require cell labeling,
scraping, washing or counting. The 96-well inserts and homogenous
fluorescence detection format allows for large-scale screening and
quantitative comparison of multiple samples. Invaded cells on the bottom of
the insert membrane are dissociated, lysed and detected by CyQuant GR*
dye (Molecular Probes) bound to cellular nucleic acids (146).

FATIMA (Fluorescence-Assisted Transmigration Invasion and Motility
Assay) is another invasion assay method using fluorescence labeling.
FATIMA offers the hope of providing a rapid, quantitative and large-scale
analysis of cellular invasion. Other potential advantages include convenient
monitoring of invasion kinetics as well as both more accurate and more
reproducible estimates of invasive cells. Fluorescence blocking membrane
inserts were also developed to prevent any interference from excessive
fluorescence labeling (147).

8. CONCLUSIONS

Beginning with the major component of the ECM, we have explored both
simple and complex in vitro cell-matrix models of tumor invasion which
have been developed. We have briefly reviewed invasion assay systems
which are acellular or artificial through those that incorporate cells, tissues
and even organs. We have tried to identify both the strengths and
weaknesses of these assays while highlighting our own work and those of
our colleagues, ending with a brief look to the future. Clearly, cancer
remains a major clinical problem in society and any strategy that will allow
us to more rapidly identify, prevent, treat or prognosticate has value. These
assays are but one step in an ever more complex unraveling of this dreaded
constellation of diseases which share the lethal attributes of invasion and
distant metastasis.
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Current clinical imaging methods for breast cancer do not visualize individual
cells moving in the primary tumor microenvironment. In animal models of
cancer, confocal imaging using multiphoton excitation provides reduced
photobleaching, deeper imaging into thick specimens, and observation of some
extracellular matrix fibers. Individual cells expressing fluorescent proteins
such as GFP can be observed in order to evaluate the mechanisms of tumor
cell invasion and metastasis. Tumor cells in vivo can show orientation towards
blood vessels, and rapid movement along extracellular matrix fibers. To
directly measure tumor cell invasion in the primary tumor in response to
imposed gradient of growth factors, needles containing EGF or CSF-1 have
been found to stimulate invasion into the needle. Transgenic models of breast
cancer which have lost expression of CSF-1 show reduced invasiveness and
metastasis. These results indicate that tumor cells can collaborate with
macrophages during invasion. Such paracrine interactions between epithelial
cells and macrophages likely reflect interactions that occur during ductal
outgrowth in normal mammary gland development. The combination of in
vivo imaging with genetic manipulation of xenograft and transgenic models of
breast cancer will enable direct examination of mechanisms of invasion and
metastasis.

in vivo imaging, animal models, live imaging, microscopy
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1. RATIONALE FOR IN VIVO IMAGING STUDIES

Improved understanding of the events that occur during tumor invasion
and metastasis will greatly assist the development of successful strategies of
cancer therapy and diagnosis. Tumor cell metastasis can be dissected into
stages (1-3); broadly speaking, tumor cells must leave the primary tumor,
enter the circulation, survive in the circulation, arrest at a target site, and
then grow to form a new metastasis at that site. Molecules that play an
important role in invasion or metastasis, whether they are proteins,
glycosaminoglycans, or small compounds, will be important targets for
novel cancer therapies. These targets may initially be identified by
molecular biology and in vitro culture approaches, however due to the
complexity of tumor invasion and metastasis, testing needs to be conducted
in live animal models. /n vivo imaging allows researchers to view cells
moving about inside a live tissue in real time, providing a means to test the
efficacy of new therapies at the level of cell migration. Additionally, and
perhaps most importantly, the simple process of observation can stimulate
significant advances in our understanding of tumor biology, and generate
new hypotheses which can be tested.

2. TECHNIQUES FOR IN VIVO IMAGING

Although the ideal approach is to image invasive tumors in situ in
patients, at our current level of expertise and ability only certain, limited
technologies can be performed on patients safely. Technologies such as
PET, MRI and CT are the most common methods that are used to image
tumors in patients (4).

Positron emission tomography (PET) and the related single photon
emission tomography (SPECT) are highly sensitive methods that make use
of radioactive compounds that accumulate in tumors to identify both the
primary tumor and metastases (5). As the radioactive nuclei decay, the
emitted high energy photons can be detected by imaging systems designed to
determine the location of the source. '*F fluorodeoxyglucose (FDG), the
most often used compound, accumulates in many tumors due to high rates of
glycolysis. The metabolic dependence of the signal makes FDG also useful
for evaluating the effects of treatments designed to kill tumor cells -
effective treatments are reflected in reduced FDG uptake rates. However,
the resolution of PET is on the order of 4 — 5 mm in patients, or 2 mm in
special animal systems (6, 7). This low resolution limits the imaging
capability to mainly one of determining the location of a tumor, and does not
provide much information on morphology or invasiveness.
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Magnetic resonance imaging (MRI) uses magnetic fields to distinguish
variations in relaxivity among internal structures (8-10). It can provide
remarkable images of anatomical structures, but for tumor identification,
injected iron or gadolinium compounds are typically used to identify the
increased blood volume or permeability associated with the tumor periphery.
Metabolic studies using magnetic resonance spectroscopy may provide
additional capabilities similar to PET imaging, but a fundamental limitation
of MRI currently is the low sensitivity of the technique. This low signal to
noise feature also limits the resolution that is easily achieved without
extremely long imaging times: on the order of millimeters in humans to 0.2
mm in animals. This provides improved resolution over PET with some
limited information about the tumor borders, but millimeter scale
determination of the irregularity of tumor borders together with high vessel
permeability provides only a limited capability of identifying an underlying
mechanism.

Computed tomography (CT) converts one of the staples of clinical
imaging, x-ray radiography, into a 3 dimensional data set (11, 12). As with
MRI, CT can help identify anatomic structures directly, or use injectable
compounds to discriminate between soft tissues (such as tumors) more
accurately. CT can rapidly provide anatomic location of PET signals for
more accurate diagnosis. Radiation concerns have thus far limited higher
resolution CT stand alone analysis, although for specific targets that
minimize radiation dose the resolution of CT is similar to or higher than
MRI.  Nevertheless, the resolution currently provided is inadequate for
directly evaluating the invasive properties of tumors in humans.

As the current imaging modalities available for studying human tumors
in the clinic are unable to provide the resolution necessary for studying the
cellular mechanisms of invasion directly, most research in this area is
focused on animal models (13, 14). The most fully developed high
resolution approach for the study of cell invasion in animal models makes
use of confocal light microscopy (15). Light microscopy provides the
resolution necessary for following the behavior of single cells, making it
possible to directly visualize the invasion process both in in vifro models as
well as in in vivo animal models. However, the penetration level of light-
based imaging methods is limited, imposing requirements such as partial
dissection to expose the tumor surface or the use of a viewing chamber, and
imaging is then constrained to near the surface of the tumor. Certain
imaging modalities such as multiphoton confocal imaging extend the
capabilities significantly, as described in the next section.
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Figure 1. Single photon imaging of a tumor formed by MTLn3 cells expressing GFP and a
blood vessel visualized using rhodamine dextran. From (1). See also Color Plate Section page
340.

3. SINGLE VS MULTIPHOTON CONFOCAL
IMAGING

Confocal light microscopy is important for the analysis of tumor cell
motility in vivo, providing the capability of submicron resolution and
imaging of tumor cells in the local microenvironment. In our experience,
single photon confocal imaging enables imaging of tumor cells within 50 um
of the surface of the tumor, with optimal imaging occurring within 30 um of
the surface. This provides an opportunity to evaluate tumor cell behavior
several cell layers into the tumor, and begins to afford a view of tumor cell
interactions with other tumor cells as well as with blood vessels (16) (Figure
1). However, bleaching occurs relatively rapidly, and out of focus planes are
simultaneously bleached, effectively limiting data collection to a single
plane of view.

With multiphoton confocal imaging, two photons of % the excitation
energy (or twice the wavelength) are used to excite the fluorophore (17).
Typical multiphoton systems use pulsed infrared lasers to achieve the high
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photon densities required to produce near simultaneous absorption of two
photons. The plane upon which the excitation light is focused has the
highest photon density, and the density then falls off as the square of the
distance from the plane of focus. The net effect is that mainly fluorophores
in the plane of focus are excited, the thickness of the plane of focus varying
with the lens magnification. In essence, this is confocal excitation of the
fluorophores. The result is reduced stimulation of regions not in the plane of
focus, and increased sensitivity due to the use of all the emitted light that is
collected. A potential limitation is that the depth of the confocal plane is
fixed by the lens and is not able to be varied, but we have not found this to
be a problem. The greatest problems with multiphoton imaging are the
higher cost of the excitation laser and the limitation to a single excitation
wavelength. Because the two photon absorption spectra tend to be broader,
a wide range of fluorophores can be stimulated. Conversely, selective
fluorophore stimulation could be achieved by rapidly varying the excitation
wavelength, but for most live imaging applications we have not found this to
be practical. However, only the wavelength of the emitted light can be used
to identify the fluorophore being detected. One of the consequences of using
a single wavelength for excitation is that one cannot cleanly separate CFP
from GFP into separate emission channels: CFP emission is present in both
blue and green channels while GFP is present in only in green.

Nevertheless, for intravital imaging of tumors, the advantages of
multiphoton microscopy significantly outweigh the limitations (18). The
two major enhancements provided by multiphoton microscopy are increased
imaging depth and reduced bleaching (19) (Figure 2). These two features
enable time lapse z series collection as a routine method. In our xenograft
and transgenic models of breast cancer, we find that practical imaging depths
of roughly 100 um are accessible with 5 — 10 um z steps over a 512x512 um
field of view at roughly 1 um/pixel. Higher magnifications are possible,
with the corresponding reduction of size of the field of view. Typically a
single series takes around 1 minute, thus we routinely use a 1 minute time
lapse interval, although by reducing the number of z steps taken or the image
of view, one can shorten the interval if needed.
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Figure 2. Multiphoton microscopy is superior in imaging primary tumors more deeply and
with less photodamage. A, initial z-series of images taken with the confocal (left panels) and
multiphoton (right panels) microscope showing the greater depth of imaging possible with
multiphoton excitation. The confocal microscope can only image to approximately 36 um.
The first panel of the multiphoton images (top right panel) begins at 36 um and shows an
image of better quality than that of the confocal image at 0 um (top left panel). Arrows point
to a single cell. Double arrow points to ECM seen only in multiphoton microscopy due to
second harmonic generation. B, second z-series of the same focal planes illustrates dramatic
improvement in GFP stability (right panels) in the multiphoton microscope compared with
(left panels) the confocal microscope. From (19).

An additional advantage of multiphoton microscopy is the ability to
image some of the extracellular matrix fibers that are present (19, 20)
(Figure 3). Elastin fibers show fluorescence when illuminated with <800 nm
wavelength light. The highly repetitive organization of collagen fibers
(types 1, II or III), enables second harmonic scattering, and allows
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discrimination of these fibers from elastic fibers in the blue channel by
illumination with >800 nm light.

~Tumour
cells

— Blood
vessel

Figure 3. ECM fibres converge on blood vessels in mammary tumours. Multiphoton
microscopy shows that carcinoma cells (green) move on extracellular-matrix fibres (purple),
some of which converge on blood vessels (arrow). From (18). See also Color Plate Section
page 340.

4. IMAGING OF INVASION IN ANIMAL MODELS

Imaging of tumor cell invasion in vivo provides the opportunity to
examine living tumor cells in the tumor microenvironment, mimicking the
clinical situation in humans as closely as is currently possible. Initial studies
using fluorescent microscopy of tumor cell invasion utilized chemical
labeling of cells followed by intravenous injection and imaging in easily
accessible target organs such as the liver (21). With the advent of GFP as a
stable fluorescent cell label, it became possible to image both primary
tumors as well as metastases long after injection of tumor cells. Observation
of both local invasion around the primary tumor as well as arrest and
extravasation at sites of metastasis may yield valuable findings. For reviews
of important work being performed by other groups please see (22-27).
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Our studies of tumor cell invasion and metastasis have focused on
imaging mammary tumor cell invasion around the primary tumor and
imaging developing mammary glands. Particularly valuable is the ability to
simultaneously observe multiple features of interest. Cell motility and
morphology are typically observed by using stable expression of fluorescent
proteins such as GFP or CFP. In parallel with tumor or mammary epithelial
cells, features that can be observed include host cells, collagen fibers, and
blood vessels. Collagen fibers are imaged using second harmonic generation,
and are detectable in the blue channel. Injection of Texas-Red labeled
compounds provides labeling of blood vessels and macrophages in the red
channel. Transgenic animals provide the opportunity to label host cells as
well as tumor cells. We will focus on three types of animal models that we
have been using to study mammary tumor cell invasion and metastasis in
vivo: xenograft studies, transgenic tumor studies, and elements of normal
physiology that are relevant to invasion.

Our initial intravital imaging studies utilized injection of GFP-expressing
rat mammary adenocarcinoma cells into syngeneic female Fisher rats and
observation using one photon confocal microscopy (16). GFP expression
did not alter tumor growth or metastasis rates. The single photon imaging
technology limited our observations to single plane time lapse data
collection near the surfaces of tumors. Nevertheless, these studies disproved
our initial hypothesis regarding the role of cell motility in metastasis (1).
We had hypothesized that increased metastasis would reflect increased cell
motility. However, we found little difference in overall motility between
metastatic MTLn3 and nonmetastatic MTC derivatives of the 13762NF
tumor. Rather, the more metastatic MTLn3 line showed increased
polarization of cells towards nearby blood vessels identified by intravenous
injection of rhodamine dextran (Figure 1). In addition, the overall frequency
of cases of tumor cell movement was low, with few cells in an entire field of
view showing net translocation.

Multiphoton imaging has extended our ability to learn about tumor cell
morphology in situ by allowing time lapse z series to be acquired. Thus we
are now examining tumor cell polarization and motility as a function of
depth into the tumor. Blood vessel structure and properties as a function of
depth into the tumor is now easier to evaluate (Figure 4). Questions that are
currently under study include evaluating whether specific regions of the
tumor show increased invasive properties.
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Figure 4. Blood vessel structure determined by multiphoton microscopy. Animals were
injected with Texas Red dextran (70,000 MW) and then the tumors were imaged taking a slice
every 5 microns. The z series were then projected to generate a stereo image showing blood
vessels (top and red) and tumor cells (middle and green). See also Color Plate Section page
341.

Once such regions have been identified, simultaneous imaging of other
tumor microenvironment features will be used to identify potential
mechanisms for enhancing tumor invasiveness. One limitation of the current
cytoplasmic GFP labeling methods is that borders of tumor cells can only be
easily identified if they are not in contact with other tumor cells.
Simultaneous membrane labeling or mixtures of cells with different labels
may aid in determining the morphology of individual tumor cells in tumor
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masses. Simultaneous labeling of the nucleus with a different color from the
cytoplasm will also be useful for positively identifying individual cells (28).

Second harmonic generation has enabled the identification of interactions
between tumor cells and extracellular matrix fibers during tumor cell
invasion of neighboring loose connective tissues. Rapidly moving tumor
cells can follow collagen I fibers away from the primary tumor (18). These
contacts may guide tumor cell invasion towards the periphery and blood
vessels. However, not all tumor cell movement is in contact with matrix
fibers detectable via second harmonic imaging. This does not rule out that
cells are moving along matrix fibers that are too small to detect or along
matrix structures that are not sufficiently periodic to generate a second
harmonic signal.  Alternatively, in the absence of matrix fibers or
appropriate matrix metalloproteinase activity, amoeboid motion may be
utilized to squeeze through extracellular matrix structures (29). Higher
magnification imaging together with imaging of matrix metalloproteinase
activity will aid in confirming the presence of amoeboid motility. We
hypothesize that chemoattractant gradients may stimulate polarized tumor
cell movement, and the nature of movement, mesenchymal or amoeboid,
may be determined by the availability of fibers.

The sources of such chemoattractant gradients might be the tumor cells
themselves, neighboring nontumor cells, blood vessels, or a combination of
the above. In our initial single photon imaging studies, some host cells were
seen as shadows rapidly moving on the border of the fluorescent tumor (1).
The size and speed of movement were consistent with host immune cells
such as neutrophils or macrophages. The number of such host cells
associated with the tumor was significantly increased in the more metastatic
MTLn3 tumors compared to the poorly metastatic MTC tumors.
Multiphoton imaging inside these xenograft tumors has enabled us to image
host cells inside the tumor as well, often moving along matrix fibers running
through the tumor. A subset of phagocytic host cells, presumably
macrophages, can be imaged by preinjecting fluorescently labeled dextrans
intravenously, or by labeling using cell-specific promoters in transgenic
animals. Colocalization of these cells with tumor cells can be used to
determine whether their presence is correlated with tumor cell motility.

An important approach for studying the roles of host cells in tumor
invasion and metastasis makes use of transgenic animals. Tumors can be
generated in transgenic animals through the targeted expression of
oncogenes in specific tissues. We have been particularly interested in the
MMTV-PyMT model, in which the MMTV promoter targets expression of
the Polyoma middle T protein to the mammary epithelium (30). Such
animals develop tumors with a well defined time course and sequence of
stages, beginning with hyperplasias which then progress to carcinomas.
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Analysis of the progression of MMTV-PyMT tumors in animals lacking
production of the colony stimulating factor 1 (CSF1) protein (Csf1”/Csf1°")
has demonstrated an important role of macrophages in tumor invasion and
metastasis (31). CSF1 is an important growth stimulator of macrophages,
and in Csf1”/CsfI” animals, there are reduced numbers of macrophages
present in and around the PyMT tumors. Such tumors show reduced
invasion and metastasis, and expression of CSF1 specifically in the tumor
cells can enhance progression to malignancy and metastasis (32). Through
the use of cell-type specific promoters, tumor cells, macrophages,
fibroblasts, or endothelial cells can be visualized in tumors. Imaging of
macrophages (using GFP driven by the macrophage specific lysozyme M or
CSF1 receptor promoter) enables us to directly track their movement around
tumors, and we find that they show motility characteristics consistent with
the host cells that we imaged in our xenograft models (Figure 5) (33, 34).

Figure 5. Movement of macrophages in tumors. A knockin of GFP at the lys promoter
(courtesy of Dr. T. Graf) (34) was crossed with the MMTV-PyMT strain to generate tumors
containing GFP labeled macrophages. The tumors were imaged for GFP (green) and matrix
fibers (2nd harmonic, blue). Three frames from a time-lapse sequence are shown,
demonstrating the high motility of the GFP labeled cells. See also Color Plate Section page
342.

To directly evaluate invasive potential in vivo, we have developed an in
vivo invasion assay in which needles filled with Matrigel and
chemoattractants are inserted into tumors (Figure 6) (35). The diffusion of
the chemoattractants out of the needle stimulates invasion into the Matrigel,
and by removing the needle, extracting the Matrigel and counting the
number of cells that have entered, we can quantitate cell invasive properties
in the tumor microenvironment. Remarkably, we find that macrophages and
tumor cells both enter needles that contain chemoattractants that stimulate
either tumor cells or macrophages, suggesting a paracrine loop between
these two cell types is important for tumor cell invasion (36). Imaging of
either tumor cells or macrophages during the in vivo invasion assay confirms
that cells are actively moving towards the needle.

65



Figure 6. Movement of macrophages and carcinoma cells into collection needles in response
to growth factors. A, Model shows how the experiment is performed. The primary tumor in
the right number 5 mammary gland is selected to minimize breathing motion, and the position
of the collection needle is controlled with a micromanipulator (not shown). B, movement of
fluorescent carcinoma cells (top, WAP-Cre/CAG-CAT-EGFP/MMTV-PyMT tumor) and
macrophages (bottom, MMTV-PyMT/lys-GFPKi tumor) toward EGF-containing collecting
needles. The approximate opening of the collection needle is shown in each field. Each image
is a 50-um z-projection and is from a time-lapse series. Images on the right were recorded 90
minutes after images on the left; bar, 25 um. From (36). See also Color Plate Section page
342.

The synergy of epithelial tumor cells with macrophages during invasion
and metastasis may reflect normal developmental events that occur during
ductal invasion of the mammary fat pad. Our previous studies have shown
that macrophages have a key role in assisting ductal invasion (37-39). In the
developing mouse mammary gland at around three weeks of age, the
rudimentary ducts form club-shaped multi-laminate epithelial structures at
their ends known as terminal end buds (TEBs), surrounded by a unique
stroma. These TEBs are sites of high proliferative activity. They invade and
bifurcate through the fat pad to give the branched ductal structure observed
in the non pregnant adult. During development of the TEB, macrophages
accumulate around the neck of the club shaped TEB, and have been found
over and ahead of the TEB as well (Figure 7). This places them in a location
to influence epithelial outgrowth and ECM organization. In the absence of
macrophages, the rate of developmental outgrowth is slowed and the
branching complexity is reduced (39). This gives an atrophic poorly
branched mammary gland. Furthermore, the dramatic side branching and
outgrowth found in pregnancy is significantly retarded in the absence of
macrophages (40).

66



Figure 7. Example of terminal end bud imaging from Mac green female showing green
fluorescent macrophages and collagen structures surrounding a terminal end bud (stained with
propidium iodide, red). Macrophages (green) and collagen (blue) appear to be co-localized.
See also Color Plate Section page 343.

It is now possible with multiphoton technology to study this process in
much greater detail and even to image outgrowth in real time. As the
multiphoton microscope allows greater depth of imaging through this high
fat content tissue, compared to single photon conventional confocal imaging,
we are able to reconstruct 3 dimensional images of the terminal end bud to
analyze relationships between structure and function. Once a z-series is
taken of the structure of interest, the image can be resliced in any plane, and
measurements pertaining to diameter, volume and epithelial thickness easily
obtained (Figure 8). This method is further assisted by second harmonic
generation, as we have discovered that the stroma immediately surrounding
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the terminal end bud has a distinctive collagen morphology. Not only does
this pose interesting questions as to the role of extracellular matrix in
terminal end bud growth and invasion, this finding has proven to be hugely
beneficial when imaging live mammary gland development, as methods to
stain the fat pad in living mice have proven elusive. Mammary tumor cells
may be using cell-cell interactions similar to those used to facilitate
epithelial cell invasion into the mammary fat pad during development for
invasion during metastasis. One of the goals of our studies of TEB growth
and invasion of the mammary fat pad is to identify additional mechanisms
that contribute to tumor cell invasion.

Figure 8. Example of 3-dimensional imaging of terminal end bud in op/+ mice. Fixed whole
mounts were imaged with a red filter (A) for propidium iodide staining, and a blue filter (B)
for collagen matrix by second harmonic generation, and merged using Image J software (C).
These images are 22 um stacks through the largest part of the terminal end bud. The images
were resliced in 2 um steps from left to right (D) and top to bottom (E) to produce images
showing the length and height, and width and height respectively. See also Color Plate
Section page 343.

5. FUTURE STUDIES AND MODELS

Combining multiphoton microscopy with both tumor cell and
developmental biology models provides the capability to dissect the invasion
process in vivo. Our initial characterization of the process has revealed that
mammary epithelial cells show motility that is limited to specific sites of
invasion. Host cells such as macrophages can be highly motile, and
contribute to the ability of the epithelial cells to invade the surrounding
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stromal components. Gradients of chemotactic factors such as epidermal
growth factor can enhance invasion in vivo. Matrix fibers may guide the
invasion process.

The field is now poised to make use of genetic manipulations and
transplantation studies to evaluate the contributions of specific cell types and
proteins on ductal invasion and breast cancer progression. For xenograft
models involving injection of cell lines, regulatable siRNA as well as
traditional gene expression constructs will provide the ability to determine
the roles of specific proteins in invasion. For transgenic models of cancer,
recent advances in gene modification approaches allow the targeting of gene
overexpression or null mutation to a cell or tissue of interest in a highly
regulated manner. As discussed earlier, protein overexpression can be
targeted to the mammary gland epithelium using the MMTYV promoter, and
regulated using gene manipulation approaches, including tetracycline
operated promoters. Cell and tissue specific knockouts are also now
available, employing floxed genes and cre driven by a cell specific promoter.
Cells are then tracked in vivo using eGFP tags and the multiphoton
microscope. To further concentrate studies on the tissue and cell type of
interest, genetically modified mammary epithelium, bone marrow or even
whole mammary gland can be transplanted into normal host mice, and the
effects observed in real time.

An important advance to in vivo imaging technology will be the
simultaneous imaging of multiple cell types during the invasion process.
Imaging of both stromal and tumor cells during invasion will help to more
precisely define roles for specific cell types in enhancing metastasis. At
present eGFP is commonly expressed in transgenic animals, allowing only
one cell type to be fluorescently labeled, and analyzing interactions between
two cell types requires a second, different fluorescent tag. Currently,
macrophages can be marked using labeled dextrans. It is anticipated that
transgenic animals carrying eCFP, eYFP and RFP will be available in the
near future, and will greatly improve the opportunities for viewing how
specific cell types interact in vivo with tumor cells during invasion.
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Abstract: Recent advances in imaging and three dimensional cancer models have sought
to expose the metastatic behavior of cancer by recreating appropriate tumor-
host environment, ex vivo. In this review we will highlight some of the most
recent advances in imaging using multiphoton microscopy, with a discussion
on contributions of 2D and 3D systems most commonly as tumor assays for
dissecting tumor biology, and pharmalogical efficacy. Lastly, we will discuss
our previously described organotypic liver perfusion system and it’s potential
impact to cancer research.
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1. INTRODUCTION

According to the 2004 American Society for Cancer, cancer death rates
have not changed from 1950 to 2001 (1). This sobering fact motivates
continued research in all steps of cancer initiation and progression. In most
advance cancers, metastases are a primary contributor to overall mortality
and thus therapies directed at eliminating establishment and growth of
metastases are expected to have impact on overall mortality. There remains
however a critical deficit of accessible in vitro assays and model systems
that can capture the full spectrum of environmental cues that dictate the
behavior of cancer cells at the metastatic site.
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A variety of in vivo animal models are used to study metastasis. The
most common models involve tumors in animal hosts; these are often
xenografts of human tumor cells or fragments, animal allografts, or in situ
tumors. In vivo assays provide for the integrated process or subparts thereof
(such as for tail-vein seeding of lung fields) and have revealed many general
phenomena involved in metastasis, such as the roles of endothelial cells and
resident macrophages in host tissue invasion and for evaluation of potential
inhibitors (2-5). The advent of new imaging methods to follow behavior of
individual cells and metastases in vivo in real time offers even greater
possibilities. Still, in vivo models do not completely fulfill all the desired
features for replicating human metastasis. First, in xenografts, many key
cytokine and matrix signals do not cross species barriers, and most rodent
tumors are of limited generalizability to human tumors (6). Thus, some
phenomena representative of human metastasis may be easily found and
studied in animal models, while others may be missed. In vivo assays,
especially those that involve imaging at the individual cell level, are
cumbersome, often inefficient for metastases, and time-consuming limiting
the number of parameters that can be studied. Still, we have learned much
from these models as a result of great effort on the part of the individual
investigators.

Intravital and whole body imaging are increasingly being used to study
establishment and early growth of metastases in situ in animals. Intravital
imaging relies on confocal or multi-photon imaging to follow the behavior of
individual fluorescently-labeled cells within a particular target organ,
allowing dissection of cell-cell interactions involved in penetration of the
target tissue and providing a dynamic picture of tumor cell morphology as it
moves between the vascular space and the tissue. The depth of focus is less
than 0.5 mm and thus to gain images a portion of a target organ is exposed
and placed on the microscopy viewing platform. This approach has been
especially useful for characterizing primary-tumor, properties, growth rates
and mechanisms of metastasis to target organs (7). With fluorescence
markers, direct imaging of intravasation at the single-cell level within the
primary tumor has been observed and related mechanistically to metastatic
potential. For example, this approach has revealed that tumor cell arrest in
the vasculature is distinct from the hematopoietic rolling mechanism (8).
Segall and Condeelis and colleagues (7, 9) have imaged cells with confocal
microscopy after establishment of a mass in the tissue and demonstrated that
tumor cell lamellipodia are oriented towards vasculature and have increased
activity and motility. They have also further used intravital imaging to
reveal cross talk between macrophages and tumor cells in tissue invasion (4).
Multiphoton laser scanning microscope allows for deeper penetration of
tissue than does confocal imaging, and has been used to follow vascular and
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lymphatic vessel size and tortuosity, quantitative during growth of a tumors
arising in a dorsal skin flap from single cells injected into the animal (10).

Whole body imaging is also emerging as a powerful tool in determining
metastatic behavior of cancer cells and is becoming more widely used as the
instrumentation becomes more available and the probes and host systems
become more varied and well-characterized (11-14). Typically the cancer
cells are manipulated to express a reporter gene that allows tracking position,
and in some cases functional behavior, following metastasis from the
primary tumor. Reporter genes include GFP, RFP and other variants detected
by fluorescence imaging; luciferase genes from firefly and other organisms
detected by luminescence of the products of the oxidative cleavage of their
substrates; endogenous transferrin receptor, detected by magnetic resonance
imaging of iron accumulation; and a variety of metabolic genes that allow
intracellular trapping of radiolabelled substrates that can be detected with
high resolution by positron emission spectroscopy (14, 15). Reporter genes
can also provide a real-time window into the effectiveness of treatment
modalities, including gene therapy approaches (16). Whole body imaging
can also provide insights into the role of host stromal and immune tissues,
either by introduction of labeled cells that home to tumor (17), tissue level
imaging of nonluminous angiogenic blood vessels that appear as sharply
defined dark networks (18-20) or using animals engineered to express a
contrasting fluorescent label in stromal cells, (21).

Our focus here is the advent of ex vivo metastasis assays that seek to
recapitulate features of the in vivo environment. Such assays allow often
provided enhanced access to molecular-level information, are more
accessible (particularly in a context of drug discovery and development), and
offer the potential to provide a window into how human tumor cells behave
in the context of underlying human tissue. We highlight recent advances in
complex 3D in vitro models involving heterotypic cell cultures with an
emphasis on tissue engineering approaches.

1.1 Static Culture Invasion and Growth Assays

The most accessible approaches to modeling metastasis employ static
culture assays as a means to dissect molecular events in a reasonably
controlled way. An example of an invasion assay is the invasion chamber,
which in its simplest form is a thin (~0.1 mm) matrix barrier (typically
collagen or Matrigel) on a large pore-containing support in a modified
Boyden chamber, with the tumor cells placed on top of this barrier. After a
period of time, and in response to factors in the originating top or targeting
bottom compartment, the number of tumor cells that transmigrate this barrier
is determined. Such assays often allow enhanced assess response to soluble
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factors or to parse the roles of various cell-matrix interactions; for example,
Mercurio and co-workers used fluorescent beads embedded in Matrigel to
assess the tractile forces exerted by cancer cells on the extracellular matrix,
thus implicating basement remodeling during tumor invasion (22). Although,
a predominance of in vitro metastasis assays have concentrated on metastatic
cancer cells invading the basement membrane in situ, a similar design has
been successful in identifying molecular cues during extravasation.
Extravasation is evaluated by forming an endothelial cell monolayer,
typically with intact endothelial cells; tight junctions are verified by
electrical resistance or dye exclusion. Both assays have been useful in
defining cells that have invasive potential and parsing key regulatory
switches and cell behaviors. Retraction of endothelia away from the contact
point when contacted by cancer cells has been observed for endothelia
cultured on collagen gels and overseeded with mammary tumor spheroids
(23) and this behavior has been observed in vivo (2). For example, the HNF-
4 — mediated expression of Fas ligand by endothelia has been shown to kill
tumor cells that express high levels of Fas, and this observation has been
related back to expression in vivo to describe the possible differences in sites
of metastasis of certain tumors (24).

Obviously, each in vitro assay is limited by simplification. The matrices
presented are not truly representative of target organs having different
components and growth factors. The endothelial cell barriers are not
necessarily organ-specific. Other cellular elements, chiefly stromal cells
consisting of underlying epithelial cells, are lacking. Lastly, only
invasiveness is evaluated since there is no underlying parenchyma for
assessment of metastatic growth.

Beyond initial tumor cell invasion events, subsequent events in the early
stages of metastatic growth are also being examined in 3D monocultures and
cocultures of normal cells with tumor cells. One of the most universally
accepted forms of 3D model systems for cancer research are the monotypic
3D cell culture assays, which are possible to reproduce in almost any
laboratory. Spheroidal aggregates of cells have been used for decades to
create 3-D spheroids of tumor cells, using the spheroids as models of the
primary tumors and also to model the process of metastasis by shedding of
tumor cells. (25-29). Spheroidal aggregates of tumor cells in suspension are
an enduring model, and whereas early methods typically resulted in a broad
range of spheroid sizes, new methods of creating near monodisperse-sized
spheroids in a reasonably high throughput fashion have recently been
described (30), and these and other methods are being adapted to early stage
screening of anticancer drug efficacy (31).

While monocultures of spheroids in suspension provide a more realistic
phenotype than monolayer culture, the interplay between tumor cells and
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matrix is also a strong determinant of tumor phenotype and thus culture
systems that provide an in vivo-like matrix milieu are becoming favored for
dissection of basic disease processes (32, 33) A central theme of these assays
is the use of ECM to create a tissue relevant environment. Matrigel is
typically used for assays of epithelial behavior as includes many components
of basement membrane. A number of cell models have been coupled with
appropriate 3D matrices and show promising results in recapitulating tissue
functions in 3D (34). Studies have been reported for liver, salivary gland,
vasculature, bone, lung, skin, intestine, kidney and mammary and thyroid
glands, but arguably the most well characterized models have been with the
mammary gland. Both mouse and human mammary cells embedded in or
cultured on Matrigel adopt a spherical, polarized structure that resembles the
normal mammary alveolus (or acinus) that is capable of mammary-gland-
specific function (e.g., producing milk in response to lactogenic hormones)
(35-39). Pathophysiological behaviors that are similar to those observed in
vivo are also captured in this in vitro system, for example loss of polarization
and aberrant proliferation in the center of acini when signaling by epidermal
growth factor receptor (EGFR) family members is perturbed through
overexpression or mutations (33, 40). The mechanical environment —
rigidity of the matrix — can also be systematically controlled using synthetic
gels to which matrix proteins are cross-linked, and changes in cell signaling
and down-stream behaviors resulting from matrix compliance changes are
now being correlated with in vivo changes in tumor mechanical properties
(Val Weaver, personal communication). A powerful aspect of this assay is
the potential to adapt it to moderate or high-throughput screens for
metastasis (41).

Tumor-stromal interactions are emerging as a critical factor in growth of
metastatic tumors (42, 43). At a basic histological level, stroma appears as a
matrix-rich tissue populated by fibroblasts and permeated by a blood vessel
network. Many approaches have been described in the literature for creating
3D cultures of either fibroblasts or endothelial cells and using these cultures
to examine the interactions with cancer cells. To model tumors, the stromal
cells are typically mixed in a gel or cultured in a 3D scaffold, and the tumor
cell might be added directly on top of the gel containing fibroblasts or
endothelial cells, mixed in another gel layer on top, or various other
configurations (44-48). 3D in vitro co-cultures have been particularly useful
in revealing the profound effects of tumor-derived versus normal stroma in
contributing to malignant behavior of epithelial tumors (31, 43, 49), and in
identifying profiles of molecules secreted by tissue-specific stroma that may
foster tissue-specific growth of certain kinds of carcinomas (50, 51).
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1.2 3D Organoids cultured under flow conditions

Most tissues comprise a hierarchical arrangement of cells permeated by
capillary blood vessels. Tissue homeostasis is maintained in part by a
symphony of communication between the different cell types in tissue; each
cell receives signals from neighbors via direct cell-cell interactions, cell-
matrix interactions, and via soluble signaling molecules (cytokines and
growth factors). In addition, mechanical forces — such as shear stress on
endothelium from flowing blood — are converted to chemical signals that are
necessary for normal tissue function. As discussed above, both 3D culture
and heterotypic cell cultures are useful tools in dissecting dynamic processes
in tumor progression. Such models fulfill an important connection between
the well-defined cultures of single cell types and the complexity of the whole
animal. They also provide experimental models of human tissue responses,
where in vivo models are usually unavailable. A distinguishing feature of the
in vivo cell environment is that cells are typically within a few tens or
hundreds of microns from a nutrient capillary perfused with blood.

Thus various bioreactor configurations have been developed to provide
enhancement of mass transfer, shear stress, or both, by providing fluid flow
on or through cells. Bioreactors also offer the possibility of monitored and
tightly controlled environmental and operating conditions (e.g. pH,
temperature, pressure, nutrient supply and waste removal) (52). They also
have been proposed as the excellent models to more fully recreate the
complex in vivo environment ex vivo.

Tissue engineered model systems provide and promote a fundamental
understanding of structure—function relationships in normal and pathological
conditions, with possible commercial applications in molecular therapeutics
(e.g. drug screening) (53). Recent advances have been made in the
development of engineered tissue for repair of cartilage, bone, liver, kidney,
skeletal muscle, blood vessels, the nervous system, and urological disorders
(54-58). These system, repair being their primary function, also offer
relevant target organs study cancer metastasis and invasion.

Among the simplest bioreactors are fluid-filled spinner flasks, which
have been used for decades to create 3-D spheroids of tumor cells and create
environments which provide controlled mass transfer to the outside of the
spheroid (25-29, 34, 59). Spheroid formation of cancer cells are cell type
specific and time-dependent, since smaller spheroids may be relatively
homogenous when small or may have a necrotic center due to nutrient and
oxygen deprivation when larger (29, 60) (Figurel).

78



@ o 7 [rovess.

(b)

Figure 1. (a) Schematic illustration of the analogy between tumor micromilieu and
multicellular tumor spheroids (modified from Nederman et al., 1983. In Vitro 19: 479—488).
(b) representative H&E stained paraffin section through the center of a spheroid consisting of
large-T-antigen transfected, transformed human fibroblasts that express an extensive ECM. N,
necrosis; VR, viable cell rim; bar=150 _m. (c¢) sector magnification of (b).

The rotating wall vessel bioreactor (RWV) is an alternative spinner flask
design for three-dimensional culture of cells, and was developed to simulate
microgravity conditions. In this system, a cylindrical vessel filled with cells
and culture medium is rotated about an axis parallel to the ground, thus
balancing gravity with fluid drag forces and creating a low-shear stress, high
mass transfer environment (61). The environment in the RWV has been
shown to foster tissue-like structures of mullerian tumor cells of the ovary
and prostate (59) and melanoma cancer cells (62) as assessed by histology.
Inclusion of human umbilical vein endothelial cells with cervical tumor cell
cultures resulted in tubular structures penetrating the tumor cell masses,
forming aggregates larger in size than the monocultures and typically with
greater cell mass and number (63) cervical tumor cells and human umbilical
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vein endothelial cells (HUVEC). Of particular interest was that these 3D cell
cultures to show biochemical markers known to be involved with cellular
function and cancer progression. Cell aggregates formed in RWV
bioreactors have also been used as model systems to test therapeutic options
which include radiation resistance, phenotypic differentiation, and response
to anti-cancer drugs. Among the potential limitations of the RWV are the
polydispersity of spheroid sizes and the barriers to in situ imaging of cell
behavior.

Microfluidic bioreactors offer the potential for more homogeneous,
controlled formation of 3D structures and thus potentially better-controlled
exposure of cells to agents that affect cell behavior in the context of a 3D
environment. A step in this direction is the recent report by Torisawa and
co-workers, where 3D culture of MCF-7 breast cancer cells in a collagen gel
was controlled in tiny chambers in a microfluidic device, and could be used
in a multiplexed format to assess efficacy of anti-tumor compounds (64).
Although it remains to be demonstrated that this approach will work well on
a large scale, the success of “lab on a chip” chemical assays suggests the
barriers are not insurmountable.

1.2.1 Flow Perfusion Bioreactors

Although a rich array of three dimensional co-culture models have been
developed for investigations of behaviors ranging from tumor angiogenesis
and embryonic differentiation to skin permeation of drugs, the available
models lack one crucial feature of most tissues — a perfused
microvasculature. Inclusion of endothelial cells in the RWV or in static
cultures provides some features of tissue structure, but the lack of flow
through the vessels limits the ability of these systems to mimic tissue
physiology.

Thus an organotypic system would ideally include several features 1) an
integrated epithelial/stromal/endothelial cell architecture representing the
key target organ; 2) long-term (weeks) stability to allow tumor cell survival
and growth; 3) controlled local perfusion of the organoid structures over
length scales comparable to a capillary bed; 4) direct visualization
throughout the process to discern subprocesses such as extravasation versus
growth; 5) easy manipulation and intervention; and 6) assay robustness in
reproducibility and moderate or high throughput.

As a step toward creating true physiological mimics of human and animal
tissues that recapitulate the features of a capillary bed, we have developed a
microfabricated bioreactor system that facilitates perfusion of 3D heterotypic
co-cultures at the length scale of the capillary bed in an arrangement that
also allows in situ analysis of cell behavior via microscopy (58, 64, 65).
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This system circumvents rapid loss of liver specific functions that normally
occurs when hepatocytes are maintained under standard culture conditions
thus providing a reasonable model system for the testing of tumor-host
interactions in ex vivo environment. The liver is a major site of metastasis for
many carcinomas, and its anatomically relevant for metastasis models due to
a simplified architecture of hepatocytes covered with an endothelial lining,
and can be recreated in vivo via selective cell adhesion and cell self-
assembly (58, 65, 66).

Our cross-flow perfusion reactor is designed to address several needs for
3D liver tissue culture (58, 65). The classical challenges in reactor design
for three dimensional perfusion culture — ensuring a relatively homogeneous
distribution of flow and mass transfer throughout the system to meet the
metabolic demands of the cells — are augmented in the case of three
dimensional cultures of primary cells by the need to provide a scaffold
appropriate for tissue morphogenesis. Varying degrees of histotypic
reorganization have been observed in several types of three dimensional
liver cell cultures, particularly those incorporating perfusion through the
tissue mass (67-71). Distinguishing features of our design include: an
appropriate scaffold for tissue morphogenesis; uniform distribution of fluid
flow and nutrients throughout the 3D culture; and an optical window to
allow repeated in situ observation of cells via light or 2-photon microscopy
during perfusion culture.

A photo and schematic cross-section depicting the major design features
of our current reactor (as used for liver culture) is shown in Figure 2. The
heart is the cell scaffold, comprising a thin (~230 pm) silicon sheet
permeated from top to bottom by a regular array of ~300 um channels
(created by deep reactive ion etching) and seated atop a microporous filter,
which is in turn mechanically supported by a second scaffold. The
morphogenesis of cells into tissue-like structures following seeding into the
channels is guided in part by scaffold surface chemistry, which controls the
relative values of cell-cell and cell-substrate adhesion strength, and by the
channel geometry and dimensions. The scaffold is maintained between the
upper and lower chambers of a flow-through housing. Each chamber has a
pair of ports to allow flow of culture medium across the surfaces of the chip.
The arrangement of the ports allows for several modes of operation. Under
our current mode of operation for liver tissue, the fluid in the upper chamber
is initially maintained at a higher pressure than that in the lower chamber,
thus creating a driving force for perfusion of culture medium through the
tissue in the channels immediately after cells are introduced. Cells seeded
into the channels are initially held in place by the filter, and after initial
attachment and reorganization (~ 1 day), by adhesion to the channel walls.

81



et resenvar

Figure 2. Photo of the silicon-chip scaffold (lower left) and polycarbonate microreactor
housing that holds the scaffold and provides four ports for continuous flow of culture medium
across the top of the scaffold and through the tissue mass held within the scaffold. An optical
window at the top allows in-situ observation of the tissues by two-photon microscopy. Right:
Schematic of scaffold and reactor housing shown in cross-section, indicating the connections
to recirculation loop and observation window. The main flow of culture medium is across the
top of the chip in the upper chamber (pump 1). Flow through the tissue mass in the chip is
maintained at a constant rate by either pulling medium through or pumping medium in reverse
flow through with the second pump. See alos Color Plate Section page 344.

After 1-2 days in culture, fluid flow through the channel is reversed (i.e.,
to flow upward through the filter and then through the tissue mass),
dislodging any dead or unattached cells. This reverse flow is controlled by a
peristaltic pump throughout the remainder of the culture period, and in the
case of liver, stable tissue structures are maintained for weeks, thus creating
appropriate environment for cancer cells.

Metastasis is a highly orchestrated series of events comprised of many
“sub-processes” whereby cancer cells must attach, proliferate, and invade the
parenchyma of specific target tissue (Figure 3a). Using our cross-flow
perfusion bioreactor we were able to recreate the progression of invasion and
metastasis with the added advantage of real-time visualization by
fluorescence microscopy over several weeks. GFP expressing cancer cells
were introduced into previously seeded, and established hepatic parenchymal
spheroids. Initially, individual cancer cells occupy the hepatic wells.
However cancer cells overgrow the hepatic wells and the rest of the chamber
by day 14 (Figure 3b). During this rapid and visually apparent growth of
cancer cells, invasion into hepatic parenchyma also occurs, with very distinct
heterotypic cell-cell interactions observed upon histology and electron
microscopy (72, 73).

Unlike enclosed bioreactors, this bioreactor allows for repeated
visualization and affords the opportunity to examine critical processes
underlying the metastatic program over time, such as cell specific
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proliferation, death and tissue organization. Interaction of metastases with
the parenchymal cells of the target organ, as well as resident ECM and
endothelial cells are required to fully recapture the microenvironment
presented to and modified by the metastatic cancer. As more advanced
tissue engineered models are generated to determine cellular responses of
many organs, research should include alternative applications, as these
systems could possibly represent the leading models for metastasis and
invasion.

b.

DU- 145 Hepatocytes ~ Pace
GFP (Bright)

Figure 3. (a) Schematic illustration of the tumor related events that occur in bioreactor. (b)
Light micrograph of 4 channels of coculture from 2 to 14 days. Dark grass green area is
hepatic tissue, bright yellow is autofluorescence from underling filter, and bright green are
GFP DU-145 human prostate cancer cells.

&3



2. SUMMARY

The use of tissue engineered cancer cells may have a profound impact on
advancements in cancer research. /n vitro generation of 3D tissue from
isolated cells has attempted to overcome the limitations of individual and co
culture systems. The level of control over specific environmental factors in
3D cultures can provide the systematic means to perform controlled studies
aimed at understanding which specific biological, chemical or physical
parameter plays which function in a defined environment. As we continue
cancer research, researchers must develop more specific models to derive
clinically relevant conclusions. Bioreactors offer this advantage, creating an
interdisciplinary approach to identify environmental conditions required for
the progression of cancer in specific tissues. These systems will prove
invaluable not only to understanding tumor biology, but will provide insights
into the tumor micro milieu, thus increasing our understanding of the
dynamic cancer process. Imaging within these systems also significantly
enhances the opportunity to investigate biological changes within the context
of the metastasis environment. Therefore the development of new tissue
engineered systems must be multifunctional with variable applications
possible.
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Chapter 5

AUTOCRINE GROWTH FACTOR SIGNALING
IN MOTILITY
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1.

The objective of this chapter is to summarize our current understanding of the
role of growth factor autocrine signaling in cell motility. The Epidermal
Growth Factor Receptor (EGFR) was chosen as a central example system for
motivating autocrine operation as important in both normal physiological
processes as well as pathological conditions such as cancer. We provide
specific evidence from research literature for autocrine stimulation of cell
motility measured in vitro, from several cell lines, and in vivo from mouse
models. Relevant growth factors include the EGFR ligands TGF-alpha, HB-
EGF, and Amphiregulin, as well as members of other growth factor families
including FGF, G-CSF, GM-CSF, HGF and VEGF. Results from autocrine
systems that involve EGFR crosstalk are also discussed, including GPCR and
IL-6 mediated activation. We outline the cellular parameters, determined by
experimental and computational work, that govern autocrine operation and the
spatial range of autocrine ligands. We also present intercellular signaling
pathways relevant to cell motility that may be involved in propagating
localized signals from the cell surface. Finally, we review experimental
findings that demonstrate how the mode of growth factor presentation can
affect cell migration behavior.

autocrine signaling, EGF receptor, erbB receptors, mathematical modeling

AUTOCRINE GROWTH FACTOR SIGNALING

The term autocrine signaling was first proposed by Sporn and Todaro to
describe the type of self stimulation that could occur if a cell produced both
a hormone-like factor and the cognate receptor (1). Normal cell growth in

89

A. Wells (ed.), Cell Motility in Cancer Invasion and Metastasis, 89-109.
© 2006 Springer. Printed in the Netherlands.



culture required the addition of specific growth factors, whereas malignant
cells could grow autonomously without the same exogenous supplements.
While growth factor autocrine amplification or dysregulation has become
one of the hallmarks of cancer, autocrine signaling is also now known to be a
mode of signaling involved in normal physiological processes (2-4). For
example, growth factor autocrine signaling has been implicated in wound
healing (5), angiogenesis (6), and tissue organization during development (7).

A prominent example of autocrine growth factor signaling that is
involved in numerous cell types and cellular responses is the Epidermal
Growth Factor Receptor (EGFR) system. EGFR belongs to the ErbB family
of receptor tyrosine kinases, which has several known EGF-like ligands (8).
ErbB signaling plays an important role in normal epithelial cell proliferation,
development, survival, adhesion and migration (8-10). Beyond its role in
normal physiology, dysregulated ErbB signaling is also extremely important
in cancer progression (11, 12). The EGFR and the EGFR ligands are
expressed or overexpressed in several human cancers, for example lung,
breast, gastric, pancreatic, colon, head and neck, prostate, ovarian, and brain
cancers (13-21). Altered ErbB signaling can lead to aberrant, growth
promoting signals that may have a major impact on tumor initiation,
progression, and metastasis.

EGFR ligands include EGF, TGF-alpha, HB-EGF, betacellulin,
amphiregulin, epiregulin, and epigen (22). These ligands are produced as
membrane-bound peptides and proteolytic cleavage between the ligand and
the membrane-spanning region releases the ligand from the membrane. The
region between the receptor binding domain and the transmembrane domain,
the ligand releasing cleavage site, is highly variable among the EGFR
ligands, although they are key determinates of ectodomain shedding (22, 23).
The ligands have the potential to signal in an autocrine, paracrine, and/or a
juxtracrine mode depending on extracellular proteolytic processing. While
an autocrine-signaling mode is characterized by ligands that are released
from the cell surface in an active form and bind to receptors on the same
cell, paracrine signaling involves the capture of ligand released from a
neighboring cell, see Figure 1. Juxtacrine signaling involves ligand-receptor
binding between a cell expressing the membrane-bound ligand and an
adjacent cell that expresses the correct receptor, an event that does not
involve ligand cleavage and requires direct contact between the stimulatory
and target cell.

Members of the ADAM family of metalloproteases proteolytically
release the EGFR ligands from the cell surface. Although TACE/ADAM 17
is known to be involved in TGF-alpha, HB-EGF, and AR release, the full
identities and regulation of the metalloproteases involved in EGFR ligand
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shedding are currently under investigation (22, 24-26). There is evidence
that TGF-alpha and HB-EGF shedding is stimulated by signals downstream
of the EGF receptor, such as PKC and MAPK activation, creating a positive
feedback mechanism that may involve metalloprotease phosphorylation
(27-30). Activation of the ERK pathway has also been implicated in increasing
the transcription of EGFR ligands, creating an additional positive feedback
(27, 31).

‘Local’ (autocrine) ‘Community’ (paracrine)
operation operation
[
4
[}
: ! @
|

Figure 1. llustration of autocrine vs. paracrine signaling. The green circle represents a cell
that produces a ligand and expresses the receptor for the ligand. The blue circles are
neighboring cells that also express the receptor. Red receptors are occupied by ligand, which
leads to intracellular signling. (Left) Case of autocrine operation, essentially all of the ligand
produced is captured locally. (Right) Case of paracrine operation, with very little ligand
captured by the producing cell. (Adapted from DeWitt et al., 2002). See also Color Plate
Section page 344.

Due to the intrinsic and closed-loop nature of autocrine signaling
systems, identification and experimental analysis of true autocrine effects on
cellular behavior is a challenge (32). While there seems to be lots of
evidence for the role of autocrine signaling in cell proliferation, less is
known about whether autocrine mechanisms may be involved in the
transition to, or control of a motile cellular phenotype. To this end, several
cell types and growth factor families have been studied in vitro using various
migration assays, while fewer studies have addressed this question in vivo.
Experimental results that provide evidence for the role of growth factor
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autocrine signaling specifically involved in cell motility are presented below
with emphasis on the EGF receptor system as an example.

2. EVIDENCE FOR ROLE OF GROWTH FACTOR
AUTOCRINE SIGNALING IN CELL MIGRATION

2.1 EGFR System

2.1.1 In Vitro

Gavrilovic et al. transfected a rat bladder carcinoma cell line (NBTII)
with a gene encoding TGF-alpha that resulted in an epithelial to fibroblast-
like morphological transition (33). Clones were plated on glass coverslips
and cell migration was measured using videomicroscopy and cell tracking.
TGF-alpha synthesizing cells and parental cells stimulated with conditioned
media achieved higher migration speeds compared to the parental cells
stimulated with exogenous TGF-alpha. The transfected cells also acquired an
increase in gelatinase synthesis.

Elevated levels of the EGF receptor and expression of its ligands have
been found in human prostate carcinomas (34). The DU145 prostate
carcinoma cell line expresses TGF-alpha and EGFR, which are involved in
growth stimulation (35). Xie et al. investigated the involvement of this
autocrine stimulation in transmigration of an in vitro matrix (36). The
parental DU145 cells were transfected to overexpress EGFR. The EGFR
overexpressing variant showed an increased migration through the matrix
compared to the parentals. The increased matrix invasion of the EGFR
overexpressing cells was inhibited upon addition of an anti-EGFR antibody.
The EGFR overexpressors and parentals secreted similar levels of
proteolytic activity and thus in this invasion assay the increase in migration
was determined to be autocrine stimulated and potentially independent of
matrix degradation.

TGF-alpha expression has been found in human gliomas and has been
correlated with tumor grade (37, 38). EI-Obeid et al. demonstrated that the
expression of TGF-alpha in an EGFR expressing human malignant glioma
cell line (U-1242 MG) induced cell locomotion (39). '“I-labeled EGF
binding studies showed that 60% of EGF specifically bound to cells induced
to express TGF-alpha compared to the same clone that was repressed using a
tetracycline regulated gene expression system. Receptor phosphorylation of
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derived clones was similar to repressed cells also stimulated with exogenous
EGF. EGFR phosphorylation levels were also found to be independent of
cell seeding density. Phagokinetic track area of individual cells in an in vitro
migration assay was higher for autocrine-induced cells. An EGFR blocking
antibody only slightly decreased cell track area of the induced TGF-alpha
expressing clones, whereas exogenously added TGF-alpha was completely
neutralized by the antibody. These results showed that co-expression of
EGFR and TGF-alpha enabled individual glioma cells to operate in an
independent, migratory manner, where EGFR activation may have occurred
in cell regions inaccessible to blocking antibodies.

Dong et al. investigated the effect of a broad-spectrum matrix
metalloprotease inhibitor on EGFR ligand release and migration of a human
mammary epithelial cell line (WMEC) (40). The TGF-alpha concentration in
hMEC-conditioned media and the speed of individually tracked cells seeded
at low density decreased in presence of the inhibitor. Exogenous EGF
reversed the inhibitory effect on migration speed, suggesting that the release
of the endogenous ligands, such as TGF-alpha or amphiregulin, was
necessary for EGFR stimulated motility in this cell system.

The migration of sheets of corneal epithelial cells in a wounding assay,
which involved lifting an agarose strip to induce a gap without cell damage,
was shown to be dependent on HB-EGF signaling (41). Addition of an
EGFR kinase inhibitor abolished the wound closure in this in vitro system.
Incubation with an EGFR or a HB-EGF neutralizing antibody also inhibited
wound closure. Inhibition of the biological activity of HB-EGF with a non-
toxic diphtheria toxin analog also reduced wound closure of the corneal
epithelial cell layers.

EGFR autocrine signaling has also been found to stimulate cell motility
as a result of cell signaling crosstalk. Interleukin (IL)-6 is a member of the
IL-6-type cytokine family and is involved in the immune response,
inflammation, and hematopoiesis (42). Badache et al. investigated the
mechanism by which IL-6 increased breast carcinoma cell migration in an in
vitro transwell assay (43). Activation of the MAPK and PI3K signaling
pathways were required for IL-6 induced cell migration. Both the addition
of an anti-EGFR antibody and an EGFR kinase inhibitor also decreased the
IL-6 induced migration. Although the identity of the EGFR ligand(s)
involved were not determined, these results showed that IL-6 stimulated
breast carcinoma cell migration through transactivation of an EGFR
autocrine pathway and downstream activation of MAPK and PI3K.

EGFR activation has also been implicated in crosstalk with G Protein-
Coupled Receptors (GPCR) (44). Gschwind et al. examined GPCR
stimulated migration of squamous cell carcinoma cells using an in vitro
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transwell assay (45). Lysophosphatidic acid induced activation of GPCR
resulted in proteolytic cleavage of membrane bound pro-amphiregulin
(proAR). RNA silencing of proAR decreased LPA stimulated migration.
Addition of an AR neutralizing antibody inhibited LPA aggravated EGFR
tyrosine phosphorylation. LPA induced AR release and cell migration was
also inhibited by RNA silencing of the membrane bound metalloprotease
TACE. Although the mechanism of TACE activation was unknown, the
shedding of AR was shown to be involved in GPCR-EGFR crosstalk and
cell migration in this experimental system.

EGFR and GPCR crosstalk has also been implicated in bombesin
stimulated migration of prostate cancer cells in vitro. Bombesin is a
neuropeptide that was first isolated from the skin of the frog Bombin
bombina and later found to have a mammalian equivalent, gastrin-releasing
peptide (GRP), that binds a family of GPCRs (46). GRP receptor
overexpression has been identified in prostate cancer and bombesin has been
shown to influence prostate cancer cell migration in vitro (47, 48).
Madarame et al. investigated in involvement of HB-EGF shedding in
bombesin stimulated prostate cell migration (49). The addition of a
metalloprotease inhibitor decreased bombesin induced HB-EGF shedding
and EGFR tyrosine phosphorylation.  Addition of either an anti-EGFR
antibody or the metalloprotease inhibitor partially reduced migration of
bombesin stimulated cells in an in vitro wound assay.

EGFR autocrine signaling has recently been implicated in the role of
TNF-alpha induced cell motility (50). TNF-alpha is a cytokine that has been
shown to induce cytotoxicity and apoptosis in transformed cells while it is
also thought to illicit pro-survival signals in normal cells (51, 52). Chen et
al. investigated the role of EGFR crosstalk in mediating TNF induced signals
in a normal hMEC cell line (50). TNF stimulated hMEC proliferation and
migration in an in vitro transwell migration assay. The addition of TNF also
stimulated shedding of TGF-alpha in a dose-dependent manner. TNF
stimulated cell migration was decreased in the presence of a metalloprotease
inhibitor or an EGFR kinase inhibitor. A late phase of ERK activation was
also inhibited in the presence of the metalloprotease inhibitor suggesting that
autocrine activation of the EGFR was involved in this secondary ERK
signaling peak.  These results implicated a novel role for EGFR
transactivation in mediating TNF induced cell responses in this hMEC
system.

2.2 In Vivo

As discussed earlier, Xie et al. demonstrated that endogenous EGFR
autocrine signaling stimulated engineered DU-145 prostate carcinoma cell
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migration in vitro (36). Subsequently, Turner et al. inoculated athymic mice
with the parental cells and the EGFR overexpressing cells to determine if the
results of increased transwell migration in vitro corresponded to in vivo
tumor progression (53). Both the parental and EGFR overexpressing DU-
145 cells formed tumors that metastasized to the lung when inoculated into
the prostate and peritoneal cavity, although the EGFR overexpressing tumors
were more invasive. Injections of a PLC-gamma inhibitor reduced tumor
invasiveness, as measured by the extent of tumor cell penetration of the
diaphragm, suggesting a role for EGFR-mediated cell migration in this in
vivo tumor invasion model.

Pilcher et al. demonstrated that keratinocyte migration depended on
EGFR signaling using a phagokinetic assay (54). Inhibition of the EGFR
using either a kinase inhibitor or an anti-EGFR antibody decreased the
relative migration area and the production of collagenase-1 in a primary
keratinocyte cell system shown to express EGF, TGF-alpha, amphiregulin,
and HB-EGF when plated on type I collagen. These results were tested in an
in vivo porcine burn wound-healing assay. Wound incubation with an EGFR
inhibitor resulted in significant decrease in burn re-epithelialization
compared to control treatments, implicating a role for EGFR autocrine
signaling in burn wound closure. In another study, Tokumaru et al. used a
murine punch biopsy wound model to investigate the importance of EGFR
ligand shedding in in vivo cutaneous wound healing (5). Incubation with a
metalloprotease inhibitor resulted in a lack of keratin staining in excised skin
wound histology in contrast to the control treatment. These inhibitory
effects were reversed upon addition of recombinant HB-EGF, suggesting
that the shedding of EGFR ligands may play an important role in
keratinocyte migration and would healing.

The AP-1 stress response transcription factor is composed of a
heterodimer of Fos and Jun proteins and has been implicated in the normal
development of the epidermis (55, 56). The EGFR and its ligand HB-EGF
are both known AP-1 target genes (57, 58). Li et al. created a transgenic
mouse lacking c-jun in the epidermis (59). These transgenic mice were born
with open eyelids, a phenotypic result also seen in mice born with gene
disruption of the EGFR or TGF-alpha (60, 61). The conditionally ¢-jun null
mice also had decreased EGFR expression and phosphorylation at the
epidermal eyelid tip, and had slower wound closure rates of punch biopsies.
Addition of exogenous HB-EGF rescued the impaired motility of ¢-jun null
keratinocytes in an in vitro scratch assay. Together these results suggest that
the activation of positive EGFR feedback is involved in leading edge
epidermal sheet migration (62).
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2.3 Examples of Other Growth Factor Families

2.3.1 FGF

Basic Fibroblast Growth Factor (bFGF, also known as FGF-2) is a
member of a large family of heparin-binding growth factors and is known to
have various influences on several cell types (63). In particular, FGF
signaling is known to be involved in the migration of endothelial cells and is
a therapeutic target for inhibition of angiogenesis in tumor progression (64).
Endogenous bFGF was shown to regulate endothelial cell movement in an in
vitro scratch assay (65). Migration of confluent bovine aortic endothelial
cells past a razor-induced wound edge was inhibited upon addition of an
anti-bFGF antibody. The addition of soluble recombinant bFGF reversed the
inhibitory effects of the ligand-neutralizing antibody. Although this work
was the first documented evidence of autocrine activity of the bFGF ligand,
it was not known how the ligand reached the extracellular space and whether
the method for cell removal may have caused cytoplasmic ligand leakage
from dead cells at the wound edge.

Mignatti et al. later validated that bFGF stimulated cell motility of
cultured fibroblasts in an autocrine manner (66). NIH 3T3 cells were
transfected with bFGF cDNA and single cells were plated on colloidal gold-
coated coverslips. Increasing phagokinetic cell track areas were correlated
with the level of endogenous bFGF. The cell clone that produced the highest
amount of bFGF did not show an increase in migration upon addition of
exogenous, recombinant bFGF, which suggests that the cells had reached a
state of receptor saturation or a maximum migratory stimulation at this level
of endogenous ligand production. Addition of anti-bFGF reduced the
motility of the isolated, transfected cells. These results indicated that
extracellular bFGF could stimulate cell motility of the cell producing the
ligand, experimentally indicating that the bFGF ligand can act in a ‘true’
autocrine manner.

2.3.2 G-CSF/GM-CSF

Granulocyte colony-stimulating factor (G-CSF) and granulocyte
macrophage colony-stimulating factor (GM-CSF) stimulate growth and
differentiation in the hematopoietic system, are produced by many cell types,
and have also been found to be expressed by non-hematopoietic tumor cells
suggesting their involvement in tumor growth and invasion (67-70). Mueller
et al. analyzed RNA and protein expression of G-CSF, GM-CSF, and their
receptors in 22 human gliomas and derived cell cultures (71). The

96



co-expression of these ligands and their cognate receptors correlated with
advanced tumor stage. Receptor and ligand expression also influenced the
migration of the glioblastoma cell lines as shown in an in vitro wound assay.
A derived cell line expressing both ligands and receptors had an increase in
both the distance traveled and number of cells moving into the wounded area
compared to a similar cell line expressing only G-CSF and both receptors.
The addition of either an anti G-CSF or an anti GM-CSF monoclonal
antibody reduced migration of the wound edge. These results suggest that
G-CSF and GM-CSF autocrine signaling may contribute to increased cell
migration in late stage glioblastomas.

233 HGF

Hepatocyte growth factor (HGF) is secreted by cells of mesodermal and
mesenchymal origin, stimulates growth and migration of epithelial and
endothelial cells that express the HGF receptor (HGFR), and HGFR
signaling has been shown to be involved in processes such as placental
development and liver regeneration (72, 73). Overexpression of HGFR, also
known as the met proto-oncogene, lead to aberrant growth formation in a
mouse model and HGFR has been found to be overexpressed in several
types of cancer (74-76). Vadnais et al. used Moloney sarcoma virus (MSV)
transformed polarized epithelial MDCK cells to determine that the autocrine
activation of HGFR is associated with the pseudopodial protrusion and
acquisition of a motile, invasive phenotype in vitro (77). The invasive
variant derived from this cell line showed constitutive HGFR
phosphorylation and increased migration distances as measured using
videomicroscopy and nuclear tracking. The addition of an anti-HGF-alpha
antibody decreased cell motility, increased pseudopodial retraction and the
number of cell-cell contacts of the MSV-MDCK invasive variant.

234 VEGF

The vascular endothelial growth factor (VEGF) is known to play an
important role in angiogenesis and increased expression has been associated
with cancer progression (78-81). A recent study looked at the role of VEGF
and other neurophilin-1 (NP1) ligands in the regulation of breast carcinoma
cell migration towards conditioned media in vitro (82). An antagonistic
relationship exists between VEGF and the migratory inhibitor SEMA3A.
The autocrine production ratio of these competing ligands correlated with
chemotactic potential of three breast carcinoma cell lines. RNAi reduction
of VEGF and expression of a mutant, constitutively active NP1 coreceptor
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plexin-A1l decreased migration while RNAIi reduction of NP1 and SEMA3A
expression increased transwell migration. This work demonstrated the
involvement of VEGF autocrine signaling in breast carcinoma chemotaxis
through the inhibition of an endogenous migration suppressor (81).

3. SPATIAL LOCALIZATION ISSUES

Up to this point, we have focused on evidence in the literature for
involvement of autocrine growth factor signaling in cell motility phenomena.
We wish to now consider key aspects of mechanisms underlying these
phenomena, focusing our attention on features of autocrine signaling
systems that might be of particular importance for governing cell migration
behavior. These features primarily revolve around the spatial distribution of
autocrine ligands, their receptors, and generated downstream signals,
because the central characteristic of autocrine systems distinguishing them
from paracrine and/or endocrine systems is their potential action on the
producing cell or proximal neighbors.

3.1 Cellular Control of Growth Factor Spatial
Distribution

Autocrine signaling has typically been difficult to investigate using
standard techniques since the production, release, and binding of a ligand
within a cell operate in a ‘closed loop’ fashion (32). Therefore, several
modeling approaches have been used to gain insight about the parameters
that govern the dynamics of autocrine operation complemented by a growing
body of experimental work. Two modeling approaches, one that used
Brownian-motion theory and computer simulations to calculate the
trajectories of the released ligands, and another that used continuum
reaction-diffusion equations to model the fluxes of the ligands, both suggest
that EGFR autocrine loops could be highly localized on the order of less than
a cell diameter (83, 84). Using a microphysiometer assay to measure
receptor ligand binding, Lauffenburger et al. showed that anti-receptor
antibodies were far more effective than anti-ligand antibodies in inhibiting
autocrine signaling, suggesting experimentally that these signals may operate
in a spatially-restricted, local manner (85). The modeling work by
Shvartsman et al. also implicated that altering the ligand diffusion
coefficient, the density of cell surface receptors, the ligand secretion rate,
and the rate constants for ligand binding and endocytic internalization could
modulate the spatial range of the growth factors (84). Oechrtman et al. used a
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tetracycline-controlled TGF-alpha expression system in mouse B82L
fibroblasts transfected with an EGFR gene to validate a model for the escape
of autocrine ligands into the extracellular bulk media (86). Their
experimental results suggested that the ligand secretion rate, receptor
availability, and cell density in culture controlled the rate of ligand
accumulation in the media.

DeWitt et al. performed a rigorous set of experiments to show that the
fraction of ligand that is captured by the producing cells is a function of
ligand secretion rate and receptor synthesis rate, using a human EGF/EGFR
autocrine loop engineered into mouse fibroblasts (87). In this study, the
ligand production rate was varied using the tet-off expression system and the
ligand release rate was modulated by addition of metalloprotease inhibitors.
The number of surface accessible receptors was varied using an EGFR
blocking antibody. The ligand secretion rate, VL, was measured using an
EGF ELISA, and the appearance rate of the receptors, VR, was calculated
under specific antibody concentrations by solving a kinetic model describing
receptor-ligand, receptor-antibody binding, and trafficking at steady state.
The fraction of total and surface receptors occupied was measured by
analyzing microphysiometer-based assay results using a quantitative model
of ligand release and receptor dynamics (85). At VL/VR ratios of less than
0.3, almost no ligand was found in the conditioned medium, however,
30-40% of the receptors were occupied. At levels of ligand secretion sufficient
to occupy >90% of the receptors, the fraction of ligand captured dropped to
<10% and the VL/VR ratio increased to >1. These results suggested that a
significant amount of autocrine signaling could occur even when the amount
of ligand in the conditioned medium is close to the limits of experimental
detection. Later work by DeWitt et al. showed that ligand-receptor affinity
also regulates the spatial range of the fraction of ligand captured using an
EGF mutant with a lower affinity for the EGFR (88). The mutant ligand was
captured less efficiently, shifting the relationship between VL/VR and the
fraction of ligand captured.

Recent computational work by Maly et al. also predicted that single cells
are capable of achieving autocrine signaling on a dimension smaller than the
cell diameter (89). Depending on the state of several cellular parameters,
from an initial state of uniform ligand release and intracellular signaling, this
dynamic model of extracellular and intracellular EGFR signaling could
achieve a state of no signaling, uniform signaling, or a state of steady
polarized ligand release and downstream signaling on a subcellular scale. In
this model ligand shedding rate, receptor density, the strength of intracellular
negative feedback, and the concentration of adaptor molecules in the EGFR
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signaling cascade were all sensitive parameters that determined the final
signaling state.

Together these modeling and experimental results begin to describe how
the spatial range of growth factor signaling is dependent on several cellular
parameters. Drosophila oogenesis is an example of a complex process that
is thought to require the production of multiple growth factors and both
paracrine and autocrine signaling events for proper development of two
dorsal eggshell appendages (7, 90). While the spatial range and fraction of
extracellular ligand that is captured by the producing cell may vary, it is
important to also consider how the spatial distribution of available ligand
translates to the distribution of receptor activation and intracellular signaling
events and subsequent cell behavior.

3.2 Spatial Range Of Ligand Signaling Events

Does the spatial distribution of ligand signaling affect downstream
signaling and potentially cell behavior? Since previous work had implicated
that EGF-induced de-adhesion during cell motility required the activation of
calpain, Glading et al. investigated the importance of intermediate ERK
localization on this regulation (91, 92). An internalization-deficient EGFR
construct was able to activate calpain, while both membrane and cytosolic
localized EGFR was shown to activate ERK. Membrane-targeted ERK was
sufficient for calpain activity and cell de-adhesion, however when
membrane-associated ERK was sequestered, EGFR-mediated calpain
activation and de-adhesion was reduced. Results from Kempiak et al.
showed that cells stimulated locally with EGF coated beads had less diffuse
activated ERK when compared to cells stimulated with exogenous EGF,
which suggests that active ERK may also remain somewhat localized in
response to a polarized stimulus (93). Work by Haugh et al. revealed that
PLC-gamma, another important signaling pathway downstream of the EGFR
that is involved in cell motility, could be activated both at the cell membrane
and by internalized receptors but its action of PIP2 hydrolysis appeared to be
localized to the cell membrane (94). Together these results suggest that
ERK, calpain and PLC-gamma, all key signaling components downstream of
EGFR that are involved in cell motility, may play mechanistic roles in
effectively transferring localized growth factor signaling inputs into cellular
outcomes (95, 96).

Short range activation and long range inhibition of specific signaling
molecules is thought to be another mechanism by which cells are able to
receive and interpret an asymmetric stimulus such as a chemotactic gradient
(97, 98). Phosphoinositide-3 Kinase (PI3K) is activated by the EGFR and is
known to be a major player in cell polarization as well as membrane
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protrusion and migration (98, 99). While PI3K may act locally downstream
of active EGF receptors, PTEN, which is the primary phosphatase for the
PI3K product phosphatidylionsitol (3,4,5)-triphosphate, is thought to work as
the global inhibitor (100). For example, PI3K activation is found localized
at the cell membrane closest to the chemoattractant, while PTEN is localized
to the cell rear in Dictyostelium discoideum amoebae chemotaxis (98). PI3K
has also been implicated in cell polarity and chemotaxis of mammalian cells
(99, 101, 102).

It is also interesting to point out that while growth factors may obtain
various spatial distributions and may be polarized at the cell membrane, and
downstream signals may potentially propagate this input, the EGFR itself
may also play a role in signaling distribution. Verveer et al. first proposed
that ligand-independent EGFR activation could spread laterally on the cell
surface when cells were stimulated locally with EGF-coated beads (103).
Work by Sawano et al. later showed that local activation of the EGFR,
achieved by stimulating the edge of single cells in laminar flows containing
EGF, could lead to lateral spread of downstream signaling over the entire
cell, but that this process only occurred at high receptor densities or when
receptor endocytosis was inhibited (104). More recent studies have shown
that local stimulation with EGF-coated beads led to actin polymerization and
membrane protrusion at the point of bead contact, suggesting that under
these circumstances local signaling lead to a local response that is relevant to
cell migration (93, 105). It is still under investigation whether stimulation
passes through the membrane via EGFR activation locally or ligand-
independent lateral propagation of EGFR activation occurs, and this
mechanism could be dependent on cellular parameters such as receptor
density (106, 107).

3.3 The Mode of Growth Factor Presentation Affects
Cell Migration Behavior

Maheshwari et al. used a human mammary epithelial cell line transfected
with one of two different EGF chimeras or the addition of exogenous EGF to
investigate the effect ligand presentation mode (i.e. autocrine vs. intracrine
vs. paracrine) on cell motility (108). The first chimera, EGF-Ct, encoded for
the receptor binding EGF ligand domain as well as the cytoplasmic and
transmembrane domains of pro-EGF, which required proteolytic cleavage at
the plasma membrane prior to receptor binding and was capable of
stimulating cells in an autocrine manner. The EGF-Ct cells did not stimulate
the migration of neighboring parental cells, while the addition of exogenous
EGF resulted in stimulated parental cell migration, see Figure 2. The second
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chimera, sEGF, encoded for the mature EGF ligand but lacked a membrane-
anchoring domain and was thought to stimulate the producing cells in an
intracrine fashion. Maheshwari et al. measured the migration behavior of the
parental, EGF-Ct, and sEGF hMEC cell lines in vitro, analyzed individual
cell tracks, and found that the mode of ligand presentation affected the cell
speed and migration persistence time.

No exogenous EGF w/ exogenous EGF (2 nM)

® Parentals

Figure 2. Autocrine producing EGF-Ct cells do not stimulate migration of neighboring
parental hMEC cells. The initial location of EGF-Ct (orange) and parental hMEC (green)
cells and their subsequent cell paths are shown in the absence (left, Control) and presence
(right, +EGF) of 2 nM exogenous EGF. (Adapted from Maheshwari et al., 2001). See also
Color Plate Section page 345.

Expression of membrane bound EGF (EGF-Ct) and the addition of
exogenous EGF both increased hMEC cell speed in 2D, which was inhibited
with an EGFR blocking antibody. The sEGF-expressing cells had a basal
migration speed that was decreased upon anti-EGFR antibody addition,
suggesting that the surface receptor-ligand complexes governed cell
migration speed. The most intriguing result from this study was that the
migration persistence, or the approximate time a cell traveled before
changing direction significantly, of the autocrine EGF-Ct expressing cells
was dramatically increased compared to the parental cells in the presence of
exogenous EGF. This increased persistence time was abolished upon
addition of an EGFR blocking antibody or exogenous EGF.
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The results from Maheshwari et al. suggest that the expression of
membrane-bound EGF in the EGF-Ct hMEC cell line may lead to spatially
restricted EGFR signaling that drives persistent migration behavior. The
persistent migration may be the result of an asymmetrical distribution of
EGFR signaling that stimulates further directed migration. The asymmetry
could result from polarized distributions of the ligand, the receptor, or an
asymmetric release of the ligand. EGFR ligand autocrine signaling spatially
restricted to the front of the cell could stimulate membrane protrusion, thus
producing what might be thought of as a local “pseudo-chemotaxis’
response” (99, 105). Although it was shown that the EGF-Ct chimera-
expressing, autocrine cells had persistent migration behavior that was
abolished under exogenous EGF/paracrine-like conditions, it is not yet
known if the signaling is indeed spatially restricted or how intermediate
signaling modes would alter the migration behavior of this experimental
system. While previous results have shown that ligand presentation mode
can affect cell behaviors such as cell organization (109), these results
conclude that the mode of ligand presentation can alter cell migration
behavior.

4. FUTURE PERSPECTIVE

Although the number of growth factor receptor systems in which
autocrine signaling has been implicated to date is relatively small, we
anticipate that in the coming decade many more will become identified.
This expectation is based on the unusual difficulty inherent in ascertaining
the presence of autocrine ligands, which we believe will be overcome by the
development and application of new experimental methodologies. These
should include transcriptional profiling techniques which can discover the
simultaneous expression of a ligand and its cognate receptor, mass
spectrometry proteomic techniques which can analogously elucidate
simultaneous ligand and receptor expression at the protein level, and new
micron-scale biochemical assays. Moreover, we speculate that a significant
proportion of these autocrine circuits will be found to play a role in driving
and/or orienting cell migration, because of the attendant spatial localization
capabilities. These effects will likely be important in development, tissue
homeostasis, and pathological dysregulation, similarly to the currently
identified autocrine circuits, and thus will be worthy of substantial further
research.
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Chapter 6
SCATTER FACTORS IN TUMOR PROGRESSION

Paolo M. Comoglio and Carla Boccaccio
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Candiolo (TO)-1taly

Abstract: Scatter factors are soluble proteins that activate tyrosine kinase receptors
belonging to the MET oncogene family. These receptors drive a physiological
genetic program known as “invasive growth”, which underlies tissue
morphogenesis and repair. Aberrant execution of this program in time and
localization has been associated to neoplastic transformation, invasion and
metastasis. Activation of the MET oncogene has been reported in a wide array
of human tumors, either as a consequence of germline or sporadic mutations,
or, more commonly, of overexpression. Hypoxia has emerged as a key
mechanism to induce MET transcription and an invasive phenotype. Specific
antagonists of MET have been shown capable of curing experimental tumors
in the mouse, targeting both neoplastic cells and their microenvironment. The
Scatter Factor/MET signalling system has thus emerged as a key regulator of
tumor growth and progression, whose inhibition offers the possibility to treat
metastatic cancer.

Key words:  hepatocyte growth factor (HGF), Met, epithelial-mesenchymal transition, de-
differentiation

1. THE BIOLOGY OF SCATTER FACTORS: FROM
IN VITRO CELL DISSOCIATION TO CANCER
DISSEMINATION IN VIVO

Cancer metastatization recapitulates many aspects of a physiological
genetic program, defined as “invasive growth”, which is regulated by a
family of soluble signals called Scatter Factors. Physiological invasive
growth leads to morphogenetic movements and three-dimensional
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organization of tissues during development and organ regeneration. Aberrant
execution of the invasive growth program in time and space is otherwise
responsible for anarchic cell spread through tissues and organs, which is the
hallmark of cancer malignancy.

Scatter Factor (SF) was first identified in the 80’s as a fibroblast secreted
molecule, and named after its ability to induce intercellular dissociation of
epithelial cultures, within a few hours after administration (1) (Figure 1).
Independently, the same protein was isolated either from platelets (2) or
from the plasma of patients affected by acute liver failure (2, 3), and
characterized as a potent growth factor for hepatocytes in culture (2). After
biochemical purification and cDNA cloning, this molecule, since then named
Hepatocyte Growth Factor (HGF) (4), and Scatter Factor, were recognized
as identical’. Then SF/HGF was shown to be the ligand for the receptor
encoded by the MET proto-oncogene (6, 7). Soon another member joined the
family of Scatter Factors: Macrophage Stimulating Protein (MSP, or SF-2)
(8), which was shown to be structurally related to SF/HGF, and to induce
epithelial cell scatter and proliferation after binding to a MET homolgous
tyrosine kinase receptor encoded by the oncogene RON (9, 10). A third
member of the family, SEA, turned out to be the avian counterpart of RON
(11, 12).

0h

- '2% 12 h
SF/HGF 1 nm

Figure 1. The Scatter effect. Epithelial cells (mouse liver progenitors) grow as compact
islands (0 h). Addition of SF/HGF to the culture medium induces cell dissociation within 6
hours (6 h) and acquisition of a mesenchymal phenotype (see text), followed by cell migration
(12 h) (micrographs, 400x).
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The MET oncogene was identified in the 1980s as a transforming gene
derived from a chemically transformed human cell line (13), where MET
was activated by translocation and fusion with the TPR gene (14). The MET
proto-oncogene counterpart was recognized as the prototype of a new
tyrosine kinase receptor family, featuring a membrane-spanning B-chain,
covalently linked to a completely extracellular o-chain (15). The
corresponding artificial oncogene TPR-MET includes most of the
intracellular tyrosine kinase domain, which is constitutively dimerized, and
thus activated, through a leucine-zipper domain provided by 7PR (16). The
appreciation of the MET oncogenic potential culminated with the finding of
MET missense mutations in hereditary and sporadic papillary renal
carcinoma (17). Moreover, MET emerged as an “unconventional” oncogene:
its activation not only induced transformation, but also a motile and invasive
phenotype in vitro, and metastatic spread after in vivo cell transplantation
(18-22). Most importantly, clinical studies pointed at a possible causal role
of MET in human tumor metastasis. In the case of colorectal carcinoma,
amplification of the MET gene confers a selective advantage that enables
cancer cells to metastasize to the liver (23). Moreover, somatic mutations of
MET are selected during the metastatic spread of head and neck squamous-
cell carcinomas (24).

Although it could be seen as subversion of tissue structure and function,
the process of metastasis is rooted in basic properties of undifferentiated
cells. In the developing embryo, morphogenic movements require
conversion of epithelial cells to a mesenchymal and motile phenotype, which
is appropriate for migration in the extracellular environment, and
organization in multilayered organs, which eventually encompass several
tissues. This is the so called “eptihelial-mesenchymal transition” that takes
place since formation of the primitive streak and the first cell movements
aimed to transform a flat organism into a three-dimensional one (reviewed in
25). The “scatter effect”, induced by the homonymous factors, is a transient
epithelial-mesenchymal transition recalling that Scatter Factors are
implicated in early developmental processes. This involvement was guessed
since Scatter Factors were identified as potent morphogens for epithelial
cells resuspended in collagen matrices, which are induced to form branched
tubular structures (26, 27). Not surprisingly, the ensuing genetic analysis of
SF/HGF and MET in mice has shown that this signalling system is essential
during development. The MET and SF/HGF genes are expressed in dynamic
patterns in the embryo, suggesting a paracrine mechanism of action: in
general, epithelial cells express the receptor, while cells of mesodermal
origin secrete the factor, which has limited capabilities to diffuse in vivo
(reviewed in 28). In knockout mice, ablation of SF/HGF or MET is
embyonically lethal, impairing formation of placenta, liver, diaphragm and
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limb muscles. Interestingly, these muscles are formed by myoblasts that
must undertake a long-range migration, from somite-derived axial structures
(dermomytomes) to peripheral buds. SF/HGF, which is expressed all along
the myoblast pathway, controls both cell delamination from
dermomyotomes, and their directional migration (reviewed in 28 and 29).

From elucidation of the role of the SF/MET signaling system in
embryonic development and cancer progression, the concept of “invasive
growth” has emerged (30, 31). This identifies a behavioral pattern, which is
evoked by Scatter Factors in many different cell types and in disparate
biological contexts. Physiological invasive growth is a highly regulated
process, which is typically observed during formation of ramified tubules
and papillary outgrowths that compose the parenchymal architecture of
epithelial organs such as exocrine glands, liver and kidney, or during the
development of the blood circulatory tree (vasculogenesis and angiogenesis).
Moreover, a specialized form of invasive growth is seen in the nervous
system, when axons elongate through tissues in order to reach their final
synaptic target; in the bone marrow, when hemopoietic precursors dissociate
from their niches and are released in the blood circulation; in the bone, when
osteoclasts proliferate and invade the mineralized matrix to remodel the
tissue; and, as mentioned above, invasive growth is observed in the
mesoderm, when myoblasts migrate from their primary site of development
to colonize limb buds. Pathological invasive growth consists in deregulated
cell spread, and inability to organize in ordered tissue structures, as observed
in anaplastic and metastatic tumors.

- e

control SF/HGF

Figure 2. Branching morphogenesis. Epithelial cells (mouse liver progenitors) resuspended in
a three-dimensional collagen matrix form spheroidal cysts (control). Growth in the presence
of SF/HGF, within a few days induces cell migration and reorganization to form tubules lined
by polarized cells (micrographs, 10 x).

114



In vitro studies has defined the stepwise execution of the invasive growth
program elicited by Scatter Factors. Epithelial cells resuspended in a
tridimensional collagen matrix, form cysts, that is spherical monolayers of
polarized cells that enclose a central lumen. When stimulated by Scatter
Factors, cells emit long protrusions in the surrounding matrix. Then, some
cells migrate along the path opened by this protrusion, losing polarity and
retaining minimal intercellular contacts; then cells dispose in multilayered
cords, reestablish junctions and polarization typical of epithelial cells, and
form a new lumen, giving rise to a tubular structure (the so-called
“branching morphogenesis” or “epithelial tubuligenesis”, reviewed in 32)
(Figure 2). Constitutive activation of SF/HGF signalling, possibly as a
consequence of MET oncogenic activation, impairs building of epithelial
architecture in three-dimensional cultures, and fosters disordered invasion of
the extracellular matrix (ECM, our unpublished observations). A similar, but
transient, response is observed when cells are grown on a bi-dimensional
plastic support, and undergo the classical “scatter assay”: after Scatter Factor
stimulation, cells disassemble their junctions and migrate in every direction;
moreover, if seeded on the surface of an artificial basement membrane, cells
migrate across it (33). This motile/invasive response become constitutive,
when cells express an activated MET oncogene. During cell scatter or
branching morphogenesis, cells may or may not proliferate, but, invariably,
they remodel their intercellular junctions and integrin-mediatated cell-matrix
contacts. Noteworthy, SF/HGF stimulated cells benefit of active protection
from apoptosis, which invariably occurs when cell adhesion is impaired. The
invasive growth process imply activation of a complex genetic program,
currently under investigation, which likely comprises effectors designed to
play a prominent role also in cancer metastasis.

The Scatter Factor Receptor’s is now an extended family, including
Plexins, the Semaphorin Receptors (34). Both Plexins and their ligands,
Semaphorins, contain a structural motif (the Sema domain), which is found
also in the MET and RON extracellular domains. However, the Plexin
intracellular region does not contain a tyrosine kinase domain, and has still
elusive signalling properties. Recently, it has been shown that Semaphorins
can elicit invasive growth: this response is largely mediated by indirect
activation of MET, which is preassociated to Plexins on the cell surface (35).
Although they could not be technically defined as “oncogenes”, as they lack
transforming properties, Semaphorins and Plexins are now recognized as
candidate genes to promote tumor progression towards invasion and
metastasis. In fact, alterations in Semaphorin or Plexin expression is reported
in human tumors (reviewed in 31and 36).
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2. STRUCTURE OF SCATTER FACTORS AND
THEIR RECEPTORS

Scatter Factors (SF/HGF and MSP) display an intriguing relationship
with members of the blood-clotting cascade (Figure 3). They are
phylogenetically related to plasminogen, a circulating proenzyme whose
active form (plasmin) is responsible for fibrinolysis (degradation of blood
clots). Mature, biologically active Scatter Factors have an unusual large size
(94 kDa), and consist of two disulphide-linked chains (o and ). The o chain
is characterized by the presence of a N-terminal “hairpin loop”, followed by
four “kringle” domains (80-amino acid double-looped structure stabilized by
internal disulphide bridges), which are a common feature of plasminogen-
related proteins (4). The B chain is homologous to serine-proteases (like
plasminogen and clotting factors) but lacks proteolytic activity, owing to
substitution of three aminoacidic residues critical for catalytic functions®.
Not only Scatter Factors are related to coagulation proteins in their structure,
but also in their activation mechanism. In fact, both SF/HGF and MSP are
secreted as single-chain inactive precursors (pro-HGF and pro-MSP), and
are activated by a proteolytic cleavage, performed by proteins involved in
clotting regulation as well. Urokinase-type plasminogen activator (uPA) was
the first enzyme to be shown as a potent activator of pro-HGF (37-39). Then,
thrombin, coagulation factor XII and one homologous serine-protease (XII-
like factor) were shown to behave ad pro-HGF convertases as well (40,41).
SF/HGF binds heparan-sulphate proteoglycans, which provide an
extracellular reservoir of the factor in vivo and limit its diffusion through
extracellular fluids. This favors SF/HGF sequestration in proximity of the
synthesis site, and a paracrine modality of action (42). Moreover,
proteoglycans, although dispensable for SF/HGF binding to its receptor,
couple SF/HGF in symmetrical dimers that simultaneously engage two
receptor molecules, inducing receptor trans-activation (43,44). The
mechanism of SF/HGF binding to its own receptor is however quite
complex, involving both factor o- and B-chain (45).
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Figure 3. Schematic structure of Scatter Factors. HL: Hairpin Loop; uPA: urokinase-type
Plasminogen Activator (for explanation see text).

The SF/HGF Receptor (SF/HGFR), encoded by MET, and the MSP
Receptor (MSPR), encoded by RON, sharing about 60% homology, are
disulphide-linked o/f heterodimers that form by intracellular proteolytic
processing of a single-chain precursor (Figure 4). In both receptors, the o
subunit is completely extracellular, while the B subunit is a single-pass
transmembrane chain encompassing the tyrosine kinase activity. The
extracellular region of SF receptors is characterized by the so-called “Sema
Domain”, common also to the transmembrane receptors Plexins, and to their
ligands, Semaphorins (34). In the Scatter Factor Receptors, the Sema
Domain spans over 500 aminoacids, including the entire o chain (about 300
aminoacids), and the amino-terminal moiety of the B chain. Recently,
mutagenesis studies of SF/HGFR have shown that the Sema Domain is
endowed with low-affinity ligand binding (46).

The Scatter Factor Receptors’ intracellular domain comprises a tyrosine
kinase catalytic site, flanked by juxtamembrane and carboxy-terminal
regulatory regions. The juxtamembrane domain contains residues involved
in receptor downregulation. These include (a) a serine residue (S985), whose
phosporylation inhibits tyrosine kinase activity (47); (b) a tyrosine residue
(Y1003), which, upon phosporylation, associates the protein adaptor CBL
(48), which is a critical intermediary of MET structural downregulation. In
fact, CBL activates two distinct receptor-degradation pathways, one
mediated by ubiquitination (as CBL is a E3 ubiquitin-ligase) (48), and the
other by endocytosis (as CBL recruits regulatory components of endocytic
vescicles) (49). The above down-regulatory residues are absent in the
oncogenic form of MET called TPR-MET. Conceivably, their absence
contributes, together with constitutive dimerization, to the TPR-MET
powerful transforming activity (48).
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Figure 4. Schematic representation of SF/HGF receptor, the prototype of the Scatter Factor
Receptor Family, including also the MSP receptor. Conserved domains and phosphorylated
(P) aminoacidic residues (Ser: serine; Tyr: tyrosine) are indicated, which are critical for
receptor functions (for explanation see text).

In the catalytic site, it is remarkable the presence of two tyrosines (Y 1234
and Y1235) whose phosporylation, occurs early during receptor activation.
This results in a conformational change that positively modulate the
enzymatic activity exerted both on the receptor carboxy-terminal tail and
exogenous substrates (“autocatalytic effect” (50, 51)). It has been shown that
MET germline mutations (associated to some cancers, see below) can mimic
the presence of these phosphorylated tyrosines, and confer to the kinase a
sensitized, although not constitutive, activation status (52).

The carboxy-terminal domain of the SF/HGF contains a conserved
sequence (Y *VHV—Y"***VNV) that includes two tyrosines, which, upon
phosphorylation, generates the docking sites for signal transducers. While
the majority of tyrosine kinase receptors use different phosphotyrosines to
recruit distinct SH-2 containing signal effectors, the above sequence, called
“multifunctional docking site”, is able to recruit the full spectrum of
transducers required for invasive growth (53). When, by site-directed
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mutagenesis, the two tyrosines of the multifunctional docking sites are
replaced by phenilalanines, cells become unresponsive to SF/HGF (53). The
importance of these residues for receptor biological functions has been
confirmed by genetic experiments in vivo. A transgenic mouse expressing a
receptor in which the two tyrosines of the multifunctional docking site have
been mutagenized displays a lethal phenotype, corresponding to that of the
MET-null mouse (54). Moreover, mutation of the same tyrosines abrogates
the oncogenic properties of activated MET, without affecting the catalytic
function itself (55). The multifunctional docking site is thus the driving force
for the biological and transforming properties of the SF/HGF receptor, and
possibly it is the key of its specificity. In facts, when inserted in the
intracellular domain of other receptor tyrosine kinases, it confers the ability
to transduce the invasive growth signals otherwise restricted to the SF/HGF
receptor (56).

3. SIGNAL TRANSDUCTION: FROM PRIVATE
ADAPTORS TO MULTIPLE CO-RECEPTORS

The multifunctional docking site of the SF/HGF receptor is endowed
with the unique property of recruiting — at high affinity — several SH2-
containing signal transducer, due to the broad-range specificity of the
consensus sequences encompassing its two tyrosines (53). Early studies on
signal transduction showed that the SF/HGF receptor could concomitantly
activate multiple pathways, including GRB2-RAS, Phosphatidylinositol-
3kinase (PI3-K), SRC, and Signal Transducer and Activator of Transcription
(STAT) (53, 57-60) (Figure 5).

The above transduction pathways were shown to be critical for the
physiological and pathological effects elicited by the SF/HGF receptor-MET
oncogene. Activation of RAS plays a central role in the entire invasive
growth process, affecting both cell scattering and proliferation. When the
RAS transduction pathway is impaired, by expression of a dominant-
negative RAS (61), or by microinjection of neutralizing antibodies (62), the
motile response to SF/HGF is inhibited. Direct activation of the RAS
pathway by MET, through association of the GRB2 adaptor to the
multifunctional docking site, is a key determinant of cell proliferation and
thus of the MET oncogenic potential: mutagenesis of the MET
multifunctional docking site that selectively abrogates GRB2 recruitment
stops the proliferative signals and abolishes the transforming potential of the
activated MET oncogene (63). On the contrary, the same MET mutant, keeps
an unaltered ability to induce cell motility, indicating that the threshold
signal to accomplish this branch of the invasive growth response is however
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reached (63). Another prominent transducer for the motile-invasive response
to MET is PI3-kinase, which is activated either by direct recruitment through
the multifunctional docking site, or as a RAS effector (57, 59). PI3-kinase is
indispensable for cell scatter in vitro, being required for disassembly of
intercellular contacts (64, 65), and remodeling of adhesion to the

extracellular substrate (66).
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Figure 5. Sig-naling pathways activated by SF/HGF receptor. Through its “multi-functional
docking site” including two phosphorylated tyro-sines (P), the recep-tor recruits the full
spectrum of trans-ducers (for details see text) required to elicit the invasive growth program,
fea-turing cell prolifer-ation, motility, survi-val and morphogen-esis. Deregulated activation
of the same signaling path-ways by oncogenic MET leads to cancer invasion and metastasis.

Signaling pathways downstream PI3-K are involved either in cytoskeletal
reorganization and motility (such as the small GTPase Rac and the protein
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kinase PAK (67), or in protection from apoptosis (such as AKT) (68).
Anoikis is a form of apoptosis occurring when a cell loses its normal
adhesive contacts (69). Protection from anoikis is thus a must when a cell
detaches from its primary site and travels through the ECM. Thus, it is not
surprising that activation of PI3-kinase by oncogenic MET is necessary to
accomplish the full process of invasive growth in vivo. In fact, mutagenesis
of the MET docking site that prevents coupling with PI-3 kinase allows cell
transformation but not explication of metastatic properties (20). The
contribution of RAS and PI3-kinase to the entire invasive growth program is
thus equally important, although each of the two pathways preferentially
influences different sides of the process (proliferation or invasion). We can
conclude that concomitant activation of RAS and PI3-K by MET is required
to express a fully metastatic phenotype (22).

As well as cancer invasive growth, physiological branching
morphogenesis requires the integrity of the full spectrum of signal
transducers activated by MET, including RAS-MAP kinase (70), PI3-kinase
(71), Phospholipase-Cy (PLC-y) (72), and transcriptional factors like STAT
(60) and NFkB (73). Recently, it has been highlighted the importance of
sustained activation of ERKI1/2 MAP kinases as a specific feature of
SF/HGF signaling, responsible for the induction of cell differentiation and
branching morphogenesis (74, 75). The ability to sustain MAP kinase
activation sets SF/HGF apart from pure mitogenes that elicit only transient
MAP kinase activation (76).

While the role of complex signaling cascades for the physiological and
pathological invasive growth process was being elucidated, an intracellular
transducer was discovered, named GABI1, which emerged as a key
orchestrator of the cell response to MET (77, 78) (Figure 5). The importance
of GABI for SF/HGF signaling is supported by genetic evidence that GABI1
inactivation in mice results in a phenocopy of the MET knock-out (79).
GABI is a scaffolding adaptor (such as the Insulin Receptor Substrate) that
lacks obvious SH2 phosphotyrosine interaction domains, but which is
recruited directly and indirectly to activated tyrosine kinases. GABI1
association to SF/HGF receptor is mediated directly, through a specific
GAB1 phosphotyrosine recognition domain, called MBD (MET Binding
Domain (77), and, indirectly, through GRB2, bound to the phosphorylated
MET multifunctional docking site (80, 81). Although GAB-1 is a substrate
also for other receptor tyrosine kinases (82), SF/HGF elicits a more
prolonged GAB-1 phosphorylation than other growth factors, possibly as a
consequence of the low-affinity but high-avidity association between its
receptor and GABI1 through the MBD (72, 78). This is possibly the key to
understand the role of GAB-1 in inducing invasive growth. In facts, GABI,
phosphorylated by SF/HGF receptor, behaves as a “signal sustainer”
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enhancing the recruitment and the activation of transducers, including PLC-
v, the protein tyrosine phosphatase SHP2, PI3-K-AKT, and the adaptor
CRK-like (CRKL) (72, 83). Shp2 and CRKL lead to the sustained MAP
kinase pathway, whose requirement to elicit the invasive growth program is
discussed above. Shp2 activates MAPK through complex and still obscure
intermolecular interactions (84). CRKL recruits the guanine nucleotide
exchanger C3G, which, on its turn, activates the small G protein Rap-1 (85).
Most interestingly, it has been reported that, in contrast with Ras, Rapl is
capable of sustaining MAP kinases activation through formation of a stable
complex with RafB. This signal has been found responsible for induction of
a cell differentiation program (86).

Recent studies have introduced further complexity in the transduction
machinery for the invasive growth signal, involving the presence of cell-
surface molecules behaving as co-receptors. As mentioned above, Scatter
Factors Receptors (MET and RON) can be activated by Plexins, when the
latter are engaged by their ligands Semaphorins (35, 87).

Within the physiological range of ligand concentration, it was shown that
the wild-type SF/HGF receptor cannot efficiently recruit signaling effectors
and mediate invasive growth, unless it is physically associated with the o634
integrin (88). Upon receptor activation by the ligand, the associated integrin
is phosphorylated on tyrosines, which provide supplementary docking sites
for signal transducers (such as PI3-K and the adaptor SHC). Thus the
integrin behaves as an adaptor, which contributes to provide the signaling
strength and duration that is the distinctive feature of the invasive growth
program. Noticeably, when associated with the SF/HGF receptor, o6p34
integrin elicits intracellular signals independent of cell adhesion, acting as a
pure biochemical amplifier of SF/HGF signaling (88). As expected, the
integrin requirement can be bypassed forcing the signaling system by non-
physiological high concentration of the ligand, or by receptor overexpression
(89).

Beside integrins, a variant of the CD44 transmembrane molecule has
been found to associate to the SF/HGF receptor, and to cooperate for its
activation and signaling (90). CD44 (reviewed in (91)) was known since
long-time for its ability to induce cell invasion, but the underlying
mechanism remained obscure. CD44 is a receptor for ECM components
(such as hyaluronic acid and the protein osteopontin), which, with its
intracellular moiety, binds to the ezrin-radixin-moesin (ERM) family of
proteins. ERM proteins regulate cell motility, by mediating a dynamic
association of the actin cytoskeleton to the plasma membrane. Most
interestingly, ezrin has been identified as an effector of the SF/HGF
morphogenic program (92). Moreover, deregulated expression of ERM
proteins has been correlated to cancer metastasis (93). Thus, CD44, at the
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same time, structurally and functionally couples SF/HGF receptor (and other
tyrosine kinases), to the cytoskeleton and to the extracellular environment,
configuring as a molecule capable of localizing the invasive growth process
at specific membrane sites.

4. THE GENETIC PROGRAM OF INVASIVE
GROWTH

The full accomplishment of the invasive growth program requires
transcriptional and post-transcriptional regulation of gene expression,
including not only simple induction or repression, but also complex,
differential gene modulation over time. The “invasive growth signature” is
currently under investigation through genomic and proteomic technologies.
The first critical invasive growth effectors have been recognized among the
most induced SF/HGF genes, such as the ECM protein osteopontin (94).
Noticeably, osteopontin is a ligand for the CD44 molecule (see above), and
has been reported, in gene expression profiles, as one of the most transcribed
genes in highly metastasizing breast cancer cells (95), and as a predictor of
hepatocellular carcinoma metastasis (96).

Meaningful invasive growth genes are expected among effectors that
disrupt constraints keeping cells within their physiological location, or that
mediate cell migration through foreign districts. During tumor progression as
well as morphogenic movements, to initiate ECM invasion, epithelial cells
must disassemble adhesive structures that connect them each other, and to
the basement membrane. Intercellular adhesion is primarily mediated by
adherens junctions, where transmembrane E-cadherins provide omophilic
recognition with their extracellular domain, and, with their intracellular
moiety, bind to a submembranous scaffold of catenins, that form a structural
and functional bridge to the actin cytoskeleton (97). The mechanism of
adherens junction destabilization by SF/HGF is still elusive, however it
requires cadherin downregulation. Although early reports indicated that the
level of E-cadherin/uvomorulin did not change during SF/HGF-induced
scatter (33), a decreased expression of the cadherin protein in the same
conditions has been reported by other groups, and ascribed to post-
translational regulation (98-100). Moreover, it has been shown that SF/HGF
induces (a) redistribution of cadherin-catenin complexes from the actin
cytoskeleton to the soluble membrane fraction (101, 102), (b) proteolytic
cleavage of cadherins from the cell surface (103), and (c) destabilization of
adherens juctions through tyrosine phoshorylation of catenins (104, 105).
The importance of E-cadherin down-regulation and adherens junction
disruption for cancer spreading is emphasized by finding that loss of
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E-cadherin, due to genetic or epigenetic mechanisms, is a major determinant of
cancer metastasis (reviewed in 106). Interestingly, E-cadherin expression is
primarily controlled through the Snail family of transcription factors (107),
which regulate epithelial-mesenchymal transition in development and cancer
(reviewed in 108and 109). It would be interesting to investigate if SF/HGF
signalling modulates Snail transcritpion factors, as suggested by the fact that
the latter are a target of the PI3-kinase/AKT pathway (110).

In the invasive growth program, after mutual dissociation, epithelial cells
must cross the natural boundary represented by basement membrane to creep
into foreign tissues. This implies —one one side- the ability to recognize
previously unexplored extracellular substrates, through engagement of
appropriate integrins. On the other side, it requires the ability to degrade the
ECM through proteases, in order to open a passage through macromolecules
and cells, and to expose cryptic adhesion sites. Dynamic remodeling of
integrin-mediated extracellular adhesion provides not only a mechanic
support for cell motility, but also an indispensable signal that protects cells
from anoikis (apoptosis), otherwise occurring when recognition of the
extracellular environment fails (69). Finally, local tissue invasion evolves
into metastatization, if cells are capable of entering blood and/or lymphatic
vessels, survive the circulation, and finally extravasate at a distant site.
SF/HGF modulates the expression and the activity of the integrin repertoire,
thus allowing successful recognition of the modified extracellular
environment during cell invasion. In facts, SF/HGF upregulates integrin
transcription, through sustained activation of MAP kinases at least in some
cases (111, 112), and stimulates integrin aggregation at specific adhesive
sites, increasing their avidity for the substrate (66, 113). SF/HGF is also able
to regulate the expression and the activity of primary actors of ECM
remodeling, the Matrix Metalloproteases (MMPs) (reviewed in 114). By
interacting with integrins and CD44 (see above), MMPs specifically localize
matrix digestion at the leading edge of migrating cells. SF/HGF is able to
enhance transcription of several MMPs, and to stimulate conversion of their
inactive precursors into active enzymes (115-118). However, and
surprisingly, it has been recently reported that broad-spectrum MMP
inhibition does not impair the initial phases of branching morphogenesis
induced by SF/HGF, featuring epithelial-mesenchymal transition and matrix
invasion. MMPs are instead required for completion of tubulogenesis and
reacquisition of the epithelial, polarized phenotype (75). It is conceivable
that MMPs might not be limiting factors for cell invasion, as SF/HGF
induces also expression and secretion of other ECM proteases, in particular
of urokinase-type plasminogen activator (uPA) (119, 120), which might play
a central role both as a regulator and an effector of the invasive growth
program. In fact, as mentioned above, uPA is the primary pro-HGF
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convertase, which binds with high affinity inactive pro-HGF and, by
cleavage at a specific site, transforms it into a biologically active molecule
(37). Binding of uPA to pro-HGF occurs with an uncommon 1:1
stoichiometry, and results not only in SF/HGF activation, but also in uPA
irreversible inactivation (38). Yet, SF/HGF stimulation, by induction of uPA
expression, restores the availability of uPA in the microenvironment,
possibly sustaining a positive feedback on SF/HGF signaling. As a SF/HGF
effector, uPA is responsible for modulation of ECM degradation, through
conversion of plasminogen in plasmin, which is active on several
extracellular substrates. uPA is known to bind a cell-surface receptor, which
localizes uPA proteolytic activity at the cell membrane. Moreover, the uPA
receptor is involved in the invasive process through multiple mechanisms,
including (a) regulation of cell adhesion, through binding of ECM substrates
and modulation of integrin function, and (b) intracellular transduction of
chemotactic stimuli (reviewed in 121).

Finally, SF/HGF exerts its pro-invasive activity not only inducing
migration and survival of (cancer) cells, but also through “landscaping
effects”, that is regulation of properties of the tumor microenvironment,
which are critical for successful tumor growth and metastatization. Among
these, the best characterized is induction of angiogenesis by direct
stimulation of endothelial cells (122). Recently, SF/HGF has been found
widely implicated in tumor neo-angiogenesis, and shown as an effective
target for cancer treatment (see below and 123).

5. THE MET ONCOGENE IN TUMOR
PROGRESSION

The SF/HGF receptor gene, MET, was initially identified as a
transforming oncogene derived from a chromosomal translocation in an
osteosarcoma cell line treated with a chemical carcinogen (TPR-MET
(13,14), see above). The same translocation product, which is capable of
inducing tumors when expressed in transgenic mice (124), was found only in
a small fraction of naturally occurring human gastric cancers (125).
However, activation of the MET oncogene by different mechanisms has been
detected in a large number of human tumors, and its causal role in
tumorigenesis has been assessed by in vitro and in vivo experiments.
Constitutive activation of the MET tyrosine kinase is usually achieved by
one of the following mechanisms: (a) point mutations causing activatory
conformational changes in the catalytic site; (b) ligand-receptor autocrine
circuits (which free cells from requirement of paracrine SF/HGF supply), or
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increased paracrine stimulation; (c) MET overexpression, which favors either
ligand-independent transactivation, or increased sensitivity to the factor.

The most convincing evidence that MET plays a causal role in human
cancer arose from analysis of patients, affected by a form of hereditary
kidney cancer called papillary renal carcinoma (HPRC), who bear germline
missense mutations of MET (17, 126, 127). The same mutations (and others)
have been found also in sporadic tumors, such as sporadic papillary renal
cancer (17, 128), childhood hepatocellular carcinoma (129), and gastric
cancer (130). Although hereditary and sporadic papillary kidney cancer is
usually an “indolent tumor”, featuring slow growth and local invasion (131),
somatic mutations of MET have been associated to increased aggressiveness
of hepatocellular carcinoma (129), and to the metastatic spread of head and
neck squamous carcinoma (24). Interestingly, in the latter, the population of
metastatic cells enriches progressively in MET expression, as the tumor
stepwise invades lynfonodal stations. Interestingly, some MET mutations
correspond to those found in the RET oncogene in association to Multiple
Endocrine Neoplasia type 2 (132), or the KIT oncogene, in association with
gastrointestinal stromal tumors and haematological malignancies (133).
Oncogenic MET point mutations are concentrated in the intracellular
domain, in a few “hotspots” mostly corresponding to regions critical for
tyrosine kinase regulation, such as the ATP-binding region or the so-called
“activation loop”, where tyrosines responsible for kinase up-regulation are
located (see above) (131). As a significant example, a MET mutation
selected during metastatic spread of head and neck carcinoma, causes
substitution of one of these tyrosine with a negatively charged aminoacid
(aspartate). This mimics the permanent presence of a phosphate group, thus
causing a constitutive state of kinase up-regulation. Interestingly, as a
general rule, MET point mutations do not induce per se kinase activation, but
a conformational change that highly reduces the threshold for kinase
activation (52). These MET mutations are thus only weakly tumorigenic, as
observed in patients bearing germ-line mutations, who develop cancer late in
life. This is not surprising, as these mutations must be compatible with
embryonic development and post-natal tissue homeostasis. Thus, it is
conceivable that the reported MET point mutations are insufficient—alone- to
cause cancer onset and that invariably require the occurrence of cooperating
genetic lesions, as confirmed by analysis of HPRC patients (17).
Intriguingly, a collaborating factor can be also abnormal SF/HGF
stimulation (either through paracrine or autocrine mechanisms), as suggested
by the finding that, in classical in vitro assays, cell transformation by MET
mutants is possible only in the presence of its ligand, and is impaired in the
presence of SF/HGF specific inhibitors (134).
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A role for SF/HGF in sustaining MET-induced transformation has been
reported in human tumors and assessed in mouse models. In patients,
SF/HGF autocrine loops and/or enhanced paracrine stimulation are observed
in a wide spectrum of cancers, including mesenchymally-derived tumors,
such as osteosarcoma (135, 136) and rabdomyosarcoma (136, 137), as well
as glioblastoma (138), and breast carcinoma (139, 140), often in association
with a highly aggressive tumor behavior. Experimental induction of SF/MET
autocrine loops in cell lines has proven effective in causing formation of
invasive tumors after implantation in mice (18, 21). Transgenic mice
expressing SF/HGF under a ubiquitous promoter develop a broad array of
neoplasms of both epithelial and mesenchymal origin (141). Among these
tumors, melanomas displayed a significant correlation between high
metastatic potential and the presence of SF/MET autocrine loop potentiated
by selection of melanocytes overexpressing MET (142). In another mouse
model, targeted expression of SF/HGF to the mouse mammary epithelium
establishes autocrine and paracrine loops, sustaining formation of metastatic
adenocarcinomas (143).

Overexpression —in the absence of any mutation of the coding sequence-
is perhaps the most frequent mechanism of MET oncogene activation
observed in human tumors, again in association with metastatic phenotype
and poor prognosis (Table 1). In the case of colorectal carcinoma, MET
overexpression provides a selective advantage that sustains tumor’s
capability of forming lymphonode and liver metastasis (23, 144). In an
animal model, it is shown that forced expression of wild-type MET in
hepatocytes is sufficient to cause hepatocarcinomas, which regress following
transgene inactivation (145). It is conceivable that increased expression of
MET favors receptor dimerization and thus ligand-independent activation;
however, the availability of SF/HGF could be always mandatory, as
suggested by the finding of non-activated, although highly expressed, MET
in human sarcomas (135). Thus, in vivo, the tumor stroma, which
physiologically produces, stores and modulates the activation of SF/HGF,
could have a critical landscaping role in promoting MET-dependent tumor
growth, either in the presence of rare MET mutations, or the frequent MET
overexpression.

Table 1. Overexpression of the MET oncogene associated to an aggressive phenotype.

Tumor Reference
Colorectal carcinoma 23,144
Gastric cancer 179
Thyroid cancer 180-182
Renal cancer 183,184
Ovarian cancer 185,186
Osteosarcoma 135,136,187
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6. THE CONTROL OF MET EXPRESSION: A KEY
TO UNDERSTAND CANCER ONSET AND
PROGRESSION

The MET promoter has been identified and characterized for positively
responding to several mitogenic stimuli, including growth factors (among
which SF/HGF itself), tumor promoters (146, 147), and intracellular
expression of activated oncogenes (148, 149). Among transcription factors
directly controlling MET expression, ETS/AP1 is noticeable, as it is
activated by MET itself through the MAP kinase pathway, thus providing an
explanation to why SF/HGF can induce its own receptor (150, 151).
Moreover, ETS controls transcription of several genes critical for ECM
regulation and thus for invasive growth (152).
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Figure 6. Hypoxia is a major determinant of MET expression. HIF (Hypoxia Inducible
Factor)-1a is a transcriptional factor subunit, which, under normal oxygen concentration, is
targeted to proteasome degradation by a ubiquitin-ligase, encoded by the VHL tumor
suppressor gene. When intracellular oxygen concentration decreases, HIF-1a. is prevented
from degradation, and migrates to the nucleus, where it couples to the HIF-13 subunit and
drives expression of several genes, including the MET oncogene (for details, see text).

Recently, another mechanism of MET transcriptional regulation has been
discovered, which has profound implications for understanding the
metastatic process and for the management of innovative therapies such as
the use of anti-angiogenic agents. MET expression is highly induced by
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tissue oxygen deprivation, that is by “hypoxia” (153) (Figure 6). Through
inhibition of its degradation, hypoxia activates a transcription factor
(Hypoxia Inducible Facor-1a., or HIF-1ow (154)), which positively regulates
the MET promoter. In vitro experiments show that hypoxia amplifies
SF/HGF signaling and synergizes with SF/HGF in inducing invasive growth.
Hypoxia per se can induce cell invasion, which is prevented through MET
inhibition by RNA interference. Most importantly, analysis of human tumors
showed that MET expression is maximum in hypoxic areas (where
expression of HIF-1a. is consistently high), while it decreases in proximity of
blood vessels (where HIF-1a is absent) (153). An indirect proof of the
importance of HIF-low for MET transcriptional control is provided by the
observation that MET is overexpressed in a renal cell carcinoma subtype,
featuring inactivating mutations of the von Hippel-Lindau (VHL) tumor
suppressor gene (155). The VHL protein targets HIF proteins for
degradation, in the presence of normal oxygen concentrations. Thus,
inactivation of VHL prevents HIF-1a. downregulation, resulting in increased
MET transcription. In conclusion, hypoxia emerges as a major determinant
of MET expression in vitro and in vivo. Interestingly, hypoxia induces
expression not only of MET, but also of u-PA receptor (see above) (156),
and of the chemokine receptor CXCR4, which is responsible for homing of
metastasizing cells into organs producing the CXCR4 specific ligand SDF-
la (157). These findings provide an attractive explanation for the notion that
the presence of oxygen-deprived areas in tumours correlates with poor
prognosis (reviewed in 158), and challenge the rational employment of anti-
angiogenic agents. In fact, deprivation of blood supply, and thus of oxygen,
could induce, beside the desirable tumor necrosis, a dangerous tumor
“invasive switch”. Thus, it is advantageous that anti-angiogenic would be
combined with anti-invasive therapy (including MET targeting, see below) to
maximize the benefits for cancer patients and prevent insidious drawbacks (159).

Another critical feature of MET expression is that, in adult tissues, it
might be present, or, in some cases even confined, to stem cells. In the
hemopoietic system, MET expression was found only in a small fraction of
bone marrow cells, partly co-expressing the CD34 marker, and thus included
in the progenitor or even in the true hemopoietic stem cells population (160).
Consistently, the MET promoter contains binding elements for the GATA
family of transcription factors, which are active in hemopoietic progenitors
(147). Although expressed also by mature hepatocytes, MET is a hepatocyte
stem cell marker, used (together with few other cell-surface proteins) to
separate progenitors from differentiated cells with antibody-based cell
sorting techniques (161, 162). In the skeletal muscle, MET is expressed by
myoblasts, but it is downregulated during differentiation in striated fibres, as
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assessed in vivo and in vitro (163, 164). Noticeably, in skeletal muscle-
derived tumors, rhabdomyosarcomas, MET is highly expressed (137),
suggesting that either neoplastic cells has re-acquired a feature typical of
muscle stem cells (MET expression), or, more conceivably, that the tumor
directly derives from transformation of myogenic precursors. Thus, MET
could be simply a marker of “stemness” of the neoplastic population, a
feature which is per se a negative prognostic factor (165). However, a
causal role for MET in rabdomyosarcomagenesis is supported by in vitro
experiments and animal models, where it has been shown that MET
costitutive activation prevents differention of myoblasts (164), and, in
collaboration with other genetic lesions, induces rhabdomyosarcomas (166).
Another tumor that provides a connection among MET, malignancy and stem
cells is colon carcinoma, where MET overexpression has been associated
with high metastatic ability (see above). Interestingly, MET is a
transcriptional target for the 3-catenin/TCF transcriptional factor (167). The
latter is activated by the Wnt signalling pathway, which is physiologically
switched on in gut stem cells, and off during enterocyte differentiation (168).
The same pathway is constitutively activated in the majority of colon
cancers, as a consequence of APC inactivation, thus contributing to explain
why MET is overexpressed. In conclusion, MET is both a gut stem cell gene,
and a gene associated to tumor invasion and metastasis. This raises the
fascinating hypothesis that invasive growth is a natural genetic program for
stem cells. The habit of proliferating and freely circulating through the
organism to home in various locations (169), makes stem cells an attractive
physiological counterpart of metastatic cells. Thus, the study of
inappropriate activation of the invasive program in the stem cell itself will
likely provide a keystone to understand tumor onset and progression.

7. MET AS A TARGET FOR CANCER THERAPY

Recent years have witnessed a successful employment of inhibitors of
receptor tyrosine kinases for cancer therapy: among the most interesting
examples are Geftinib©, a small molecule inhibitor of Epidermal Growth
Factor Receptor, effective in treating cancers where this receptor is mutated
(170), and antibodies against HER-2, which are employed for cancers in
which this receptor is overexpressed. Like for other growth factor receptors,
many efforts are directed toward the development of low-molecular weight
biological inhibitors of MET or its ligand, which could provide “leads” for
drug development. Small molecules have been isolated, displaying the
capability of inhibiting MET catalytic activity (171, 172), or MET interaction
with signal transducers (173), or MET expression itself (the antibiotic
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geldanamycin (174) and small interfering RNAs or ribozymes (175).
Immunotherapy, e.g. involving the use of neutralizing antibodies against
SF/HGF (176), or antagonistic antibodies against MET (177), is in its
developmental stage as well. Recently, an innovative approach, combining
protein engineering and gene therapy, has proven that MET inhibitors are
effective anti-cancer agents in vivo (123). A sequence encoding a soluble
MET receptor, including the entire extracellular domain (decoy MET), was
chosen for its ability to compete with the wild-type receptor for ligand
binding and to inhibit receptor dimerization (Figure 7). Decoy MET was
inserted into lentiviral vectors, and administered locally or systemically to
mice bearing tumor xenografts, where it inhibited tumor cell proliferation
and survival, and the formation of spontaneous metastasis.
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Figure 7. Mechanism of action of decoy MET. This soluble form of the extracellular domain
of MET compete both for ligand and receptor binding, inhibiting receptor dimerization and
activation.

The target for decoy MET includes not only tumor cells themselves, but
also the tumor microenvironment, where decoy MET is capable of strikingly
impairing neo-angiogenesis. Surprisingly, the latter effect can be sufficient
to impair growth of tumors that do not express MET as well. The legitimate
concerns about possible adverse effects of decoy MET systemic
administration can be apparently neglected, at least in the limits of
housekeeping physiological functions, which were preserved in treated
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animals. The efficacy of decoy MET is supported by studies indicating that
the isolated Sema domain of the MET extracellular region (which is present
in decoy MET) is a powerful inhibitor of MET-mediated signal transduction
and invasive growth of tumor cells (178). In another recent study, the same
experimental setting employed to investigate decoy MET was used to test the
efficacy of a mutant of SF/HGF, which is uncleavable by uPA or other pro-
HGF convertases, and thus can not be activated. Also in this case, the
engineered molecule, administered to xenografted animals, was able to
inhibit tumor growth and dissemination, without affecting physiological
functions. The mechanisms of action of uncleavable SF/HGF involves
competition with wild-type SF/HGF for receptor binding and also inhibition
of proteases that converts wild-type proHGF into its mature, biologically
active form. We can conclude that these studies provide a strong proof-of-
concept for further testing of HGF/MET antagonists in clinical trials, and
offer hopes to treat the —until now- incurable stage of tumor metastatization.
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1.

The matrix metalloproteinases (MMPs) are well established as mediators of
tumor invasion and metastasis. The classic view that these enzymes simply
provide a mechanism for the breakdown of connective tissue barriers led to
development of synthetic MMP inhibitors for cancer therapy. The lack of
understanding of the complex roles of MMPs in cancer accounts for the failure
of this strategy to significantly impact cancer therapy. It is now recognized
that members of the MMP family function at all stages of cancer development
to both promote and inhibit tumor progression. This overview summarizes
recent evidence to support the emerging roles for MMP in all aspects of cancer
progression, including tumor cell growth, programmed cell death, and tumor
angiogenesis in addition to their classic role in cell invasion and metastasis.
The MMP-dependent stimulation of tumor cell growth, stimulation of cell
migration, and generation of cryptic sites and signals from within the
extracellular matrix (ECM) are reviewed.

extracellular matrix, migration, proliferation, matrikine signaling, cryptic
factors

INTRODUCTION

The progression of malignant tumors depends on the successful
acquisition of several important phenotypes. These include the continuous
(autonomous) growth of the tumor cells, evasion of programmed cell death
(apoptosis), overcoming growth inhibitory signals, development of a
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sustained angiogenic response, local invasion of surrounding tissues and
travel to distant organs (metastasize) (1). Tumor invasion and metastasis are
an important aspect of tumor progression; the formation of tumor metastasis
is the principal factor contributing to cancer morbidity and mortality. Our
understanding of the molecular, genetic and biological basis for tumor
progression has increased considerably in the last two decades. Numerous
studies have demonstrated that successfully invasive tumor cells must
coordinate with stromal components (fibroblasts, inflammatory cells and
endothelial cells) to orchestrate a precise spatial and temporal co-operation
between cell adhesion molecules, cytoskeletal elements, extracellular matrix-
degrading proteases and regulatory factors (2, 3).

The MMPs have been implicated in tumor invasion for over twenty
years. Early studies focused on the requirement for MMP activity in order
for tumor cells to invade extracellular matrix (ECM) barriers such as the
sub-epithelial basement membrane. The demonstration that endogenous
MMP inhibitors, the tissue inhibitors of metalloproteinases (TIMPs), could
block tumor growth and invasion led to the development of synthetic MMP
inhibitors for cancer treatment. However, the failure of this strategy to
successfully limit tumor progression in cancer patients has been well
documented (2, 3). Although the reasons for the failure of this strategy are
multiple, it has become apparent that the role of MMPs in cancer progression
are complex, and that some components of the MMP proteome may function
to inhibit tumor progression (i.e., inhibit tumor-induced angiogenesis) as
well as promoting cell invasion. In the past ten years investigators have
shown that MMPs are involved in all aspects of tumor progression from
regulation of cell growth, release of growth factors sequestered in the ECM,
tumor angiogenesis, as well as local invasion and metastasis formation.

2. MATRIX METALLOPROTEINASES

The MMPs, also known as the Matrixins, are members of the metzincin
super family of metalloenzymes that also include the ADAM (a
metalloproteinase with a disintegrin and metalloproteinase domain), ADAM-
TS (ADAM with a thrombospondin-like-domain) and astacin proteases. The
mammalian MMP family consists of >20 members that include both soluble
secreted proteases as well as cell membrane associated forms, referred to a
membrane type- or MT-MMPs (4, 5). These two general classes are further
divided into eight distinct sub-classes based on distinct structural features.
The domain structure and substrate profiles of MMP family members are the
subject of several excellent reviews and as such will not be covered in detail
here (4, 5).
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All members of the MMP family share a conserved zinc-atom binding
site within the catalytic domain and are initially produced in zymogen form
requiring proteolytic removal of a pro-domain to achieve enzymatic activity
(4, 6). Most MMPs are activated extracellularly by serine- or
metalloproteinase-mediated cleavage of their pro-domains, and may also
require subsequent auto-proteolytic modification of the pro-domain. These
activities disrupt the critical interaction of the sulthydryl side chain donated
by a highly conserved cysteine in the “activation locus” with the zinc atom
bound at the catalytic active site. Activation of soluble MMPs is associated
with a decrease in molecular mass corresponding to the loss of the pro-
fragment. Many “activated” MMP species are thus identified by this shift in
molecular weight. However, MT-MMPs, as well as MMP-11 and MMP-28,
are activated prior to their appearance on the cell surface by a mechanism
that involves furin-like proteases, which again cleave the MMP pro-fragment
resulting a decrease in their molecular mass (4, 6).

Under physiologic conditions endogenous protease inhibitors tightly
regulate the proteolytic action of MMP family members. These inhibitors
include o2-macroglobulin, an abundant plasma protein that is ubiquitous in
tissue fluids. MMPs have been shown to cleave the bait region in o2-
macroglobulin, which results in sequestration of active MMPs into the
“cage” region of this inhibitor (4). The most extensively studied MMP
inhibitors are the endogenous inhibitors known as the tissue inhibitors of
metalloproteinases or TIMPs. The TIMP family consists of four mammalian
genes, TIMP-1 -2, =3 and —4 (7-9). The TIMP family members are
distinguished by differential expression is various tissues. TIMP-2 is unique
in that expression of this inhibitor is constitutive in most tissues, whereas
TIMP-1, TIMP-3 and TIMP-4 protein expression is inducible (7-9).
Furthermore, recent work suggest that the protease inhibitory activity of
TIMP-1 is poor against members of the MT-MMP class, and that TIMP-1
and TIMP-3 inhibit MMPs, as well as members of the related ADAM
protease family (7-9). In addition to a2-macroglobulin and TIMPs, a novel
membrane-bound MMP inhibitor known as RECK (reversion-inducing
cysteine rich protein with kazal motifs) has been identified (10, 11). RECK-
deficient mice die during embryogenesis suggesting an important role for
this inhibitor in regulation of ECM turnover (11).

The details of a least one cellular mechanism for MMP activation have
been worked out. Pro-MMP-2 is activated at the cell surface by a unique
pathway that involves MTI-MMP and TIMP-2 (4). This mechanism
involves the binding of TIMP-2 to both MT1-MMP and pro-MMP-2 to form
a cell surface ternary complex, in which pro-MMP-2 is activated by a
second, adjacent molecule of MT1-MMP that is not inhibited by TIMP-2.
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Following cleavage of the pro-MMP-2 pro-fragment the active MMP-2 is
released from the cell surface. This model implies that inhibitor-free MT1-
MMP binds TIMP-2 which then acts as a cell surface receptor for TIMP-2-
free pro-MMP-2. However, recent studies have not confirmed that tumor
cells or microvascular endothelial cells bind TIMP-2 exclusively via MT1-
MMP and in many tumor cell cultures pro-MMP-2 is found exclusively in
complex with TIMP-2 (12, 13).

Recent data also challenge the concept that MMP activation is
irreversibly associated with the loss of the pro-fragment. Fedarko and
colleagues demonstrated that small integrin binding ligand N-linked
glycoproteins, also known as the SIBLING family, can bind and activate
members of the MMP family, and that this activation can occur reversibly
and without proteolytic processing of the MMP profragment (14). These
authors demonstrate specificity in the interaction of members of the
SIBLING family with MMPs. For example, bone sialoprotein (BSP) co-
purified with MMP-2, osteopontin (OPN) with MMP-3 and DMP1 with
MMP-9. Interestingly, SIBLING interaction with MMPs could also reverse
inhibition of these proteases by the endogenous TIMPs. These findings
suggest that members of the SIBLING family can control MMP activity by
activation of latent pro-MMPs without pro-domain cleavage, as well as
disruption of MMP-TIMP complexes resulting in recovery of proteoltic
activity (14). This is an important finding in that it has previously been
thought that MMP-TIMP inhibitory complexes were tight binding and
essentially irreversible.

3. MMPS IN TUMOR TISSUES

There is now a considerable body of evidence that shows increased MMP
expression in most tumors relative to corresponding, adjacent normal tissues
(2-5). Enhanced MMP expression in human tumor tissues has been
correlated with local invasion, metastasis and poor survival. Early
indications of the importance of MMPs in tumor biology came from a study
in 1980 of a neutral metalloproteinase secreted from a melanoma cell line
that was able to degrade basement membrane collagen (15). The concept
derived from this study was that tumor proteases were important in the
dissolution of structural components of the ECM. The tumor associated
basement-membrane (type V) collagen degrading activity was identified as
the second member of the MMP family (MMP-2). Numerous studies show
that tumor cell invasion and metastatic capacity were positively correlated
with expression of members of the MMP family (16). Many in vitro studies
characterized the ability of MMP family members to degrade structural
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components of the ECM and thus perpetuated the concept that the role of
MMPs in tumor progression was the removal of structural barriers to cell
migration or invasion (16).

Using human tumor tissues investigators have demonstrated that the
increased expression of MMPs associated with tumor progression is due to
transcriptional activation of MMPs in both tumor cells and stromal cells
(17). Whereas in vitro studies reveal the capacity of tumor cells to produce a
wide range of MMP activities, studies of tumor tissues reveal that many
MMPs are principally expressed by stromal fibroblasts (17). This suggests
that tumor cells stimulate stromal MMP production via a paracrine
mechanism, consistent with the observation that fibroblast secretion of MMP
activity is induced by cytokines and growth factors (18, 19). However,
MMPs secreted by stromal cells may be activated and localized by tumor
cells (17). For example, in situ hybridization studies of MMP-2 expression in
human breast cancer tissues demonstrate that synthesis occurs principally in
the stromal fibroblasts, whereas immunohistochemical localization of MMP-
2 revealed staining of the cell membranes of both tumor cells and stromal
fibroblasts at invasive foci (17, 20).

This paracrine model of enhanced MMP expression in tumors is also
consistent with the general observation that MMPs are not up regulated in
tumors by gene amplification. Amplification or translocation of MMP-24
(MT5-MMP) and MMP-23, respectively, has been reported in brain tumors
(21-23). However, the role of these genetic alterations in the biology or
clinical course of CNS malignancies has not yet been verified. Recent
studies have also identified genetic polymorphisms in MMP genes that may
contribute to an enhanced susceptibility to invasive carcinoma. These
polymorphisms are in the promoter regions of the MMP-1 and MMP-3
genes, and result in altered expression of these proteases (24-27). The MMP-
1 polymorphism has been associated with an increased susceptibility to lung
cancer and enhanced invasiveness of melanoma cells. Recently, mutations in
the MMP-2 have also been reported in association with a multicentric
osteolytic and arthritic syndrome (28), and that a single nucleotide
polymorphism in the MMP-2 promoter, abolishing the Spl-binding site,
down regulates MMP-2 expression and is associated with a substantial
reduction in risk for breast cancer (29).

4. TUMOR INVASION AND METASTASIS

As described above, the initial model of MMPs function in tumor
progression was the disruption of structural components of the ECM. The

147



three-step model of tumor cell invasion, proposed by Liotta and colleagues,
described the critical interactions of invasive tumor cells with the
subendothelial basement membrane (16). Type IV collagen provides the
principal structural component of these basement membranes and as such is
a principal barrier to migrating cells. The ability of tumor cells to invade
such barriers is critical to their metastatic potential by allowing local
invasion as well as entrance to the vascular and lymphatic compartments.
The identification of a tumor cell type IV collagenase activity and
correlation of this activity with tumor invasion were consistent with this
hypothesis. However, at that time it was not known that this type IV
collagenase activity was a member of the MMP family (MMP-2), or the
number of related protease activities which constitute the MMP family as it
is known today, which includes both soluble and membrane-type proteases.

Perhaps a critical turning point in the changing view of the role of MMPs
in tumor progression was the demonstration that enhanced expression of a
single MMP in vivo could promote tumor initiation, as well as the growth of
both primary and metastatic tumors (30). Sternlicht and coworkers
demonstrated that expression of active stromelysin-1 (MMP-3) in normal
epithelial mammary gland structures is sufficient to induce development of
invasive tumors and this transition can be blocked by TIMP-1 (30, 31). This
compelling evidence suggests that the role of MMPs in tumor progression is
not limited to invasion of ECM barriers, but must also include cell growth,
migration and angiogenesis.

5. MMPS IN TUMOR GROWTH

The findings described above suggest that MMPs can function in
initiation of tumor formation, as well as progression. This is further
substantiated in studies using an MMP-7-null mouse model of intestinal
tumorigenesis (32, 33). The adenomatous polyposis coli (4Apc) gene
functions to regulate cytosolic B-catenin levels downstream of the tumor
suppressor E cadherin (34). Loss of Apc function results in increased
cytosolic concentration of free B-catenin that then undergoes nuclear
translocation to interact with Tcf (T-cell factor), a transcription repressor.
Interaction of B-catenin with Tcf results in transcriptional activation of genes
associated with tumor progression. Studies show that, through interaction
with Tcf, B-catenin significantly upregulates MMP-7 expression in colorectal
mucosa. Thus, loss of the tumor suppressor E cadherin can result in
upregulation of MMP-7 expression. Interestingly, MMP-7 also cleaves
E- cadherin from the cell surface, resulting in increased B-catenin levels, and
the E cadherin cleavage product can stimulate cell invasion (35). These
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findings implicate MMP-7 in the intial stages of colorectal tumorigenesis
(Figure 1A).

The ECM sequesters a variety of growth factors and cytokines, some in
latent forms. A second mechanism in which MMPs may contribute to tumor
growth is through the release and/or activation of these matrix-associated
factors. MMP-9 has been implicated in the release of vascular endothelial
growth factor (VEGF) that results in enhanced tumor angiogenesis and
growth. This was first demonstrated in the RIP1-Tag2 model of pancreatic
islet cell carcinoma in which MMP-9 expression correlated with initiation of
tumor angiogenesis, and either chemical or genetic ablation of MMP-9
expression resulted in tumors that failed to undergo vascularization (36). The
authors demonstrate that MMP-9, but not MMP-2, specifically enhanced
release of VEGF from the ECM. Similarly, MMP-1, MMP-3, as well as
plasmin and heparanase degrade endothelial-derived perlecan and release of
bound bFGF (37). These findings demonstrate MMP-mediated release of
pro-angiogenic growth factors that mediate tumor-induced angiogenesis and
enhance tumor growth (Figure 1B).
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Figure 1. MMPs stimulate tumor growth. A. Increased MMP-7 activity in the tumor
microenvironment has been shown to mediate cleavage of the homotypic cell adhesion, tumor
suppressor E-cadherin. E-cadherin cleavage releases fragments that stimulate cell migration
and increase cytosolic B-catenin levels, resulting in tumor cell proliferation and MMP-7
secretion. B. Multiple MMP activities shown to enhance release of matrix sequestered growth
factors, which can stimulate tumor cell proliferation and/or angiogenesis, indirectly
stimulating tumor growth.
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MMPs may also regulate growth factor availability in other ways. For
example, transgenic animal studies have demonstrated that alteration of the
MMP/TIMP balance in vivo in favor of TIMP-1 activity can block neoplastic
proliferation in the SV40 T antigen-induced model of murine hepatocellular
carcinoma (38). The mechanism of this TIMP-1 effect was mediated by
direct inhibition of MMP processing of insulin-like growth factor binding
protein-3 (IGFBP-3) preventing release of insulin-like growth factor II
(IGFII) mitogenic activity. Subsequent studies show that IGFBPs are
substrates for both MMP-7 and MMP-9 (38, 39). Thus, cleavage of IGFBP,
resulting in the release of IGFs may contribute to enhanced tumor growth. In
addition to these two examples, MMPs have also been shown to mediate the
release and/or activation of TGFB. TGFRB is secreted and maintained in latent
form through its interaction with the latency-associated protein (LAP). This
latent TGFB complex is sequestered in the ECM through covalent interaction
with the fibrillin family protein known as latent TGFB binding protein
(LTBP). Several members of the MMP family have been shown to directly
cleave LAP resulting in TGFB (40-42). Furthermore, MMP-2, but not the
closely related MMP-9, can specifically cleave the ECM bound form of
LTBP, suggesting that this protease may function in release of latent TGFf3
complexes (TGFB-LAP) which are then activated by MMP cleavage of LAP
(43).

6. CELL MIGRATION

Cell migration requires transmission of propulsive force from the ECM to
the cytoskeleton of the migrating tumor or endothelial cell. Repetitive
assembly of cytoskeletal elements to form membrane ruffles, lamellipodia,
filopodia and pseudopodia accomplishes cell movement (44, 45).
Lamellipodia are broad, flat sheet like structures in comparison to filopodia
that are thin, cylindrical projections. Cell movement begins with protrusion
of a filopod or lamellipod. These are formed by polymerization of actin to
form elongated central filaments in the filopod and a broader cross-weave
mesh in the lamellipod (46). At the leading edge of the protruding structures,
integrins concentrate in specific regions, and after ligation with ECM ligands
form focal adhesions. These focal adhesions are anchored to the actin
filaments. Microinjection studies have shown that integrin association with
the Rho family of GTPases is critical for organization and assembly of the
actin cytoskeleton. It has been demonstrated that there is a hierarchical
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cascade amongst these GTPases that controls formation of specific
cytoskeletal structures. Cdc42 and Rac control formation of filopodia and
lamellipodia, respectively, whereas Rho controls stress fiber formation and
focal adhesions (47).

The integrin connection to the ECM provides adhesive traction and
contraction of the actin filaments that result in forward propulsion of the cell
body. As the cell moves new projections occur at the leading edge and are
anchored with new focal adhesion. During forward movement the focal
adhesions appear to move in a retrograde fashion on the cell surface. This
apparent movement of the focal adhesions has been observed using
fluorescent tagged beads coated with integrin substrates or anti-integrin
antibodies (48-50). Integrins thus play a key role not only in relaying
information about the microenvironment by matrix adhesive interactions, but
also function to provide the traction necessary for cell migration. Recent data
suggest that MMP-integrin interactions may possibly modulate integrin
function on the cell surface.

Brooks et al. (51) first demonstrated the interaction of MMPs with
members of the integrin family of ECM receptors. The up regulation of o, f3;
and o5 expression has been observed on “activated” endothelial cells in
response to angiogenic stimulation (Figure 2A). Brooks and colleagues
showed that the o,f; integrin binds MMP-2 through interaction with the
carboxyl-terminal hemopexin domain of MMP-2 (PEX domain). These
findings suggest that MMP-integrin interactions may function to localize
MMPs at sites proximal to important ECM ligands that would facilitate
cellular invasion. Alternatively, the MMP-integrin interaction could function
to alter outside-in signaling events associated with receptor ligation.
However, it appears that the cellular processing of MMP-2 results in
generation of an intact C-terminal PEX domain that can compete for binding
of intact MMP-2 to the o, [3; receptor and inhibit the angiogenic response in
vivo (52). Thus it appears that while binding of active MMP-2 to o,f3;
facilitates the angiogenic response, generation of the catalytically inactive
PEX domain signals completion of angiogenesis by competing for binding
and displacement of active MMP-2 from the endothelial cell surface. MMP-
2-deficient mice have reduced angiogenesis and tumor growth (53),
however, the critical MMP-2 substrate regulating these events in vivo has not
been identified.

The requirement for MMP activity during cell movement through
reconstituted ECM 1is not absolute. Friedl and co-workers have shown that
when proteolysis of the ECM is completely inhibited tumor cells can adopt
an amoeboid type movement for trafficking through ECM (54, 55). This
suggests that tumor cells can negotiate ECM by mechanical means alone.
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However, tissue-invading tumor cells appear to assume a mesenchymal cell-
like phenotype, not an amoeboid shape, and it has been suggested that
invading tumor cells resemble fibroblasts (54, 55) (Figure 2B). One critical
point in tumor cell invasion has recently been clarified by the systematic
investigations of Weiss and colleagues (56-58). These investigators have
focused on the relative contribution of the soluble and membrane type
MMPs to cellular invasion. Their results clearly show that MT1-MMP
activity is essential for the ability of both tumor and endothelial cells to
survive in and invade provisional as well as interstitial matricies (56-58).
Expression of soluble MMPs, such as MMP-2, MMP-3 or MMP-9 did not
facilitate cell invasion or cell survival in a three-dimensional type I collagen
matrix. Similar findings are also reported for fibroblasts, suggesting that
MTI-MMP serves as the major cell-associated proteinase necessary to
confer both normal (fibroblasts and endothelial cells) and neoplastic cells
with invasive capacity (59).
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Figure 2. MMPs promote cell migration. A. MMPs may interact with integrin receptors to
focus MMP activity at the cell surface and enhance cell migration. The binding of MMP-2 to
owvP3 is observed on activated endothelial cells and is mediated by the C-terminal hemopexin-
like domain (PEX). Cleavage of MMP-2 results in generation of a proteolytically inactive
fragment (PEX) that is anti-angiogenic in vivo. B. Enhanced MTI1-MMP expression is
observed in migrating fibroblasts, endothelial cells and tumor cells. Only reconstitution of
MTI1-MMP expression facilitates invasion of these cells. Soluble, secreted MMPs are
required for invasion of 3 dimensional collagen matricies. C. MMP-mediated cleavage of
laminin 5 2 chain releases a cryptic fragment containing EGF-like repeats which stimulate
cell migration.
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In 1997 Quaranta and co-workers demonstrated that MMP-2 cleavage of
laminin 5 resulted in exposure of a cryptic site that induces mammary
epithelial cell migration (60). This was the first demonstration that MMP
activity could modify the ECM and influence cell behavior. Later studies
demonstrated that several MMPs were capable of degrading laminin 5 to
generate soluble fragment of the y2 chain that is comprised of epidermal
growth factor (EGF)-type repeats. Binding of this fragment to the EGF
receptor activates this receptor and downstream signaling that results in
enhanced cell migration (Figure 2C). Although MMP-2, MMP-3, MMP-12,
MMP-13 and MMP-20 also reportedly cleave the laminin 5 y2 chain the in
vivo significance of these mechanisms have not been reported. MT1-MMP-
deficient mice have reduced tissue levels of the laminin 5 y2 chain fragment,
suggesting that MT1-MMP is the critical activity for generation of this
fragment in vivo. This also highlights the problems in relating in vitro
substrate analysis to identification of critical substrate-degrading activity in
vivo.

7. ANGIOGENESIS

An emerging concept in the field of angiogenesis research is that many
endogenous angiogenesis inhibitors are generated by proteolytic
modification of ECM components already present in the matrix. Protease
activity on these substrates uncovers neoepitopes or releases crytpic sites
that function to modulate a cellular response.

Interestingly, it has been demonstrated that MMPs play an important role
in promoting the angiogenic response. As mentioned previously, MMP-2
and MMP-9-deficient mice have impaired angiogenic responses (36, 53),
and both of these proteases have been shown to expose cryptic sites in type
IV collagen that promotes angiogenesis (61, 62). However, MMP activity is
also critical for generating the potent angiogenesis inhibitors in vivo (63, 64).
MMPs degrade plasminogen to generate an N-terminal fragment that inhibits
endothelial cell proliferation, and is known as angiostatin. These include
MMP-3, MMP-7, MMP-9 and MMP-12. MMP-12 is the most potent in
generating angiostatin that in turm inhibits microvascular endothelial cell
proliferation in vitro (64, 65). Angiostatin production also correlates with
MMP-12 synthesis in macrophages cultured from Lewis lung tumors grown
in mice (64). Endostatin, a proteolytic fragment of collagen XVIII, may also
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be generated by MMP-7 activity directly, or through multistep processing
involving elastase. Perhaps the best example of MMP-mediated generation
of angio-inhibitory peptides is the release of tumstatin from the NC1 domain
of type IV collagen (66). MMP-9-null mice have decreased circulating
tumstatin and accelerated tumor growth (66). Reconstitution of MMP-9
expression restored circulating tumstatin levels and overexpression of
tumstatin inhibited tumor growth. The exact role of MMP activity in
generation of other angiogenesis inhibitors, such as canstatin, arrestin and
endorepellin, a fragment of the proteoglycan perlecan, are suspected but not
definitively demonstrated.

8. SUMMARY

Recent studies have demonstrated that MMP activity contributes to tumor
progression through a variety of mechanisms. In addition to their previously
identified role in tumor invasion, MMP activities have now been shown to
promote tumor cell growth, migration and invasion. The mechanisms
involved require MMP-mediated cleavage of both macromolecular
components of the ECM, as well as selective cleavage of cell surface
molecules mediating both cell-cell (E cadherin) and/or cell-matrix adhesion
sites (integrins). MMP-mediated cleavage of ECM components can result in
liberation of sequestered growth factors or cytokines, as well as bioactive
components of ECM macromolecules. In addition, it is now appreciated that
MMP activities may both promote and/or inhibit tumor progression. These
recent findings help explain the failure of broad-spectrum synthetic MMP
inhibitors to attenuate tumor progression, and suggest that selective targeting
of specific members of the MMP family may still hold promise as
therapeutic cancer modality. The findings presented in this review further
suggest that there is a specific contribution of membrane-associated MMP
activity, in particular MT1-MMP, to the invasive capacity of both normal
and neoplastic cells. In addition, MMPs, previously thought important for
tumor progression (e.g., MMP-2 and MMP-9), may actually prevent tumor
progression by generating bioactive fragments of ECM that inhibit tumor-
associated angiogenesis and tumor growth. The challenge for the future will
be to selectively target MMPs that promote tumor progression, while leaving
those protease activities that inhibit angiogenesis intact. However, this task
may be further complicated by the fact that the role of a specific MMP in
tumor progression may be dictated by the specific stage or temporal
progression of different tumors. Finally, just as the paradigm for the role of
MMPs in tumor progression is changing, the role of endogenous MMP
inhibitors (TIMPs) is also changing and new inhibitors are being discovered
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(RECK). TIMPs have been shown to possess growth-modulating activities
that independent of their MMP inhibitory role. Understanding these novel
biological effects of TIMPs, and their role in tumor progression are also
essential to development of new cancer therapies.
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Chapter 8

DYNAMIC FUNCTIONS OF THE
064 INTEGRIN IN CARCINOMA

Isaac Rabinovitz and Arthur M. Mercurio
Division of Cancer Biology and Angiogenesis, Department of Pathology, Beth Israel
Deaconess Medical Center and Harvard Medical School, Boston, MA, USA

Abstract:

Key words:

The a6B4 integrin plays pivotal but distinct roles in the biology of epithelial
and carcinoma cells. In healthy epithelia, its major function is to anchor the
epithelium to the basement membrane as a component of either Type I or Type
II hemidesmosomes. The signaling capacity of this integrin in the
hemidesmosome appears to be minimal. Epithelial wounds or, more
importantly, factors linked to malignant transformation and progression can
induce dramatic changes in the function of a6B4. In fact, a scenario is
emerging of how the function of a6p4 is altered in carcinoma. Factors in the
host-tumor microenvironment have the potential to mobilize o6B4 from
hemidesmosomes and promote its association with F-actin. This association
with F-actin enables this integrin to function in cell migration and to harness
traction forces on laminin-containing matrices such as basement membranes, a
process that could contribute to the remodeling of basement membranes during
tumor invasion. Importantly, this altered localization of o6p4 appears to be
coupled to an activation of its signaling potential. The primal signaling event
triggered by 064 appears to be activation of PI3-K. Although the mechanism
by which this occurs needs to be deciphered in more detail, especially with
respect to the involvement of growth factor receptors, o6p4-mediated
activation of PI3-K and its effectors such as Akt, mTOR and Rac has profound
consequences on the biology of carcinoma cells. Arguably, the ability of a634
to stimulate the translation of VEGF and possibly other growth factors may be
the most significant contribution of this integrin to cancer because of the
potential autocrine and paracrine effects of these factors.

extracellular matrix (ECM), epithelial-mesenchymal transition (EMT),
migration, invasion
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1. INTRODUCTION

Carcinoma progression denotes stages in the evolution of a cancer where
malignant cells of epithelial origin leave their normal confines to invade the
adjacent stroma and eventually metastasize to distant tissues. Progression is
an area of intensive research primarily because it is the reason for most of
the morbidity and mortality associated with cancer. A major goal of such
research is to understand the biology that underlies the behavior of
carcinoma cells and to use such information as the basis for clinical
intervention. In this direction, it is widely assumed that invasion and
metastasis are dependent on the migration of cells within the extracellular
matrix (ECM), a fundamental process that is also important in embryonic
development, wound healing and inflammation. Most of the evidence to
implicate cell migration in the invasion of primary carcinomas derives from
inferences made from the pathological analysis of tumors. Such analyses
have revealed that carcinomas can invade as cell sheets or as single cells, the
latter morphology indicative of an epithelial to mesenchymal transition
(EMT) and associated with the most aggressive cancers (1-3). In addition,
numerous experimental observations indicate that the translocation of tumor
cells from one tissue compartment to another (e.g., epithelium to stroma)
involves active cell movement (4-7).

Migration is mediated largely by the integrin adhesion receptors, which
comprise a family of homologous, transmembrane heterodimers built from a
combination of one of 12 o and one of 9 B subunits, providing the variety
and specificity necessary to recognize most of the ECM molecules (8).
Integrins link the ECM and the actin cytoskeleton in a transmembrane
bridge, which plays an important role in the transmission of forces required
for migration (9-11). In addition, signaling through these receptors can
influence migration independently of their adhesive function (12-14).

Integrins also function in cell growth and survival, processes that are
essential for tumor formation and progression. With regard to survival, it
has been known for some time that the attachment of primary epithelial cells
to extracellular matrix (ECM) proteins is essential for their survival (15).
More specifically, integrin-mediated interactions with ECM proteins initiate
signals that sustain survival (16). Survival is enhanced significantly by
growth factor stimulation of attached cells providing evidence that integrins
and growth factor receptors cooperate to promote survival (16). The
environment within the epithelium that supports survival, however, is
progressively lost during malignant transformation, and especially as
malignant cells become invasive and metastatic. Positional cues such as
basement membrane anchoring and cell-cell adhesive contacts that provide
survival signals in the normal epithelium are often absent in invasive and
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metastatic cancer (17, 18). Moreover, the environment encountered by
invasive and metastatic cells is foreign and often pro-apoptotic. The
conclusion can be drawn from these considerations that invasive and
metastatic cells must acquire mechanisms that maintain their survival outside
the confines of the epithelium. Indeed, cancer progression can be considered
an evolutionary process that selects for cells that exhibit the capacity for
survival, among other properties (19, 20). One important implication of this
hypothesis is that those cells that do survive will be the most aggressive and
have the greatest propensity to metastasize. In other terms, a strong selective
pressure promotes the growth of metastatic cells that have evolved
mechanisms for surviving in hostile environments.

The involvement of integrins in many aspects of tumor biology raises the
key issue of how malignant transformation and progression influence either
the expression or function of specific integrins. To this end, most studies
have focused on changes in integrin expression as a function of
transformation and progression. Indeed, the literature abounds with studies
that employ immunohistochemistry to compare the expression of a specific
integrin in normal and malignant tissues. Although data obtained from such
studies can be informative, they are often limited by technical considerations
(e.g., fixation, antibodies) and fail to account for possible changes in integrin
localization. For example, a diffuse staining pattern for a given integrin may
be mistaken for decreased expression. This staining approach is optimal for
those few integrins that exhibit clear-cut differences in expression in tumors.
A prime example is the integrin a®P6 that is not expressed in most adult
epithelia but whose expression is induced in some carcinomas. For most
other integrins, it would appear that more sophisticated methods such as
laser capture microscopy coupled with real-time PCR are needed to obtain
an accurate assessment of changes in integrin expression as a function of
transformation and progression.

Numerous studies using tumor cell lines have substantiated the
hypothesis that alterations in integrin expression can affect the behavior of
tumor cells. For example, an increase in the expression of the a5B1 integrin
(fibronectin receptor) in CHO ovary carcinoma cells can reduce their
proliferative ability and tumorigenicity (21), while the de novo expression of
the owvP3 integrin (vitronectin receptor) in melanoma cells increases their
survival and correlates with the vertical phase of this cancer (22). Integrins
can also affect the tumor environment, which plays a critical role in the
nourishment of the tumor and the determination of escape routes. In this
respect, integrins such as owvp3 have been shown to provide the signaling
necessary for tumor angiogenesis (23). Protease activity, which is important
for tumor invasion, can also be influenced by integrin expression (24).
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A mechanism of how integrins contribute to cancer that has been
considered much less than gross alterations in their expression is that
malignant transformation alters the functions and signaling properties of
specific integrins. This mechanism is exemplified best by the integrin o634,
which has been implicated in the biology of carcinoma and is the focus of
this review. What will emerge from the analysis presented is that the
functions of this integrin in carcinoma cells are distinct from its established
role in normal epithelial cells and that this transition of function is intrinsic
to the nature of malignant carcinoma. Moreover, it is becoming apparent that
o6PB4 functions at multiple levels to influence the migration, invasion and
survival of carcinoma cells.

2. FUNCTIONS OF THE 0634 INTEGRIN IN
CARCINOMA PROGRESSION AND
FORMATION

2.1 Overview

The o6B4 integrin recognizes a variety of laminins, a family of ECM
molecules that are primary components of the basement membrane (25). The
basement membrane separates normal epithelia from the surrounding stroma
and plays an important role in the confinement of newly transformed cells
(carcinoma in situ) prior to their penetration into stroma (invasive
carcinoma) (26). The a6P4 integrin provides a strong attachment of epithelia
to the basement membrane by connecting the basement membrane with the
cytokeratin network in structures termed hemidesmosomes (27, 28).
Mutations that affect the function of the a6p4 integrin, as found in patients
with epidermolysis bullosa, produce characteristic skin blistering that results
from deficient attachment of the epidermis to the basement membrane (29),
a finding substantiated by analysis of 34 null mice (30). The link between
the cytokeratins and laminin bridged by the transmembrane o6p4 is critical
for maintaining cohesive tensile strength necessary for an epithelial cell to
resist mechanical loads (30). The interaction of a6B4 with the cytokeratin
network is indirect and uses an additional group of molecules that together
build the hemidesmosome. This group of molecules includes
hemidesmosomel/plectin, BPAG1(Bullous Pemphigoid Antigen), BPAG2
and the tetraspanin CD151 (28).

There is also evidence that a6B4 on carcinoma cells may adhere to
ligands other than laminin. Specifically, it has been suggested that o6p34-
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containing carcinoma cells bind to CLCA (chloride channel, calcium-
activated) proteins that are present on endothelial cells (31, 32). This
interaction may facilitate vascular arrest of these carcinoma cells and
promote their intravascular metastatic growth. Although this scenario is
intriguing, more studies are needed to validate the interaction between a634
and CLCA proteins and to assess its importance in carcinoma biology.

The o6 subunit is the only known partner of the 34 subunit, although
truncated forms of a6 have been described (33). In contrast, 06 can partner
with both 34 and B1 subunits (34, 35). Distinct from 1 subunits that have a
short cytoplasmic tail, the B4 subunit has a 1,000-amino-acid-long
cytoplasmic tail containing several structural and functional domains that are
critical for its association with the other hemidesmosomal proteins (Figure 1)
(36-38). These regions include two pairs of FN type III repeats separated by
a connecting segment. The [4 subunit is known to bind
hemidesmosomel/plectin within two large regions: part of the FN type III
repeat 2 along with a region of the connecting segment and the last FN
repeat plus the carboxy terminal residues (39-42). The FN type III repeats 3
and 4 are also important for binding BPAG-1 and -2 (43, 44). There are two
types of hemidesmosomes: type I hemidesmosomes, which are present in
skin and several types of epithelia, and contain o6P4,
hemidesmosomel/plectin, BPAGl and BPAG2 (45); type 1
hemidesmosomes, which are present in intestinal epithelia and contain only
0634 and hemidesmosomel/plectin (45-47).

e . S1356 S1360 Si3e4 Yiao2 Yiaso
=32 intracellular

Figure 1. Schematic representation of the structure and domain organization of the o634
integrin. FN1-4 fibronectin III repeats; CS connecting segment. Boxes below 0:634 represent
the regions in the 06P4 integrin involved in the interaction with other hemidesmosomal
components (BPAG1, BPAG2, HD1/Plectin, and CD151).
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2.2 Expression of the o634 Integrin In Carcinomas

Given its role in hemidesmosome-mediated adhesion, it was thought by
some that a6B4 expression had to be suppressed to enable tumor cells to
progress to invasive carcinoma (48). The catalyst for studying the
expressionand function of o6p4 in cancer was the report by Falcioni et al.
(49), which identified a tumor antigen associated with metastasis (TS180)
that was shown to be identical to the B4 integrin subunit (50). Subsequently,
it became apparent that expression of 0634 is maintained or even increased
in several types of invasive and metastatic carcinomas, including squamous,
gastric, colon and bladder, and that a6p4 expression actually correlates with
the progression of these carcinomas (Table 1).

In some tumors such as thyroid carcinoma, a6p4 is not expressed in normal
cells but it is expressed as a consequence of malignant transformation and
the level of expression appears to correlate with the aggressiveness of the
tumor. Such examples provide the strongest correlative evidence that o634
is linked to carcinoma progression. At the same time, other studies reported
that expression of this integrin is reduced in some carcinomas (reviewed in
[48]). A common observation in many of these latter studies is that the
localization of the 064 integrin in invasive and metastatic carcinoma cells
is diffuse in comparison to its polarized, basal localization in normal
epithelia. This altered localization of a6B4 could account for the apparent
decrease in 0/6P4 expression. Moreover, the loss of polarization of the a634
integrin could be related to the invasive phenotype of carcinomas. In murine
squamous papillomas, for example, the loss of polarization and diffuse
suprabasal expression of o634 integrin has been associated with a high risk
of malignant progression (51), and in human head and neck carcinomas a
similar phenotype has been related to poor prognosis (52). It is also
interesting to note that studies that have examined ol6B4 integrin expression
using more quantitative methods such as immunoblots and Northern blots
have observed an increase in the expression of this subunit in some
carcinomas in comparison to normal tissue (53, 54). An intriguing cancer
with respect to a6P4 expression is prostate carcinoma. Current evidence
indicates that the expression of this integrin, as well as several basement
membrane components such as laminin 5 and collagen VII, is decreased in
primary tumors compared to normal prostatic epithelium (55). Interestingly,
there appears to be continued or even increased expression of the B4 integrin
mRNA in these tumors (56). These data contrast with the fact that most
prostate carcinoma cell lines express this integrin in vitro (57), a finding that
suggests the possibility of epigenetic control of B4 expression. An interesting
hypothesis in this regard is that the absence of laminin 5 in tumors might
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impede the translation of B4 or increase its internalization and degradation.
This hypothesis suggests that o634 might be re-expressed during the
metastatic progression of prostate carcinoma if the tumor microenvironment
is conducive to such expression. Clearly, studies on the expression of o634
in metastatic prostate lesions should be a high priority.

Table 1. Expression of a6p4 Integrin In Human Carcinomas.

carcinoma

0634 pattern of expression

Ref.

Skin- squamous cell

High expression and pericellular distribution of
a6P4.

(111, 112)

SKkin- basal cell

Loss of 06B4, laminin 5 and collagen VII. Laminin
1 and collagen IV preserved. In other cases
06P4 integrin - was  strongly stained in the
superficial portions of the basal cell carcinoma.

(113)

Other squamous cell

Loss of basal polarization and increased intensity of
expression of a6B4in cancer. Expression
associated with progression and reduced survival.

(52)

Cervical

In normal squamous epithelium, o6P4 is detected
in basal and parabasal cells. In high-grade CIN (2-
3) there is increased 06P4 to the whole epithelial
thickness. In invasive squamous cell carcinomas,
06P34 chain is diffusely expressed.

(114)

Ovarian

Staining for 064 was irregular. When present, the
basement membrane ‘stained positively for
laminin.

(115)

Thyroid

064 and laminin 5 are absent in normal cells. In
thyroid carcinomas, neoexpression of o634 is
correlated to aggressiveness.

(54)

Breast

a6P4 expression is maintained in tumors, co-
expression with laminin correlates with poor
prognosis.

(116)

Lung

06P4 subunit was detectable in squamous cell
carcinoma and adenocarcinomas but not in small
cell cancers.

(117)

Prostate

Prostatic intraepithelial neoplasia (PIN) lesions
preserve 064 expression, while protein expression
is lost in carcinoma in sifu and invasive carcinoma.

(55,118, 119)

Bladder

Expression increased in tumors, linked to reduced
survival.

(20)

Pancreas

06B4 is expressed in carcinomas. Microarray
analysis reports increased expression.

(121-123)

Gastric

Increased 064 at the interface between malignant
cells and stroma; coincident with laminin-1 and -5.

(124)

Colorectal

06P4 expressed in all carcinomas; inversely
correlated to degree of differentiation. Diffuse and
intense in less differentiated forms.

(53)
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2.3 Invasion and Migration

Although the expression studies described above suggested that o6p4
may contribute to the functions of carcinoma cells, the nature of this
contribution was elusive. The first breakthrough in this area was the
unexpected observation that o634 functions in the invasion and migration of
carcinoma cells. More specifically, initial evidence to implicate a6B4 in
invasion was provided by the finding that transfection of this integrin into
[4-deficient colon and breast carcinoma cell lines dramatically increased
their ability to invade in vitro. More recently, studies that employ RNA
interference to reduce B4 expression in highly invasive carcinoma cells have
shown a corresponding reduction in the ability of these cells to invade (58).
Other studies demonstrated that the expression of a6B4 stimulates the
migration of carcinoma cells. Interestingly, this integrin stimulates
chemotaxis and not haptotaxis (59), an observation consistent with its
purported ability to influence the function of specific growth factor receptors
that can mediate chemotaxis (see below).

An unexpected finding from the studies mentioned above was that the
ability of a6B4 to stimulate migration and invasion can be independent of
ligand binding, i.e., engagement of a6P4 by laminin substrata is not
essential. This conclusion is based on the observation that in some model
systems migration and invasion are not blocked by antibodies that inhibit
064 adhesive interactions, an observation that discounts the possibility of
adhesion to laminins deposited on the substrate by the cells (59). In
addition, expression of a B4 deletion mutant that lacks the extracellular,
ligand-binding domain was shown to be sufficient to enhance the migration
and invasion of some breast carcinoma cells (60). Furthermore, reduced
expression of the B4 subunit results in decreased migration of breast
carcinoma cells on non-laminin substrata (58). This ‘ligand-independent’
function of a6B4 has significant implications for the behavior of carcinoma
cells in vivo because it implies that the ability of 06p4 to stimulate migration
and invasion is not limited to specific matrix environments. As will be
discussed below, however, there are situations in which the contribution of
06B4 to cell migration is clearly dependent on its interactions with the
laminins.

2.4 Survival

In addition to its involvement in migration and invasion, a role for o634
in promoting cell survival was discovered using breast carcinoma cells that
had been deprived of matrix attachment and serum (61). The ability of such
cells to resist apoptosis under such ‘stress’ conditions is a function of 64
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expression and it relates to the ability of a6p4 to activate the PI3-K/Akt
pathway. A surprising twist to o64-mediated survival signaling is that it
can be regulated by p53. Specifically, a6p4 activates Akt and promotes
survival in carcinoma cells that express mutant forms of p53 (61). These
events are not observed, however, in carcinoma cells that express wild-type
p53 because 06P4 stimulates p53-dependent caspase-3 activity that results in
the cleavage and inactivation of Akt (61, 62).

A fruitful extension of this work was the observation that a64-mediated
survival in breast carcinoma cells is dependent on vascular endothelial
growth factor (VEGF) (63). In cells in which VEGF expression had been
reduced using antisense oligonucleotides, at6B4 lost its ability to prevent
apoptosis in stress conditions. This finding was consistent with other data
indicating that autocrine VEGF is important for the survival of breast
carcinoma cells (64). In addition, it raised the possibility that 64 can
regulate VEGF expression. Indeed, subsequent studies revealed that o634
can regulate VEGF expression at the translational level via the mTOR/elF-
4E pathway (63) (see below).

The ability of a6B4 to regulate the expression of growth factors such as
VEGF that are critical for carcinoma biology has significant ramifications
for our understanding of how integrins contribute to cancer. The widely
accepted notion is that integrins, often in concert with growth factor
receptors, activate specific signaling pathways that sustain survival, e.g.,
(65). The data on a6B4 and VEGF indicate that the survival function of
integrins may not only be mediated by activation of a key survival kinase
such as Akt and the consequent effects of Akt on apoptotic signaling (66) but
also by the integrin-dependent translation and expression of growth factors
such as VEGF that promote survival in an autocrine and, possibly paracrine,
fashion. In this direction, it is becoming more apparent that tumor cells can
acquire a certain degree of self-sufficiency by elaborating autocrine
signaling pathways that facilitate key functions of growth, survival and
invasion (20). Autocrine pathways are more significant as tumors progress
towards invasive and metastatic disease because the environment of such
tumors is increasingly hostile. As such, autocrine signaling pathways
represent a prime target for therapy aimed at impeding tumor dissemination.
In this regard, it is tempting to speculate that the expression of a6p4 and
VEGF are linked at certain stages of progression and that this linkage
provides a survival advantage to the tumor cells.

Other studies employing three-dimensional cultures have substantiated
the importance of a6B4 for the survival of breast carcinoma cells.
Specifically, it was observed that three-dimensional polarity confers
resistance to apoptosis and that such polarity is maintained by a6p4 (67).
Subsequent studies suggested that o6Bf4 can mediate the anchorage-
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independent survival of breast carcinoma cells by a mechanism that involves
autocrine laminin-5, which ligates 064 and activates a Rac GTPase/NF-[1B
signaling pathway that sustains survival (68). It will be informative to
determine if VEGF or other autocrine growth factors mediate o6p4-
dependent survival in these model systems.

2.5 The 0634 Integrin in Carcinoma Formation

Recent studies indicate that 064 may not only have an impact in tumor
progression but also on the general susceptibility of epidermal cells to form
tumors. Although it was known that expression of o634 increases markedly
in squamous cell carcinomas (SCC) but not in basal cell carcinomas (69),
which also originate from epidermal cells but are relatively non-metastatic,
the report that 064 may be involved in the formation of SCCs was rather
surprising (70). Using a model system that involves the retroviral expression
of specific genes in primary, human keratinocytes and the subsequent use of
these cells for grafting to regenerate human skin on immune-deficient mice,
Khavari’s group discovered that expression of oncogenic Ras alone induces
growth arrest and graft failure but that the co-expression of oncogenic Ras
with molecules that impede Ras-induced growth arrest results in invasive
epidermal carcinoma resembling SCC (70). Of interest, antibodies specific
for either 06B4 or its ligand laminin-5 prevent the genesis of invasive SCC
in this model. In a more definitive experiment, it was observed that
keratinocytes deficient in the expression of either the 34 subunit or laminin-5
(isolated from patients with blistering skin diseases) were unable to form
tumors but expression of the respective genes restored their ability to form
invasive tumors. In a related study from Fiona Watt’s lab that may shed
more insight into mechanism, targeted expression of at6B4 in the suprabasal
layer of the epidermis in transgenic mice increased significantly the
frequency of papillomas, carcinomas and metastases induced by chemical
carcinogenesis (71). The mechanism appears to involve the suppression of
TGF-B signaling by o6p4 and the resulting inhibition of TGF-B from
suppressing the clonal expansion of initiated cells in the epidermal basal
layer (71). Clearly, these studies on skin tumors add a new dimension to our
understanding of the contribution of a6p4 to cancer and it should be quite
fruitful to assess the possible role of o6B4 in the promotion of other
carcinomas and to elucidate the mechanisms involved.
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3. MECHANISTIC INSIGHTS INTO THE ALTERED
FUNCTIONS OF 064 IN CARCINOMA

3.1 Overview

The studies described above implicate ai6B4 in the invasive process, but
they do not provide a mechanism to explain how an integrin, which
associates with intermediate filaments and forms stable adhesive contacts,
can promote the dynamic process of invasion. The presence of 0634-
containing hemidesmosomes would be expected to impede invasion. In fact,
hemidesmosomes in carcinoma cells usually disappear, although o6p4
continues to be expressed. This section will discuss existing data on the
functional changes in a6B4 that occur in carcinoma and how such changes
are linked to carcinoma migration and invasion.

3.2 Dynamic Interactions with the Cytoskeleton

One possible explanation for the ability of 06B4 to promote invasion is
that o634, upon dissociation from the hemidesmosome, might interact with
the actin cytoskeleton and participate in the migration process. Supporting
this idea was our finding that o6B4 can associate with F-actin and is
localized at the leading edges of invasive carcinoma cells (72). Moreover,
we demonstrated that a6B4 actually mediates the migration of such cells
through its ability to associate with the actin cytoskeleton and promote the
formation and stabilization of filopodia and lamellae (72). This finding
implied that the function and cytoskeletal association of 064 in invasive
carcinoma cells are distinct from its established role of anchoring epithelial
cells to the basement membrane through its association with cytokeratins.

In normal cells, the interaction of o634 with the actin cytoskeleton might
occur when cells are induced to migrate such as during wound healing.
Indeed, we and others have shown that o6B4 is mobilized from
hemidesmosomes and redistributes to actin-rich protrusions in response to
chemotactic factors (73, 74). Moreover, in epithelial wound models such as
cornea and intestinal mucosa, hemidesmosome disassembly occurs in the
wound margins, and translocation of o634 to lamellipodia is observed (75-
77). Several studies have implicated the involvement of c6B4 as well as
03PB1 in wound healing based on the use of function-blocking antibodies,
and there is evidence that 634 may contribute to this process by stimulating
o3B1 function (78). An association of a6p4 with F-actin may also occur in
the early stages of hemidesmosome formation. In this regard, Marchisio and
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colleagues using 804G bladder carcinoma cells, which form
hemidesmosomes in vitro, observed that hemidesmosomes organize around a
core of actin filaments and that the assembly of hemidesmosomes is
preceded by the recruitment of o634 to the actin core (79). Moreover, when
804G cells are induced to migrate, hemidesmosomes disassemble and o634
becomes co-localized with F-actin at the cell margins.

Several lines of evidence suggest an association of a6B4 with actin
filaments, although the molecular basis of this association has not been
elucidated. Specifically, the actin-severing protein gelsolin is able to liberate
o6PB4 along with actin from invasive colon carcinoma cells (72)]. Also,
immunostaining studies reveal that both filopodia and the edges of lamellae
contain o6P34 distributed in the form of discrete clusters that co-localize with
F-actin. An association between o6B4 and F-actin is also supported by the
fact that 064 immunostaining of the marginal edges of the cell (which do
not contain cytokeratins) is resistant to solubilization with Triton-X-100, a
treatment that preserves the actin cytoskeleton (72). As mentioned before, a
functional interaction between atb4 and F-actin is suggested by the fact that
o6PB4 function-blocking antibodies destabilize the lamella and filopodia
resulting in the reduced migration of colon carcinoma cells. Most likely, the
association between a6B4 and F-actin is indirect because the 4 cytoplasmic
domain lacks an actin-binding motif. One potential ‘linker’ molecule is HD-
1/plectin, which also connects the 4 subunit to intermediate filaments,
because it contains an actin-binding domain (80). Although 4 binds to HD-
I/plectin at the actin-binding domain (81), this linker molecule exists as a
homotetramer, which provides three additional actin-binding domains that
could link B4 to actin.

The presence of o634 in filopodia may be important in determining the
directionality during cell migration on laminin-1. This integrin has an
extremely high adhesive strength for laminin-1 (82). Specifically, laminin-1
adhesion mediated by o6B4is able to resist shear forces up to 100
dynes/cm’, in contrast to the B1 integrins that have a much lower resistance.
The high adhesive strength of this integrin for laminin-1 supports its
involvement in filopodial stabilization. The stabilization of filopodia
correlates with lamellar protrusion in the direction of the filopodia in several
models of migration including colon carcinoma cells. For example, when
fibroblasts are plated on surfaces coated with gold, lamellipodia are extended
primarily where exploratory filopodia find and contact a gold-coated area
and their extension follows the direction of the stabilized filopodia (83).

The importance of filopodial contacts in directing cell migration is
also underscored by the pioneer growth cone model in grasshoppers where a
single filopodial contact can re-orient an entire growth cone (84). An
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important implication of these studies is that carcinoma cells may follow
invasive paths in which a6p4 ligands are detected by exploratory filopodia.

33 The Epithelial-Mesenchymal Transition and o634
Mobilization

The foregoing discussion on the mobilization of a6p4 and disassembly
of hemidesmosomes in response to chemotactic factors raises the important
and timely issue of «a6B4 dynamics and the epithelial-mesenchymal
transition (EMT). During this process, which is essential for embryonic
development and also can occur during the progression of carcinomas,
epithelium is converted into mesenchyme as a result of E-cadherin loss or
dysfunction and the consequent expression of mesenchymal proteins such as
vimentin. Of relevance to cancer, the EMT results in the induction of cell
migration and the ability of epithelial cells to survive autonomously. An
obvious consideration in this regard is the impact of the EMT on
hemidesmosomes and a6P4. A4 priori, the assumption can be made that the
EMT results in hemidesmosome disassembly and the mobilization of o634
to F-actin containing structures. Surprisingly, no studies have addressed this
issue directly. Such studies have the potential to increase our understanding
of how hemidesmosomes and a6p4 are regulated during the progression of a
carcinoma, and they should provide insight into the more general issue of the
relationship between cell-cell and cell-matrix adhesion.

34 06B4 and Basement Membrane Remodeling

The association of a6B4 with the actin cytoskeleton suggests a
mechanical contribution of o6B4 to migration. Using a traction-detection
system we were able to show that o634 is capable of transmitting forces
generated by the actin cytoskeleton onto a laminin substrate (85). The forces
mediated by a6B4 could provide a clue as to how this integrin functions in
carcinoma invasion. Although it is commonly assumed that invading cells
break through the basement membrane and migrate into stroma, it is
recognized that several invasive tumors can produce basement membrane
components and form structures that range from sparse patches of basement
membrane to an apparently intact membrane. These tumor-produced
basement membranes could facilitate invasion by providing a temporary
substrate for the invading cells to move using integrins such as a6p34. The
remodeling of basement membranes and other ECMs to generate ‘paths’ for
migration has been reported for several types of cells in vitro. Endothelial
cells, for example, can reorganize reconstituted basement membranes into
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tubular paths through which they move. In this regard, we observed that
colon carcinoma cells that express the 06p4 integrin remodel or ‘compress’
reconstituted basement membranes into very compact structures, and form
paths connecting distant cell aggregates. The importance of a6B4 in this
compression is evidenced by the inhibition of the remodeling using function-
blocking antibodies (85). The ability of o06B4 to remodel basement
membranes may derive from its ability to generate traction on such matrices.
This a6B4-dependent remodeling is dependent on an active actin
cytoskeleton and it appears that most of the compression occurs under the
lamellae (85).

The above observations lead to the hypothesis that o6f4-dependent
remodeling of basement membranes might be a mechanism by which tumor
cells breach basement membranes. For example, this process could result in
the compression of the basement membrane in discrete regions, a process
that would deplete basement membrane components from surrounding
regions and create ‘gaps’ through which carcinoma cells could escape. In
this regard, the ectopic expression of al6p4 in B4-deficient breast carcinoma
cells, which dramatically promotes their invasive ability, correlates with a
substantial increase in their ability to compress basement membranes. Other
models support as well the idea of remodeling as means of dissemination.
For example, a correlation between remodeling activity and invasive
capability has also been observed for melanoma cells, in which their
aggressiveness correlates with their ability to remodel ECM (86, 87). Similar
studies observed that highly invasive melanoma cells can remodel three-
dimensional matrices, although partial matrix degradation was also observed
(87, 88). Based on these findings, it appears reasonable to postulate that
invasion involves both matrix remodeling and proteolytic degradation.
Interestingly, however, no studies to date have linked a6PB4 to either the
expression, localization or activity of specific proteases.

3.5 Mechanisms of Hemidesmosome Disassembly

As mentioned above, hemidesmosomes provide epithelial cells with a
strong and stable anchor to the basal lamina and, as a consequence, hinder
migration. During wound healing or in carcinoma progression,
hemidesmosomes disassemble to facilitate migration. Therefore, deciphering
the mechanisms involved in hemidesmosome disassembly is critical to
understanding how epithelial cells migrate and invade. Initial insight into
this problem was provided by the finding made by our group and others that
EGF, acting as a chemotactic factor, induces mobilization of the a6p4
integrin and promotes hemidesmosome disassembly (Figure 2) (73, 74).
EGF also stimulates a PKCoa dependent pathway that results in the
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phosphorylation of the 34 integrin subunit and its re-distribution to actin-rich
structures (74). More recently, we extended these findings and determined
that in keratinocytes and carcinoma cells EGF induces the phosphorylation
of the 4 subunit on a cluster of serines (S3s6, S1360 and Si3¢4), located within
the connecting segment of the cytoplasmic tail (89). Using a mutational
analysis strategy on cos7 cells that can assemble hemidesmosomes type II
upon transfection of the B4 cDNA, we observed that the ability of EGF to
disrupt hemidesmosomes is reduced significantly by mutations that prevent
the phosphorylation of Si3s6, Si360 and Si364. The phosphorylation of these
serines is dependent on PKCa, which can directly phosphorylate some of
these residues (89). Moreover, PKCa is sufficient to induce both the
phosphorylation of these residues and the disruption of hemidesmosomes.

Although ~95 % of the stimulus-induced phosphorylation of the 4
subunit occurs on serine residues (89), EGF-induced phosphorylation of 34
on specific tyrosine residues has been reported. Moreover, preventing the
phosphorylation of two tyrosines in the connecting segment of 4 (Y4, and
Y 1440) results in a partial inhibition of hemidesmosome disassembly induced
by EGF (90). These tyrosines are phosphorylated through a Fyn-dependent
pathway that involves the binding of Shc to those residues (90, 91).
Together, these studies indicate an important role for serine and tyrosine
phosphorylation of the B4 integrin subunit in regulating hemidesmosome
disassembly. Moreover, the phosphorylation of other hemidesmosome
omponents, such as hemidesmosomel/plectin (92), has been documented
and is likely to play a regulatory role in the destabilization of this structure.

The destabilization of the hemidesmosome by the phosphorylation of 4
could result from conformational changes caused by the electrostatic charges
of the added phosphate groups. Phosphorylation of B4 might inhibit 4
association with plectin and other hemidesmosomal components, or
destabilize the hemidesmosome by interfering with 34 self-association. Both
intermolecular and intramolecular interactions of PB4 involving the
connecting segment have been reported, and are likely to be influenced by
phosphorylation (42, 93). Alternatively, serine phosphorylation may provide
the binding site for other destabilizing molecules. In this regard, it has been
reported that PKCo mediates serine phosphorylation on unknown residues in
the connecting segment that induces the association of 14-3-3 proteins and,
in concert with signals from the Ron receptor, may contribute to the
destabilization of the hemidesmosome (94)]. Ron may also induce tyrosine
phosphorylation of B4 through src-fyn, a pathway also implicated in EGF-
mediated disassembly of hemidesmosomes (91).
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Although data from several studies strongly suggest that the presence of
hemidesmosomes impedes migration, the notion of hemidesmosome as an
unchanging and non-dynamic structure has been challenged. Using
photobleaching experiments, it has been shown recently that the turnover of
06B4 in hemidesmosomes is surprisingly fast in contrast to other
hemidesmosomal components, such as BPAG2 (95, 96). It will be important
to define whether these observations made in vitro reflect the behavior of
hemidesmosomes in vivo. Nonetheless, these studies suggest that the
stability provided by the hemidesmosome should be viewed in terms of a
dynamic equilibrium, where structure and function are maintained but
components are subject to rapid turnover.

4. ACTIVATION OF A SIGNALING COMPETENT
06B4 INTEGRIN IN CARCINOMA

4.1 Overview

A hypothesis that emerges from the foregoing discussion is that stimuli
that induce epithelial migration or the progression to invasive carcinoma
trigger alterations in the localization of o6P4 that influence its signaling
capacity. Several studies support this hypothesis. Initial studies from our
group demonstrated that the localization of o6B4 in lamellipodia and
filopodia was associated with its ability to signal migration and invasion
(97). More recently, the Ron receptor studies (see above) provided evidence
that the mobilization of o6B4 from hemidesmosomes to lamellipodia
triggers the signaling capacity of this integrin and concluded that in
keratinocytes the ‘function of a6P4 switches from a mechanical adhesive
device into a signaling competent (receptor)’ that drives epidermal wound
healing (94). Additional evidence to support this notion derives from the
observation that the (4 subunit can be palmitoylated and, although
palmitoylation is not required for 064 mediated adhesion or assembly into
hemidesmosomes, it does promote the association of a6p4 with lipid rafts
that are signaling competent (98). Thus, there appears to be a strong
correlation between o634 localization and its signaling capacity. This
section will summarize the data on the signaling properties of a6B4 in
carcinoma cells from the perspective that such signaling is linked to the
mobilization of 064 from hemidesmosomes.
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4.2 Activation of PI3-K

A discussion of the functions of carcinoma cells that are influenced by
0634 cannot be had without mentioning PI3-K, the lipid kinase that is a
nexus of intracellular signaling. A seminal finding was that a6p4 has the
ability to activate PI3-K potently in carcinoma cells (97), a finding that has
been substantiated by several laboratories (60, 78, 94, 98-100). Indeed, this
activation underlies the contribution of 06B4 to migration, invasion and
survival. Moreover, a number of downstream targets of PI3-K including
Akt, Rac and mTOR are central to the functions of carcinoma cells and their
regulation by a6B4 has been established (63, 97, 101). Activation of PI3-K
by 0:6B4 may also stimulate the function of other integrins important for the
biology of carcinoma cells, such as a3B1 (78, 94, 100). A critical issue that
arises from these findings is the mechanism by which a6p4 activates PI3-K.
This mechanism is probably not a direct activation of PI3-K by o634
because the B4 cytoplasmic domain lacks a consensus sequence for binding
the p85 regulatory subunit of PI3-K (97). Possible mechanisms that have
been proposed include the involvement of insulin receptor substrate proteins
(IRS-1 and IRS-2), which contain multiple PI3-K binding motifs and are
tyrosine phosphorylated and bind to PI3-K upon ligation of a6p4 (102). In
addition, the compartmentalization of a6PB4 into lipid rafts may facilitate
interactions with tyrosine kinases that can activate PI3-K (98). Finally, the
reported ability of a6B4 to associate with specific growth factor receptors,
which are known to activate PI3-K, and to facilitate the function of these
receptors may account for the ability of a6p4 to activate PI3-K (see below).
These mechanisms are not mutually exclusive and they may function in
concert to mediate the al6P34-dependent activation of PI3-K.

4.3 The 06B4-Growth Factor Receptor Connection

An emerging consensus is that o634 has the potential to form complexes
with specific growth factor receptors and that such macromolecular
complexes act synergistically to activate key signaling pathways and mediate
the functional contributions of a6P4 to carcinoma cells. Although this
paradigm has been proposed for other integrins, studies by Falcioni and
colleagues provided the first evidence that 064 may associate with erbB2,
an orphan receptor of the EGFR family, on the surface of some breast
carcinoma cell lines (103). Subsequent studies using a 3T3 cell model
system demonstrated that both o6B4 and erbB2 are required for PI3-K
activation and the stimulation of chemoinvasion (99). These data are
provocative because erbB2 is thought to function only when it
heterodimerizes with other members of the EGF receptor family (104).
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Thus, the possibility that o6P4 actually associates with an erbB2
heterodimer needs to be evaluated.

An intriguing example of the functional significance of o6p4 growth
factor receptor interactions is the report that a constitutive, physical
association of the Met receptor and a6B4 exists on the surface of invasive
carcinoma cells and that 064 functions as an essential ‘adaptor’ protein for
Met that enables hepatocyte growth factor (HGF)-mediated invasion (60). In
this scenario, 064 is needed to facilitate the signaling functions of Met that
promote invasion such as activation of PI3-K. The impact of this finding is
amplified by the fact that substantial evidence exists for the importance of
Met in the scattering, invasion and metastasis of tumor cells (105). Indeed, if
0634 were an essential, specific adaptor for Met function in these events, the
consequences for carcinoma biology and therapy would be profound.
Recently, however, our group was unable to detect a ‘constitutive, physical
association” between 0634 and Met on the surface of invasive carcinoma
cells by co-immunoprecipitation (106). The discrepancy between these
studies may reflect the fact that the association between these receptors, if it
does occur, is tenuous. Along these lines, it should be noted that all of the
evidence to support an association of a6P4 with specific growth factor
receptors is based on co-immunoprecipitation experiments that have the
potential to yield spurious results and that are not rigorous enough to
establish  direct protein-protein  interactions. = A  positive  co-
immunoprecipitation result, for example, may reflect the fact that a6p4 and
a growth factor receptor do not associate directly but co-exist in a membrane
micro-domain such as a lipid raft.

A significant observation made by Chung et al. (106) is that the invasive
function of Met can be independent of c6B4 Cells that lack expression of
06PB4 exhibit Met-dependent invasion towards HGF and increasing Met
expression can enhance their rate of invasion. Moreover, expression of
exogenous o6P4 in such cells increases their ability to invade towards
several growth factors including HGF. Thus, it appears that Met is one of
several growth factor receptors whose function may be enhanced by a6p4
expression but that can signal and promote invasion in the absence of 634
expression.

The most conclusive evidence to date for the existence of an
06B4/growth factor receptor complex is the work on the Ron receptor in
keratinocytes described above (94). These data indicate that the association
between Ron and a6B4 is dependent upon activation of Ron by its ligand,
macrophage-stimulating protein. Specifically, Ron triggers the PKC-
dependent phosphorylation of both itself and o634 that generates 14-3-3
binding sites. Presumably, 14-3-3 molecules bridge these binding sites and
enable a complex to form between these two receptors. Although more data
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are needed to validate this hypothesis, this is the first study to provide a
mechanism to account for a direct interaction between a6p4 and a specific
growth factor receptor.  Moreover, it supports the hypothesis that
associations between a6B4 and specific growth factor receptors may occur
in response to specific physiological or oncogenic stimuli. This hypothesis
meshes with the notion that the signaling capacity of a6p4 is manifested
upon the mobilization of o6B4 from hemidesmosomes because such stimuli
also induce its mobilization.

Clearly, an intimate relationship between o6B4 and specific growth
factor receptors exists. Whether such relationships are manifested as direct
physical associations between these receptors, their association in membrane
micro-domains or simply cooperation at the functional level remains to be
determined. Regardless, a better understanding of the mechanisms by which
these two classes of receptors cooperate to influence signaling and function
is of paramount importance.

4.4 06p4 and Protein Translation

Many mRNAs that encode proteins essential for cell growth and survival
are characterized by significant 5’UTR secondary structure and their
translation is dependent on the concentration of translation initiation factor
elF-4E (107). elF-4E interacts with a large scaffolding protein termed elF-
4G that directs the translational machinery to the 5’ end of the mRNA. Of
note, activation of the PI3-K/Akt pathway results in the phosphorylation and
activation of mammalian target of rapamycin (mTOR), a kinase related to
PI3-K (107). One target of mTOR is the 4E-binding protein (4E-BP) family,
a family of three small polypeptides that complex with elF-4E and prevents
its interaction with eIlF-4G. Upon phosphorylation of 4E-BP1 by mTOR, its
binding to eIF-4E is disrupted, enabling elF-4E to interact with eIlF-4G and
initiate translation (107). Thus, phosphorylation of 4E-BP is a critical event
that links signaling to protein translation. As mentioned above, we
demonstrated that o6p4 stimulates 4E-BP phosphorylation in breast
carcinoma cells and, consequently, regulates the translation of VEGF, a
finding confirmed by polysome analysis (63).

Obviously, numerous factors such as growth factors and other nutrients,
as well as mutations in tumor suppressor genes such as PTEN and the
tuberous sclerosis complex (TSC), have the potential to activate the mTOR
pathway and influence protein translation (108). Our belief is that the
contribution of 06p4 to this pathway is manifested in those environments in
which the presence of other factors or such mutations is reduced. Our
finding that the al634-dependent stimulation of 4E-BP1 phosphorylation and
increase in VEGF translation is detected most readily under conditions of

178



serum-deprivation substantiates this belief (63). Interestingly, it is under
these same conditions that the survival function of a6B4 is most apparent
and this function is linked to VEGF expression (63). Given these
observations, one can speculate that this function of 0634 may be important
in the tumor microenvironment where the supply of nutrients and other
factors may be limiting.

Another important point that emerges from the work on o634 and VEGF
translation is that the o634 mediated activation of PI3-K and the consequent
increase in VEGF expression, coupled with the ability of VEGF to activate
PI3-K, results in an amplification of PI3-K activation. In fact, this pathway
could provide one mechanism for the high basal activity of PI3-kinase that
has been noted in invasive carcinomas and that may be essential for the
behavior of these cells. In this direction, it is more than likely that the
translation of other growth factors and cytokines is influenced by 06p4 and
that these factors impact the signaling capacity and functions of carcinoma
cells. Future studies comparing the profiles of mRNAs associated with
actively translating polysomes as a function of o634 expression in cell lines
and carcinomas will undoubtedly yield a wealth of information and likely
some unexpected surprises.

4.5 A Possible Link between 0634 and Transcription

Although o6p4 appears to have a significant impact on protein
translation, there is also evidence that it may influence the transcription of
genes important for invasion. This possibility is based on the report that
expression of the transcription factor NFAT (nuclear factor of activated T
cells) is linked to a6PB4 is some breast and colon carcinoma cell lines and
that NFAT transcriptional activity can be induced by ligation of o634 (109).
The identification of specific NFAT target genes that are important for
06P4-mediated invasion would strengthen the link between this integrin and
transcription.  Also, it would be informative to determine whether the
stimulation of NFAT transcriptional activity by a6B4 is PI3-K-dependent,
given the central role of this kinase in 0634 signaling.

5. CONCLUSIONS

The a6PB4 integrin plays pivotal but distinct roles in the biology of
epithelial and carcinoma cells. In healthy epithelia, its major function is to
anchor the epithelium to the basement membrane as a component of either
Type I or Type II hemidesmosomes. The signaling capacity of this integrin
in the hemidesmosome appears to be minimal. Epithelial wounds or, more

179



importantly, factors linked to malignant transformation and progression can
induce dramatic changes in the function of a6B4. In fact, a scenario is
emerging of how the function of al6P4 is altered in carcinoma. Factors in the
host-tumor microenvironment have the potential to mobilize o6B4 from
hemidesmosomes and promote its association with F-actin. This association
with F-actin enables this integrin to function in cell migration and to harness
traction forces on laminin-containing matrices such as basement membranes,
a process that could contribute to the remodeling of basement membranes
during tumor invasion. Importantly, this altered localization of a634 appears
to be coupled to an activation of its signaling potential, which may occur
through its association with growth factor receptors or lipid rafts,
possibilities that are not mutually exclusive. The primal signaling event
triggered by o6PB4 appears to be activation of PI3-K. Although the
mechanism by which this occurs needs to be deciphered in more detail,
especially with respect to the involvement of growth factor receptors, o64-
mediated activation of PI3-K and its effectors such as Akt, mTOR and Rac
has profound consequences on the biology of carcinoma cells. Arguably, the
ability of a6B4 to stimulate the translation of VEGF and possibly other
growth factors may be the most significant contribution of this integrin to
cancer because of the potential autocrine and paracrine effects of these
factors.

The recent reports that o6B4 may contribute to the promotion and
formation of epidermal tumors is both intriguing and revealing (70, 71),
especially given the assumption that this integrin contributes to later stages
of progression such as invasion and metastasis (110). One hypothesis that
arises from the existing data is that a critical function of o634 in cancer is
tumor cell survival. This finding implies that this survival function is
necessary for transformed keratinocytes to form squamous cell carcinomas
and that it is necessary for the subsequent survival of invasive and metastatic
carcinoma cells, especially in the ‘stress’ conditions present within the tumor
microenvironment. This proposed survival function for a6p4 is likely to
involve its ability to regulate the expression of growth factors such as VEGF
that have profound effects on both tumor and stromal cells. Also, the
observation that o634 may inhibit the growth suppressive effects of TGF-3
needs to be considered. These observations do not discount the contribution
of a6P4 to the migration and invasion of carcinoma cells. Clearly, more data
are needed to assess these possibilities, especially data from mouse tumor
models in which the expression of a6P4 can be regulated at specific stages
in the progression from normal epithelia to metastatic carcinoma.
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Chapter 9

RHO GTPASES IN CELL MOTILITY AND
TUMORIGENESIS

Amra Hajdo-MilaSinovi¢, Alexander E. Mertens, Irene H. L. Hamelers, John

G. Collard
The Netherlands Cancer Institute, Department of Cell Biology, Amsterdam, The Netherlands

Abstract: Rho proteins are small regulatory molecules that belong to the Ras
superfamily of proteins. They act as molecular switches, shuffling between an
active, GTP-bound state, and an inactive, GDP-bound state. Upon activation,
they interact with a multitude of downstream effectors. In this way Rho
proteins regulate a broad range of cellular processes, including cell motility,
cell growth, apoptosis, and gene transcription. Therefore, it is not surprising
that Rho proteins are also involved in different aspects of tumorigenesis. In
particular, as key regulators of cell motility, Rho GTPases are implicated in
invasion and metastasis of a tumor. In this review we will focus on the
involvement of Rho proteins in cell migration and the different steps of
tumorigenesis.

Key words:  Rho, Rac, cdc42, GTP, actin cytoskeleton, adhesion, protrusion

1. INTRODUCTION

Similar to Ras proteins, Rho GTPases bind guanine nucleotides and act
as molecular binary switches. In contrast to the mutated Ras oncogenes, Rho
proteins have never been found mutated in human tumors; however, their
involvement in cancer development has been clearly established and is an
active area of research.

Rho GTPases are ubiquitously expressed and so far 20 Rho proteins have
been described in humans (1). Based on primary sequence and known
functions, they can roughly be divided into 5 groups, being the Rho-like,
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Rac-like, Cdc42-like, Rnd, and RhoBTB subfamilies (Figure 1). Of these 20
members, RhoA/B, Racl/2 and Cdc42 are the most widely studied. Rho
proteins are involved in the regulation of many cellular processes, including
cytoskeletal organization, cell motility, cell cycle progression and growth,
apoptosis, gene transcription and vesicle transport. Consequently, it is not
surprising that Rho proteins are involved in different steps of tumor
development and progression. In this chapter, we describe in more detail
how the Rho proteins are regulated, what their role is in cell migration and
maintenance of cell-cell adhesions. In addition, we summarize the data that
implicate this protein family in cancer development.

RhoA
%hoc Rho-like
RhoB

Rnd1
Rnd3/RhoE Rnd
Rnd2
[ RhoD
Rif
Cdc42
l:TC10 Cdc42-
T TCL like
Wrch1
Chp/Wrch2
Rac1
= ERacS
_ = Rac-like
RhoG
RhoHITTF
~RhoBTB1
L RhoBTB2 Rho BTB

Figure 1. Rho protein family tree. Based on sequence homology and function, the 20 Rho
protein family members are divided into 5 groups: Rho-like, Rac-like, Cdc42-like, Rnd and
RhoBTB.
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2. REGULATION OF RHO GTPASE ACTIVITY

Rho proteins cycle between an active, GTP-bound conformation and an
inactive, GDP-bound conformation. In the GTP-bound form, they interact
with downstream target proteins to induce cellular responses. Rho proteins
exchange nucleotide and hydrolyse GTP at slow rates. These reactions are
catalyzed by guanine nucleotide- exchange factors (GEFs) and GTPase-
activating proteins (GAPs), respectively (Figure 2).

Plasma membrane

1

Cytoskeletal changes
Gene transcription

Figure 2. : Regulation of RhoGTPase function. Rho GTPases shuttle between an active and
an inactive state. RhoGDIs keep Rho proteins in a GDP-bound inactive state. GEFs and GAPs
regulate the GDP release and the GTP hydrolysis, respectively.

The guanine nucleotide exchange factors (GEFs) promote the exchange
of GDP for GTP, in this fashion activating the GTPase. RhoGEFs are
generally large, multidomain proteins that typically contain a Dbl homology
(DH) domain (2) which catalyses GDP-GTP exchange. The DH domain is
often flanked by pleckstrin homology (PH) domain. The DH-PH domain
units show varying specificities for subsets of Rho family proteins (3). There
are many more GEF proteins than there are Rho proteins; so far, about 60
GEFs have been identified in the mammalian genomes (4). This diversity
probably represents the engagement in a wide variety of signaling pathways
in different tissues. In addition, RhoGEFs are not just simply activators of
Rho proteins, but they also serve as docking sites for adaptor proteins and
downstream effector proteins of Rho-like GTPases (reviewed in 5). This
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additional feature promotes RhoGEFs into tools for fine-tuned spatial and
temporal regulation of Rho GTPases and their downstream signaling.

GTPase-activating proteins (GAPs) stimulate the rate of GTP hydrolysis,
thereby converting GTPases to their inactive, GDP-bound form. So far, there
are about 70 proteins identified that contain a RhoGAP domain (6). Apart
from their function to inactivate Rho GTPases there is evidence that some
GAPs also act as Rho effectors and transmit signals downstream from Rho
proteins.

The third group of Rho family regulators is known as the guanine-
nucleotide dissociation inhibitors (GDI). GDIs bind a subset of Rho proteins,
inhibit nucleotide exchange and prevent the binding of these proteins to the
membranes, where they are activated. To date, three RhoGDIs have been
identified, and a few other molecules have been suggested to have RhoGDI
activity. A large fraction of Rho proteins in the cell is likely to be bound to
GDIs (7). How RhoGDlIs interact with Rho proteins is known from structural
and biochemical studies (8, 9), but it is still unclear how this interaction is
regulated. GDI phosphorylation and the binding of other proteins to GDI can
stimulate release of Rho GTPases from GDIs. In this way, Rho proteins can
be delivered by the GDIs to a particular site of action in the cell.

The localization of Rho proteins is regulated by lipid modifications. Rho
GTPases are generally post-translationally modified at their C-termini by
prenylation of a conserved cysteine, and this is a determinant for targeting
these proteins to the plasma membranes (10).

Various tools have been employed to analyse Rho protein function. Two
types of point mutants have been used extensively: activated mutants, which
are constitutively GTP-bound (the GAP proteins can not bind anymore) and
dominant-negative mutants, which generally have reduced affinity for
nucleotides (11) and are titrating out GEFs (12). Bacterial toxins that
inactivate Rho proteins have also been used to study Rho function (reviewed
in 13). A prototypical agent is C3 exotransferase, produced by Clostridium
botulinum. C3 (ADP-)ribosylates RhoA, B, and C leading to the inactivation
of these proteins (14). More recently, the downregulation of various Rho
proteins by short interference RNA sequences have become a powerful tool
to study the specific function of Rho proteins.

3. FUNCTION OF RHO GTPASES

The most intensively investigated function of Rho proteins is the
regulation of the cytoskeletal organization in response to extracellular
signals. However, over the past few years it has been shown that Rho
GTPases also play crucial roles in many other cellular events, such as
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membrane trafficking, transcriptional regulation, apoptosis, cell polarization,
cell growth control, and cell differentiation. Within the scope of this chapter
we will discuss in particular the involvement of Rho proteins in cell
migration and cell adhesion, processes associated with the formation and
progression of tumors.

3.1 Rho GTPases in migration

Cell migration is essential to normal development of multicellular
organisms and plays a crucial role in morphogenesis throughout embryonic
development. Cells migrate from epithelial layers to end up in locations
where they start to differentiate and form specialized tissues and organs.
Migration is also a prominent component of tissue repair and immune
protection. It is not surprising that migration is a crucial factor in many
pathological processes as well. Vascular diseases, osteoporosis, chronic
inflammatory diseases, mental retardation and cancer correlate tightly with
impaired, deregulated or intensified migratory capacity of cells. So,
understanding the mechanisms underlying cell migration might potentially
lead to more effective therapeutic approaches for treating disease.

Cell migration can be seen as a cyclic process, consisted of four
mechanistically separated steps (15). Firstly, in response to migration-
promoting agent, cells start to polarize and extend a leading edge protrusions
or lamellipodium in the direction of migration. These protrusions are
dependent on actin polymerisation. Secondly, the new adhesions are being
established at the front of the cell, serving also as traction sites for migration
as the cell move over them. Subsequently, the contraction of the cell body
occurs, and finally, the adhesions at the cell rear become detached.

Cells start to migrate in response to different extracellular cues (e.g.,
growth factors, signals on neighboring cells, or signals from the extracellular
matrix) that act either as attractants or repellents. This evokes signaling
cascades within the cell that lead to cytoskeletal changes, cell-substrate
adhesions, loss of cell-cell adhesions and other processes that are required
for forward movement.

During the migratory processes, Rho proteins regulate the changes in cell
adhesion and the actin cytoskeletal changes during cell migration (Figure 3).
In fibroblasts, Rho can be activated by the addition of extracellular ligands
and activated Rho leads to the assembly of contractile actin-myosin
filaments (stress fibers) and of associated focal adhesion complexes. Rac is
activated by a distinct set of agonists (different growth factors, insulin), and
activated Rac induces the assembly of a meshwork of actin filaments at the
cell periphery to produce lamellipodia and membrane ruftles. Furthermore,
activation of Cdc42 induces actin-rich surface protrusions called filopodia.
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Other processes regulated by Rho GTPases that are important for cell
migration, are focal adhesion complex formation and turn-over, the
establishment of cell polarity, microtubule dynamics, vesicular transport
pathways and the signaling up- and downstream of integrins. Rather then
exploring these functions one by one, we will discuss the various steps of
migration together with the Rho protein function in every particular step.

Direction of Cell Migration

— New
Protrusion
(Filopodium)
Focal
AdhEsion =gy v
. —
Rear
Retraction
Branched
Actin
Lamellae

Figure 3. Steps in cell migration. Cdc42, along with PAR-proteins and aPKC, are involved in
the generation of polarity. The migration cycle begins with the formation of a protrusion
(filopodia and lamellipodia). Rac and Cdc42 and other signaling pathways regulate the
formation of actin branches Protrusions are stabilized by the formation of adhesions. This
process requires integrin activation, clustering, and the recruitment of structural and signaling
components to nascent adhesions. At the cell rear, adhesions disassemble as the rear retracts.
This process is mediated by Rho.
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3.1.1 Cell polarization

In order to migrate, a cell must be polarized, meaning that different
molecular processes must define the front and the rear of the cell. A key
player in the regulation of cell polarity is Cdc42. The GTPase Cdc42 is
active toward the front of migrating cells (16), and both inhibition and over-
activation of Cdc42 can disrupt directionality of migration (17). Cdc42
restricts the area where the lamellipodia can be formed (18), and it also
affects polarity by localizing the microtubule-organizing center (MTOC) in
front of the nucleus, oriented toward the leading edge (Figure 2) (17, 19).
The effects of Cdc42 on MTOC position appear to involve the Cdc42
effector PAR6, which forms a complex with PAR3 and an atypical protein
kinase C (aPKC) (20, 21). An additional role of Cdc42 in cell migration is its
role in filopodia formation, by initiating the actin polymerisation. These
protrusions are formed in the process of cell polarization and are required for
the direction-sensing in many different cell types (22, 23). Cdc42 is able to
stimulate actin polymerization via its interaction with WASp and N-WASp,
leading to activation of the Arp2/3 complex that mediates actin filament
assembly. For proper cell polarization, a tight regulation of the microtubule
dynamics is needed, which involve not only Cdc42 (24, 25) but also both
Rac (24, 25), and Rho (26-29).

3.1.2 Lamellipodia

Lamellipodia are protrusive structures generated at the leading edge of
migrating cells. They consist of branched actin filament networks formed
through the actin-nucleating activity of the Arp2/3 complex (30). Through
localized activation of the Arp2/3 complex, the lamellipodia are induced to
grow in a particular direction, providing the basis for directional migration.
Activation of the Arp2/3 complex occurs by WASp/WAVE family
members, which are downstream effectors of Cdc42 and Rac respectively
3.

Rac is required for lamellipodium extension induced by growth factors,
cytokines and extracellular matrix components and inhibition of Rac activity
impairs cell migration (22, 23, 32). Activated Rac is localized preferentially
towards the front of migrating cells (33). A major protein that can activate
Rac at the leading edge is phosphoinositide 3-kinase (PI 3-kinase) that is
activated either via tyrosine kinases or G-protein-coupled receptors (34-36).
The products of PI 3-kinase, Ptdlns (3, 4, 5) P3 / Ptdlns (3, 4) P2
(PIP3/PIP2), appear to be enriched at the leading edge of migrating cells (37-
39). Tiaml and Vav2 are PIP3-responsive GEF proteins localised at the
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leading edge of cells. They are likely candidates for regulating local Rac
activity during directed cell migration (34, 40, 41).

A downstream effector of Rac important for cytoskeletal rearrange-ments
and membrane ruffling is p21-activated kinase (PAK). Both Rac and Cdc42
activate PAK; its activation promotes formation of lamellipodia (42) and
leads to the loss of stress fibers and focal adhesions (43). Via PAK, Rac has
been reported to stimulate the activity of LIM-kinase (44, 45), which
phosphorylates and inactivates cofilin, a protein that promotes actin
depolymerization (45). Thus Rac is able to inhibit cofilin-induced
depolymerization.

In addition, myosins have been implicated in cell migration (46), and Rac
can affect the phosphorylation of both myosin II heavy chain (MHC; [47])
and myosin light chain (MLC) via PAK (48-50). Phosphorylation of the
myosin heavy chain by PAK inhibits myosin function and causes the
disassembly of actomyosin structures (47). In addition to myosins, several
other targets downstream of Rac and PAK have been implicated in actin
reorganisation, including the actin binding protein filamin, the
paxillin/Pix/PKL complex, formins and the adaptor protein Nck (reviewed
in 13).

3.1.3 Cell-matrix adhesions

Prior to cell migration, a protrusion must extend, which subsequently
needs to be stabilized by adhesion to a substrate. Small focal complex
structures are localized in the lamellipodia of most migrating cells, and are
important in mediating the attachment of the extending lamellipodium to the
extracellular matrix (ECM; 15). Although many different receptors are
involved in the migration of different cell types, the integrins are the major
migration-promoting receptors. Integrins act as the “feet” of a migrating cell
by supporting adhesion to the ECM or other cells and by linking via adapters
with the actin filaments inside of the cell.

Rac is required for focal complex assembly (51-53). In the case of Rho,
integrin clustering is very pronounced and results from tension aggregating
dispersed integrins, such that they align through their attachment with the
ends of stress fibres in focal adhesions (54). In some cell lines, the inhibition
of Rho decreases adhesion, causing a retraction of the lamellae and rounding
of the cell body. The speed of cell migration is dependent on the substrate
composition. Indeed, the relative levels of Rho, Rac and Cdc42 activation
vary with extracellular matrix composition (55-57). There is continuous
crosstalk between integrins and Rac to allow cells to respond to changes in
extracellular matrix composition of growth factor receptors (58).
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The turnover of focal complexes/adhesions is important for migration of
cells. If they are persistently sustained, the cell cannot migrate because it
cannot detach from the ECM. On the other hand, if they are properly
disassembled but their assembly is deregulated, migration is again impaired
because the cell does not have sufficient grip on EMC to move forward.
Both Rac and Rho are directly and indirectly involved in the regulation of
turnover of focal adhesions/complexes (48, 59, 60).

3.14 Cell body contraction

In order to migrate, the cell needs to contract and retract the rear. Cell
body contraction is dependent on actomyosin contractility (61), a process
regulated by Rho. Rho acts via ROCKs (also known as Rho-kinases) to
affect MLC phosphorylation, both by inhibiting MLC phosphatase and by
direct phosphorylation of MLC (62, 63). MLC phosphorylation is also
regulated by MLC kinase (MLCK), which is activated by calcium, and
stimulated by the ERK MAPKSs (64). It is likely that ROCKs and MLCK act
in concert to regulate different aspects of cell contractility. ROCKs are
required for MLC phosphorylation associated with actin filaments in the cell
body, whereas MLCK is required at the cell periphery (65). Rho promotes
myosin contractility and the resulting tension drives the formation of stress
fibers and focal adhesions. Thus, reducing Rho activity has two opposing
effects: it promotes cell migration by lowering adhesion, but decreases it on
the other hand by inhibiting cell body contraction.

3.2 Rho-GTPases as regulators of cell-cell adhesion

Invasion of surrounding tissue is one of the most important steps in tumor
metastasis. It requires the release of tumor cells from the primary tumor. The
major intercellular adhesion molecules expressed by epithelial cells belong
to the family of the classical cadherins (E/P/N-cadherins), where E-cadherin
is the most abundantly expressed isoform. In addition to cadherins, which
are concentrated in the so-called adherens junction (AJ), epithelial cells form
intercellular contacts through tight junctions (TJ) and desmosomes (Figure
4). Cadherin complexes and tight junctional components associate with the
cortical F-actin cytoskeleton, whereas desmosomal cadherins are linked to
intermediate filaments called cytokeratins.
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Figure 4. Epithelial intercellular junctions. The figure shows a schematic representation of a
polarized epithelial cell. The different types of intercellular junctions as well as
hemidesmosomes are shown. It should be noted that the tight junctions and adherens junctions
are linked to the actin cytoskeleton, and desmosomes and hemidesmosomes are linked to
intermediate filaments.

3.21 Cadherin expression and function

Classical cadherins mediate intercellular adhesion in a homotypic and
Ca’*-dependent manner through the formation of zipper-like molecular
structures on opposing cells (66, 67). Cadherins are stabilized on the plasma
membrane through dimerisation (68) and the linkage of the cytoplasmic tails
to the F-actin cytoskeleton via the Armadillo-family proteins o- and [3-
catenin and the actin binding proteins o-actinin and vinculin (69, 70).

Cadherins play a critical role in tissue morphogenesis and homeostasis of
tissue architecture and their functional elimination represents a key step in
the acquisition of the invasive phenotype for many epithelial tumors. In
vitro, a strong correlation has been found between the loss of E-cadherin and
the loss of the epithelial phenotype, whereas overexpression of E-cadherin in
mesenchymal cells induces a mesenchymal-epithelial transition (71, 72). The
progression from benign to malignant epithelial tumors and the
dedifferentiation of tumor cells in vivo is strongly correlated with the loss of
function of E-cadherin (73).

The loss of function of E-cadherin in epithelial tumors can have multiple
causes (reviewed in 74-76). Since loss-of-function mutations in the E-
cadherin gene are sporadic in human tumors and re-expression of E-cadherin
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in distant metastases is often observed, epigenetic regulation of cadherin
expression is probably most relevant in tumor progression. Downregulation
at the RNA level can be established through regulation of transcription
factors such as SNAIL, Slug, and SIP1. Other mechanisms of gene silencing
involve hypermethylation of the E-cadherin promoter. At the post-
translational level, cadherins can be regulated by enhanced turnover and
degradation, processes that can be triggered by several oncogenic signaling
pathways and importantly also by Rho GTPases.

3.2.2 Rho-GTPases regulate cadherin-based intercellular adhesions

Rho GTPases are actively involved in the formation and maintenance of
intercellular adhesions. Conceivably, F-actin dynamics mediated by Rho-
GTPases influence the assembly, stability and function of the adherens - and
the tight junction. However, the effects of Rho GTPases on cell-cell
adhesion complexes are not all mediated through rearrangement of the actin
cytoskeleton. Although the involvement of Rho proteins in the formation and
maintenance of cell-cell contacts are well established, contradictory results
make it difficult to form a clear consensus for their roles in these processes
(reviewed in 77-79).

Initially, Racl, Cdc42 and RhoA where found to affect cadherin
accumulation in intercellular adhesions of MDCK cells and primary human
keratinocytes. Inactivation of RhoA and Racl inhibit the formation and
break down of already established adherens junctions in MDCK cells (80-
82). RhoA is involved in clustering of cadherin receptors (82), whereas Rac
mediates actin recruitment to primary contacts, thereby stimulating
stabilization and additional binding of cadherins to the cortical actin
cytoskeleton (81, 82). In contrast, both Racl and RhoA have also been
described to disassemble cadherin-based adhesions in human epidermal
keratinocytes (83-85). Rac activity stimulates disassembly of the adherens
junction in a dose and time dependent manner (86), possibly via enhanced
endocytosis of cadherins (84).

In transformed cells, different oncogenic signaling pathways regulate the
stability of the adherens junction via Rho GTPases. Again, GTPase signaling
can either contribute to disruption or stabilization of the AJ. Tiaml, an
activator (GEF) of Rac, induces a mesenchymal-to-epithelial reversion of
Ras transformed MDCK cells (34, 87). Over-expression of Tiaml and
thereby activation of Rac blocks cell-cell dissociation (or scattering) by
hepatocyte growth factor (HGF/SF) in MDCK cells (87) and it is required
for maintenance of the AJ upon overexpression of the viral oncogene E1A
(88).
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The role of RhoA in support of the transformed phenotype is more
unequivocal; Ras-transformation of epithelial cells is often associated with a
more contractile fibroblastic phenotype. Enhanced RhoA activity, generating
contractile force through the formation of stress fibers, contributes to this
phenotype (89, 90). The migratory potential of Ras-transformed -cells
furthermore is associated with low Rac activity and high Rho activity (89,
91). The activity of RhoA cooperates with HGF and TGF in the disruption
of cadherin-based adhesions (92, 93). From all these studies it is clear that
RhoA and Racl may differentially regulate cadherin-based cell-cell
adhesions, but the outcome of their activities depends on the cellular context
and whether or not they are targets of oncogenic signaling pathways.

Several downstream effectors of Rho GTPases are known to affect
cadherins either directly or via the actin cytoskeleton (reviewed in 78). One
important target of both Racl and Cdc42 that regulates E-cadherin stability
is the actin-binding protein IQGAP1 (94, 95). IQGAP1 hampers the stable
association of E-cadherin to the actin cytoskeleton. Recent data suggest that
IQGAP1 is involved in a positive feedback-loop in which it activates Racl
downstream of E-cadherin (96). Two downstream effectors of Rho signaling,
ROCK and mDia, differentially affect the AJ. Whereas ROCK mediated
actin-myosin contraction downstream of RhoC and RhoA disrupts Al
formation, actin polymerization downstream of mDia is required for
maintenance and formation of the AJ (91).

3.23 Cadherins signal towards Rho-GTPases

Cadherin molecules do not only glue cells together but are also
considered as signaling complexes that mediate outside-in signaling. The
cytoplasmic domain of E-cadherin binds several molecules involved in
intracellular signaling towards differentiation-, growth- and survival
pathways. Interestingly, classical cadherins signal in an adhesion dependent
fashion directly or indirectly to the Rho-GTPases RhoA, Cdc42 and in
particular Racl.

Early work described a correlation between E-cadherin ligation, the
activation of Racl (97, 98) and the downregulation of RhoA activity (97, 89)
in differentiated epithelial cells. By the use of surfaces coated with
recombinant cadherin-specific adhesive ligands, Rho-GTPase signaling has
been studied as a direct consequence of cadherin ligation. In cadherin
expressing cells that adhered to substrates coated with Xenopus C-cadherin
(97) or human E-cadherin (99, 100) Racl was activated in minutes upon
binding to the substrate. Long term adhesion to C-cadherin (97) or adhesion
of mouse C2C12 cells to chick N-cadherin (101) led to lower or higher
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RhoA activity respectively, which indicates that the outcome of cadherin
signaling differs dependent on cell type or cadherin isoforms.

Several molecular mechanisms have been proposed by which cadherins
signal to Rho-GTPases. One candidate molecule that is supposed to control
Racl signaling is PI3 kinase, of which the lipid products are potent
activators of several Rac-GEFs. Cadherin dependent adhesion recruits and
activates PI3 kinase (100, 102) and the p85 regulatory subunit of PI3 kinase
is a direct binding partner for B-catenin (103).

Racl, Cdc42 and RhoA activity can also be regulated via p120-catenin,
the armadillo-family protein that binds the membrane proximal region of the
cadherin cytoplasmic tail (104-107). p120 can shuttle between the plasma
membrane (where it binds cadherins) and the cytoplasm where it can
inactivate RhoA (104), but activates Racl (107) and Cdc42 (106), possibly
via a direct interaction of pl120 with the Rac-GEF Vav2 (105). The
cytoplasmic pool of p120 enhances the migratory capacity of epithelial cells
in a Rac1/Cdc42 dependent manner, whereas cadherins sequester p120 to the
plasma membrane, thereby suppressing its function in cell motility (106).
Functional loss of cadherins in epithelial tumors could therefore enhance the
migratory potential of these cells via p120 and Rho-GTPase signaling, as
recently suggested for invasive breast cancer cells (108).

Loss of expression of E-cadherin is often correlated with the enhanced
expression of other types of cadherins, a process called the ‘cadherin
switch’. This switch is often associated with the loosening of cell-cell
contacts and a transition to a migratory phenotype. Since N-cadherin was
shown to activate several Rho-GTPases (101, 109) it is likely that GTPase
signaling downstream of N-cadherin affects cell migration and epithelial to
mesenchymal transition of tumor cells, although no direct evidence for this
is currently available. Recently, R-cadherin, a classical cadherin with high
homology to N-cadherin, was shown to increase the steady state activity of
Racl and Cdc42 resulting in increased motility of different R-cadherin
expressing cell-lines (110). A potential role of R-cadherin in tumorigenesis
has however not been investigated yet.

In summary, Rho GTPases are required for the formation and
maintenance of cadherin-based adhesions, that prevents cell invasion and
migration. However, Rho-GTPase signaling downstream of cadherins can
also positively or negatively affect the migratory capacity of cells by (local)
feedback signaling towards the cadherins and the tight junctions. Moreover,
various types of cadherins, especially the ones overexpressed in epithelial
tumors, might differentially regulate the steady state levels of Rho-GTPases
and could thereby enhance cell migration rather then promote stable
intercellular adhesion.
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3.24 Rho-GTPases regulate tight junctions and apicobasal polarity

Loss of cell polarity is another important hallmark of epithelial cancer
cells that become invasive. The spatial and functional separation of the
apical and baso-lateral plasma membrane of epithelial cells (apicobasal
polarity) is established through asymmetric distribution of junctional
intercellular adhesion complexes that are linked to the actin cytoskeleton. At
the most apical region of the plasma membrane of endothelial and epithelial
cells the tight junction creates a barrier for paracellular diffusion of small
soluble molecules and it restricts free intramembrane diffusion of integral
components of the plasma membrane. Loss of tight junction function occurs
at multiple stages in tumor metastasis, between tumor cells themselves but
also between cells of the vascular endothelium through which tumor cells
can invade the underlying tissue (111). Moreover, leakiness of epithelial
tight junctions allows luminal growth factors to reach their receptors at the
baso-lateral membrane, causing changes in epithelial cell proliferation and
survival. (30, 112).

The integral membrane proteins occludin, JAMs and claudins, that make
up the tight junction are connected to the F-actin cytoskeleton (113).
Therefore, Rho-mediated cortical actin dynamics influence the assembly,
stability and function in regulation of paracellular permeability of the tight
junction (114-116). Recent studies indicate that tight junctions can also
function as signaling platforms, regulating cell morphology and gene
expression (117) and RhoGTPase signaling (118).

Cdc42 plays a direct role in the formation of the tight junction and the
establishment of apicobasal polarity in epithelial cells. Activated Cdc42, as a
binding partner for the adaptor molecule PAR6, was implicated in the
recruitment of the polarity complex (consisting of PAR6, PAR3 and an
atypical PKC) to the plasma membrane (119, 120) at regions where initial
cell-cell contacts are formed. This signaling complex is of pivotal
importance for the sequential formation of the tight junction and full
maturation of the initial cell-cell contacts into the cortical adhesion belt (121,
122). Initial cell-cell contacts mediated by cadherins and nectins activate
Cdc42 (123) and recruit the polarity complex and stimulate the assembly of
the tight junction. Both the formation and maintenance of tight junction and
cadherin-based cell-cell adhesions contribute to the strength of the contacts
between cells and thereby determine the invasive migratory capacity of
epithelial tumor cells.

202



4. RHO GTPASES IN CELL TRANSFORMATION
AND METASTASIS

4.1 Rho proteins in human cancer

The first findings that implied a role for Rho GTPases in cancer-
development came from in vitro foci formation assays. These assays are
used as a model for growth factor- and anchorage-independent tumor cell
growth. Foci-formation assays identified many N-terminal-truncated
RhoGEFs, such as Dbl, Ect2, Lfc and Vav as proto-oncogenes (reviewed in
124, 125). Furthermore, activating mutants of RhoA, RhoG, Racl, TC10 and
Cdc42 induced foci formation, albeit weakly compared to constitutively
active Ras (V12Ras) (126, 127). Consistent with these findings, inhibitory
mutants of Rho proteins prevent Ras-induced transformation in soft-agar
assays and tumor formation in nude mice (128-132), and V12Racl
cooperates with constitutively active Raf (RafCAAX) in focus formation
(130, 133). These observations suggest that Rho proteins act downstream of
Ras in oncogenic transformation of cells.

Unlike Ras, there are no reports of mutated, constitutively active forms of
Rho proteins in human tumors. The only Rho protein known to be altered
genetically in human tumors is RhoH, which is frequently rearranged in
lymphomas (148) (Table 1) or to have mutations in the 5’ untranslated
region (149), which are predicted to affect RhoH expression. Many reports
have shown that other members of the Rho GTPase family are over-
expressed in human cancer (see table) and that, in some cases, this correlates
with clinical outcome. For instance, in breast cancer and testicular germ-cell
cancer RhoA expression levels correlate positively with progression of the
disease (134, 140). RhoC 1is overexpressed in pancreatic ductal
adenocarcinoma and inflammatory breast cancer (141-143).

Two reports describe a role for Rho-GEFs in human tumorigenesis (150-
152). Tiam1, a Rac-specific GEF was found to have a point mutation in the
PH-domain of one of the two alleles, in around 10% (4 of 35) of the renal
cell carcinoma examined. The mutation results in an alanine-glycine
substitution at amino acid 441, and was suggested to be a dominant gain-of
function mutation. However, in three of five renal cell carcinoma cell lines a
decrease in the Tiaml expression was found, including two that contained
the A441G mutation (150, 151). The significance of this in light of the gain-
of-function activity of this mutation is unclear. Another RhoGEF, leukemia-
associated Rho guanine nucleotide exchange factor (LARG) has been
isolated as a fusion partner of the mixed-lineage leukemia (MLL) gene in a
patient with acute myeloid leukemia. The fusion protein contained the N-
terminal part of MLL in frame with the C-terminal part of LARG, which
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includes the DH/PH domain (important for GEF function), a domain with
homology to the Rho GEF Lsc, and a nuclear localization signal (152). It
remains to be established whether the MLL-LARG fusion protein is
sufficient to induce transformation in myeloid cells and how frequently the
locus is affected in human cancer.

Table 1. Aberrant regulation of Rho proteins and their regulators in human cancer.

GTPase
specificity

Gene

Type of deregulation

Tumor types

Cdc42

Overexpression

Breast cancer (134)

Racl

Overexpression

Breast & gastric cancer (135)

RaclB

Alternative splicing

Colon & breast cancer (136,
137)

Rac2

Overexpression

Head and neck squamous
carcinoma (138)

Rac3

Hyperactive (majority of
Rac3 in GTP-bound state)

Breast cancer (139)

RhoA

Overexpression

Colon, breast & lung cancer
(134)

Testicular germ cell cancer
(140)

Head and neck squamous
carcinoma (138)

Gastric cancer (135)

RhoC

Overexpression

Inflammatory breast cancer
(141,142)

Pancreatic ductal adeno-
carcinoma (143)

Non-small cell lung carcinoma
(144)

Ovarian cancer (145)

Gastric cancer (146)
Hepatocellular carcinoma (147)

RhoH

Rearrangement

Mutations in 5 UTR

Non-Hodgkin’s lymphoma &
multiple myeloma (148)

Diffuse large B-cell lymphoma
(149)

Tiam1 Rac

Point mutation

Renal-cell carcinoma (150,
151)

LARG Rho

5’ End of MLL gene fused
to the 3’ end of LARG

Acute myeloid leukemia (152)

Several lines of evidence indicate that the cycling of Rho GTPases
between GTP- and GDP-bound states might be important for transformation.
In vitro studies have shown that Rho-GEFs are more potent oncogenes than
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GTPases defective Rho proteins, and that a fast GTP-GDP cycling mutant of
Cdc42 has a greater transforming capacity than a GTPase defective mutant
(132,153). Furthermore, the splice variant of Racl, Racl1B, which has an
increased GTP-GDP cycling rate in vitro is highly overexpressed in breast
and colon cancer (136). The requirement for cycling between GDP- and
GTP-bound states might reflect the cyclic nature of the processes that are
regulated by Rho proteins in tumorigenesis, and might provide an
explanation for the fact that GTPase defective mutants —analogous to those
in oncogenic Ras- have not been identified in tumors.

4.2 Participation of Rho GTPases in different stages of
tumorigenesis

4.2.1 Rho proteins in growth and apoptosis

The growth rate of tumors is determined by the difference between cell
growth and cell death. Rho proteins have been implicated in the
(de)regulation of both processes in normal and tumor cells. Rho proteins
regulate cell growth via multiple pathways, including regulation of the
expression of cell cycle proteins like cyclin D1 and the CDKIs p21™*" and
p275"P! (reviewed in 91). In addition, the Rho proteins can modulation of the
activity of growth-factor-regulated pathways by regulating the transport and
turnover of growth-factor receptors. RhoB and its effector PKC-related
kinase 1 (PRK1), affect the kinetics of the epidermal growth-factor receptor
(EGFR) internalization after ligand stimulation (154), by coordinately
regulating the movement of vesicles along microfilament networks (155).
However, many of the studies that led to the conclusions outlined above
have been done in vitro using fibroblasts, which are cells that rarely become
cancerous. Further work is needed to determine via which pathways Rho
proteins regulate cell proliferation in vivo.

Apoptosis is a counterbalance to mechanisms of cell proliferation and is
critically important in regulation of the immune system, development, and
normal tissue homeostasis. Cancer cells frequently show enhanced
sensitivity to pro-apoptotic stimuli (156), but often become resistant to pro-
apoptotic anti cancer therapies over time (157). Rho proteins have been
implicated in both pro- and anti-apoptotic signaling, and in the apoptotic
process itself (reviewed in 158). More significantly, they are involved in the
decision to commit to apoptosis; ectopic expression of active Racl can
provide a survival signal to protect tumor cell lines or transformed
fibroblasts from apoptosis (159-161). Other mechanisms that link Rho
proteins to cell survival have been described in non-transformed
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haematopoetic cells: Rac2 is required for the activation of the pro-survival
kinase AKT in mast cells (162), and Rho function prevents p53-dependent
apoptosis during T-cell development (163).

In other contexts, Rho proteins might promote pro-apoptotic signaling.
RhoB is required for the induction of apoptosis by DNA-damaging agents
(164) and farnesyltransferase inhibitors, but not other cytotoxic treatments
(165), and Rac is required for FAS-induced apoptosis (166, 167).

4.2.2 Rho proteins in invasion and metastasis

In the tumor progression phase, tumor cells have altered morphological
characteristics and, in the case of metastasis, acquire the ability to traverse
tissue boundaries. Given the role of Rho proteins in the regulation of cell
motility in normal cells, and their aberrant regulation in tumor cells, it is
likely that they are involved in the invasive phenotype of tumor cells.

Rho proteins are involved in the loss of epithelial polarity that is evident
even in benign tumors, and are also important in the epithelial to
mesenchymal transition (EMT) that is observed in more aggressive epithelial
tumors (see previous paragraphs on Rho protein signaling in cell-cell
contracts). In addition to the disruption of cell polarity and cell-cell
junctions, increased motility and the ability to remodel the ECM is required
for tumor cells to become locally invasive. RhoA and Racl can regulate the
function of ezrin, moesin and radixin: these related proteins promote cell
motility by linking the actin cytoskeleton to the plasma membrane through
the membrane-spanning ECM receptor CD44. RhoA can promote
phosphorylation of ezrin by ROCK, leading to its increased association with
the cytoskeleton (168), whereas Racl promotes the phosphorylation and
inhibition of the ezrin antagonist neurofibromatosis 2 (NF2) (169, 170).
Several lines of evidence indicate that this is an important event in tumor
progression: ezrin and CD44 are frequently overexpressed in metastatic
tumor cells, and NF2 is a tumor-suppressor gene (170-174), the deletion of
which gives rise to highly metastatic tumors (175). In addition, RhoA and
Racl can modulate the degradation and remodeling of the ECM either by
regulating the levels of matrix metalloproteinases (MMPs) that degrade the
ECM or by regulating the levels of their antagonists, tissue inhibitors of
metalloproteinases (TIMPs) (151, 176-178).

The ability to enter either the blood or the lymphatic vasculature is
required for tumor cells to metastasize to distant sites. RhoA and ROCK are
required in both the endothelial and the migrating cells for them to cross the
vascular endothelium (179, 180). Overexpression of RhoC leads to increased
expression of angiogenic factors in breast epithelial cells (142), which could
lead to increased vascularization of the tumor and an increased likelihood of
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tumor cells entering the blood stream. RhoC overexpression also promotes
the ability of melanoma cells to exit the blood and colonize the lungs (181),
and interfering mutants — which sequester RhoGEFs away from
endogenous Rho — of RhoA and Cdc42 prevent T-cell hybridomas from
exiting the blood and colonizing the liver (182).

4.3 Rho protein signaling in mouse models

Since Rho proteins play a major role in regulating cell growth, apoptosis
and cell motility in normal cells, it is not surprising that they are involved in
the development and progression of tumors. However, it has proven difficult
to extrapolate the in vitro studies in normal cells to the tumor environment.
The literature on Rho protein function in tumor progression is confusing,
mainly because different studies have indicated contradictory roles for the
Rho proteins. However, upon closer inspection the findings may be
explained if Rho proteins have different functions at different stages of
tumor development. Recent studies, in which recombinant mice were used,
directly implicate Rho proteins in all stages of tumorigenesis, and reveal
both tumor-promoting and -suppressing functions.

4.3.1 Rho protein signaling in Ras-induced skin carcinogenesis

To gain insight in the role of small GTPases in tumor formation and
progression in vivo, two groups examined the consequences of functional
deletion of members of Rho GTPase family in the mouse: Tiaml, a GEF for
Rac (183), and RhoB (164). The knock out of either gene did not negatively
affect mouse development, fertility or wound healing. However, these
models did show that deregulated Rho protein signaling could influence
various processes involved in tumorigenesis. Both studies applied a two-
stage chemical skin carcinogenesis protocol, which induces oncogenic
activation of the c-Ha-Ras gene in the basal layer of the epidermis followed
by the induction of the outgrowth and progression of the initiated
keratinocytes.

In the RhoB knockout mice the treatment resulted in the development of
increased numbers of skin tumors compared with wild-type mice (164).
Moreover, DNA-damaging agents were found to induce less apoptosis in
Ras- and ElA-transformed RhoB-deficient primary mouse embryonic
fibroblasts. This suggests that RhoB normally suppresses tumorigenesis by
promoting apoptosis following cellular stress.

Application of the same protocol to Tiam1-deficient mice had a different
result: these mice had much fewer and smaller tumors compared to the wild-
type mice (183). Malliri et al. showed that Tiam1-deficiency was associated
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with more apoptotic cells in the tumors during initiation and with impeded
proliferation during tumor promotion. These results are consistent with in
vitro studies showing that Tiam/Rac-signaling is required for Ras-induced
tumorigenesis through the stimulation of cell growth and enhancing cell
survival subsequent to cellular stress.

Another interesting observation in the Tiaml-knockout mice was that
although the mice develop less tumors, a larger portion of these tumors
progresses to a more malignant stage than in wild-type mice (183). This
implicates that Tiam1-deficiency is favorable in malignant conversion. This
hypothesis was confirmed by the observation that the tumors in wild-type
mice gradually lost Tiam1-expression progressing from benign papillomas to
highly invasive spindle cell carcinomas (183).

4.3.2 Rho protein signaling in lymphoid tumors

RhoH has been found to be frequently translocated or mutated in human
lymphoid tumors (148, 149). However, the potential function of RhoH in the
formation of lymphoid tumors remains to be established. In mouse models, a
role for Rho proteins in the development of lymphomas has been elucidated.
In transgenic mice, in which the expression of C3 toxin is driven by the
thymocyte-specific Lck promoter, aggressive malignant thymic lymphomas
were found (184). Because C3 toxin inactivates RhoA, -B and -C, it is not
clear which of the inhibited Rho proteins play a role in promoting
tumorigenesis.

In search of genes involved in the process of tumor cell invasion and
metastasis, the Tiam-1 gene was identified by retroviral insertional
mutagenesis in combination with in vifro selection of invasive T-lymphoma
variants. Furthermore, it was shown that cell clones, which were invasive in
vitro, also produced metastases upon injection in nude mice (185). Later,
Tiaml was found to be activated by retroviral insertions in T lymphomas
induced by Moloney murine leukaemia virus infection of transgenic Ep-
Pim1 mice, thereby inducing an accelerated onset of T-cell lymphomas. This
indicates that Tiaml can cooperate with Piml in in vivo lymphomagenesis
(186).

4.3.3 Rho proteins in Wnt/APC signaling

Wnt proteins constitute a large family of secreted signaling molecules
that play central roles in animal development (187). Well-studied examples
of Wnt regulation of embryogenesis involve the canonical B-catenin
signaling pathway, which in Xenopus induces dorsal axis formation and
plays a key role in human carcinogenesis (188). In the Wnt/B-catenin
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pathway, signals are initiated that result in the transcription of genes that
regulate cell growth and differentiation. P-catenin participates in this
pathway as a heterodimer with T-cell factor (TCF) transcription factors. In
the absence of a Wnt signal, cytosolic B-catenin is degraded through a
pathway that is dependent upon adenomatous polyposis coli (APC).
However, upon stimulation of the Wnt pathway, cytosolic -catenin is
stabilized. The Wnt pathway is tightly regulated in normal cells, but its
regulation is often disturbed during tumorigenesis (reviewed in 189).

Recently, Rho proteins have been implicated in Wnt-signaling pathways.
In embryonic development of Drosophila and Xenopus, Rac and Rho have
been implicated in Wnt/Fz signaling in regulating cell polarity and
movements: a Wnt-Fz-Dvl-Daam1-Rho-ROCK pathway and a Wnt-Fz-Dvl-
Rac-JNK pathway (190-193). A common Wnt-Fz-Dvl signaling cassette
branches into these two pathways downstream of Dvl, most likely via
distinct Dvl-Rac and Dvl-Rho complexes. The Rho-ROCK pathway
regulates the phosphorylation of non-muscle myosin regulatory light chain
and thus the assembly of actin filaments, whereas the Rac-JNK pathway
regulates cytoskeletal or nuclear events (190).

Furthermore, preliminary results from our laboratory indicate that Tiam1
is a Wnt-responsive gene. Moreover, its deficiency impairs the development
of intestinal tumors in APC mutant mice (A. Malliri et al., unpublished
data), similarly as shown before for Ras-induced skin tumors. These data
suggest that Tiaml and Rac play a role in the oncogenic Wnt signaling
pathway.

Also another recently identified Wnt-transcriptional target is a member of
the Rho GTPases family: Wrch-1, a novel Cdc42-like GTPase. Like Wnt-1,
Wrch-1 is not normally expressed in the mouse mammary gland, but it could
be detected in Wnt-1 induced mouse mammary tumors. This finding is
consistent with the involvement of Wrch-1 in Wnt-1-induced transformation
and tumor formation, and is further supported by the observation that Wrch-1
can mimic the effect of Wnt-1 in morphological transformation of breast
cancer cells (194).

S. CONCLUDING REMARKS

The single most notable feature of Rho GTPases is their participation in
so many aspects of cell biology, ranging from fundamental to highly
specialized processes. The analysis of individual signal transduction
pathways controlled by Rho GTPases still poses many problems, and with so
many GEFs, GAPs and effector proteins it has proved difficult to link
specific receptors to specific biological responses.
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Recently, many efforts have been directed towards the understanding of
how spatially localized activation of GTPases is achieved or, when activated,
how GTPases are able to ‘choose’ the correct target(s) or effectors from the
large number of possibilities present in the same cell. The proposed models
involve positive feedback loops, cooperative signaling pathways, scaffold
proteins and intracellular compartmentalization.

Furthermore, it is now clear that Rho GTPases may act in almost every
stage of tumorigenesis. The lack of a general consensus as to the relative
importance of the various mechanisms that link Rho proteins to
tumorigenesis means that the challenge is now to determine the crucial
pathways that link Rho proteins to cancer. The use of in vivo tumorigenesis
models and mouse genetics, together with studies on human tumors, should
help to identify the important connections in vivo. Such studies can prove the
principle that Rho proteins or their effectors are valid anti-tumor targets; the
next step will be to develop viable pharmacological or gene-therapy agents
to interfere with Rho-protein function. Hopefully, these will be novel useful
leads in the development of therapies that can be taken into the clinic.
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Chapter 10

GLIOBLASTOMA CELL MOTILITY: THE ROLE
OF FAK AND CELLULAR SRC

Michelle R. Stettner*, Meera Natarajan* and Candece L. Gladson
Division of Neuropathology, Department of Pathology, The University of Alabama at
Birmingham, Birmingham, AL, USA (*co-first authors)

Abstract: Understanding the signaling events that promote glioblastoma tumor cell
motility is crucial, as invasion of these tumors into the normal brain
contributes significantly to the morbidity and mortality observed in patients
with these tumors. Also, the molecular mechanisms that promote glioblastoma
cell motility/migration likely also promote invasion. Here we discuss the role
of two non-receptor tyrosine kinases, focal adhesion kinase (FAK) and cellular
Sre, in promoting glioblastoma cell motility/migration. We discuss the
activation of FAK, the elevated levels of FAK protein found in these tumors,
the domains in FAK that are necessary for it to promote cell
motility/migration, and studies dissecting FAK function in glioblastoma
tumors. We also discuss data indicating Src family members have specific
functions and the role of Lyn in promoting glioblastoma cell migration. FAK
and cellular Src could be important new targets for glioblastoma therapy.

Key words:  FAK, Src, Lyn, glioblastoma, astrocytoma, glioma, integrins

1. INTRODUCTION: CLASSIFICATION AND
PROGNOSIS OF ASTROCYTIC TUMORS

Gliomas are tumors derived from differentiated glial cells (astrocytes,
oligodendrocytes and ependymal cells), or from early glial cells prior to
differentiation (1). The most common type of glioma is the astrocytoma,
which is composed of cells expressing glial fibrillary acidic protein (GFAP).
The World Health Organization (WHO) classifies astrocytomas into four
histologic grades based on the degree of nuclear atypia, the cellularity, the
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mitotic index, the presence of angiogenesis and the presence of necrosis (2).
Grade I astrocytic tumors (pilocytic astrocytomas) often have an excellent
prognosis and can frequently be cured through surgical resection; Grade 11
astrocytic tumors typically progress in grade and have a 5- to 7-year median
survival; Grade III astrocytic tumors (anaplastic astrocytomas) are
aggressive tumors, and have a 3-year median survival; and Grade IV
astrocytic tumors (glioblastomas) are highly aggressive and have a one-year
median survival. Grade IV tumors (glioblastomas) can be subdivided into
those that arise de novo (= 60% of the cases), and are referred to as primary
glioblastomas, and those tumors that arise from lower grade astrocytic
tumors (= 40%) and are referred to as secondary glioblastomas (3). The
current standard treatment for malignant astrocytomas (Grades III and IV) is
surgical resection and radiotherapy; these treatments have little effect on
patient survival.

2. COMMON GENETIC ABNORMALITIES IN
ASTROCYTIC TUMORS

The etiologic events causing astrocytoma formation have not been clearly
defined, but they are thought to involve genetic alterations resulting in the
disruption of cell cycle arrest pathways and aberrant kinase signaling (4).
The loss or mutation of the p53 tumor suppressor gene, located on
chromosome 17p13.1, has been detected in all grades of astrocytomas and
represents an early genetic event in many of these tumors (5-8). The p53
gene encodes a transcription factor that upon stress, e.g., DNA damage, is
activated leading to cell cycle arrest, or apoptosis. The cell growth arrest
activity of p53 allows the activation of the DNA repair system in the cell. In
approximately 10% of malignant astrocytomas (Grades Il and IV) that lack
a p53 mutation, there is the overexpression of MDM2, which can bind and
degrade wild-type p53 (9-11). In a significant number of de novo
glioblastomas (= 60%), a mutated or absent INK4a-ARF locus is found (12-
15). The INK4a-ARF locus encodes the tumor suppressor genes, pl14™*"
(p19**F in mice) and p16™** both of which are important in cell cycle
arrest at the G; to S phase (16, 17). Overexpression of growth factors and
growth factor receptors also occurs in malignant astrocytomas (Grades I1I
and IV), and can in some instances promote glioma formation (18). For
example, targeting the PDGF-B gene to nestin-expressing early glial cells
promotes malignant glioma formation (19). The PDGF receptor (PDGFr)
and its ligands PDGF-A and -B are upregulated in low grade and some
malignant astrocytoma tumors, suggesting an autocrine loop that promotes
PDGFr signaling (20, 21). Overexpression of the PDGFr has been
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associated with loss of heterozygosity of chromosome 17p and p53
mutations in secondary glioblastomas (5). The epidermal growth factor
receptor (EGFR), located on human chromosome 7, locus 7pl2-pl4, is
amplified in 40-60% of de novo or primary glioblastomas, and in some
instances it is mutated such that a constitutively active form of the EGFR is
expressed (6, 21-23). EGFR gene amplification correlates with a poorer
prognosis in patients with anaplastic astrocytoma, or glioblastoma (24).

3. INTEGRIN AND GROWTH FACTOR
RECEPTORS PROMOTE MALIGNANT
ASTROCYTOMA/GLIOBLASTOMA CELL
MIGRATION

3.1 Integrins

Integrins are a widely dispersed family of heterodimeric adhesion
receptors that respond to molecular, as well as mechanical stimuli, by
activating intracellular signaling pathways and mediating cell adhesion and
migration (25-27). These receptors also participate in the regulation of cell
growth and survival. The integrin o and [ subunits typically have short
cytoplasmic tails which are necessary for the signaling that occurs with the
engagement of extracellular matrix ligands, or when cooperating with
growth factor receptors (28). Integrin receptor engagement typically results
in the organization of the actin cytoskeleton and the assembly of a signaling
complex at the submembranous region of the cell termed a focal contact or
focal adhesion. Multiple integrins have been reported to be expressed on
glioblastoma tumor cells in tissue biopsies, as well as on malignant
astrocytoma/glioblastoma cell lines in vitro, including ovB3, avps, o5B1,
021, o3B1, a6Pl, and avBfl (29-37). We and others have shown
previously that the expression of integrins ov3 and avf5 is elevated on
malignant astrocytoma cells in Grades III and IV astrocytoma tumor
biopsies, as compared to Grade II astrocytoma tumor biopsies and normal
brain (30, 31). Furthermore, integrin ovBf3 on  malignant
astrocytoma/glioblastoma cells propagated in vitro mediates attachment and
migration toward vitronectin and osteopontin, and integrin owvp5 expressed
on some malignant astrocytoma/glioblastoma cell lines can participate in this
attachment and migration (30, 31, 38).

Functional studies with blocking antibodies directed toward the [l
integrin subunit have shown an inhibition of adhesion, motility and invasion
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of cultured glioma cells plated on multiple extracellular matrix substrates
(laminin, collagen type IV, fibronectin and vitronectin), suggesting a role for
one or more 1 integrin(s) in neoplastic glial cell migration into the brain
(39). The inhibition observed with a neutralizing anti-B1 antibody was
greatest in cells adherent to collagen type IV (39). Another study utilizing
neutralizing antibodies directed toward the owv or the Bl integrin subunits
reported complete inhibition of glioblastoma cell migration on most
substrates, suggesting the ov and Bl integrins play a crucial role in
glioblastoma tumor cell infiltration into the normal brain (32). As the ov
and Bl integrin subunit each pair with multiple beta or alpha subunits,
respectively (e.g., ov can pair with B3, B5, B1, B6, and B8 subunits, and the
B1 subunit can pair with o5, av, al, 02, a3, a4, a6, and o8 subunits), the
inhibition of cell migration or invasion with blocking anti-ov or anti-f1
antibodies is typically strong. In addition, other cell surface molecules can
cooperate with or modulate integrin-mediated cell attachment, migration,
and invasion, such as CD44, the urokinase receptor and CD151/PETA or
SFA-1 (40-42).

3.2 Growth Factor Receptor Promotion of Malignant
Astrocytoma/Glioblastoma Cell Migration

Studies examining chemotactic migration of malignant astrocytoma/
glioblastoma cells propagated in vitro have shown that multiple growth
factors can promote cell motility, including EGF and PDGF-BB (43, 44). In
some instances these growth factors and their receptors are expressed by the
tumor cells in biopsy samples, suggesting an autocrine mechanism whereby
the tumor can promote its own migration (6, 20-23). Comparisons between
reported studies to determine the most potent chemoattractant for
glioblastoma cell migration is difficult, as the tumor cell lines used for these
in vitro studies are multiple, and the integrin and growth factor receptor
repertoires expressed are frequently different. In addition, the type of
migration assay utilized impacts the results. For example, some studies have
examined migration through filters in two-well Boyden-type chambers
where cells sense a gradient of a chemoattractant in the bottom chamber,
other studies have utilized a wounded monolayer assay plus/minus the
addition of growth factor, while yet other studies have utilized a radial
migration assay plus/minus the addition of growth factor. The extracellular
matrix protein the tumor cells are adherent to, or the integrin receptor
engaged, at the time of growth factor addition can also impact the results of
chemotactic migration assays (44).
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33 Integrin Cooperation with Growth Factor Receptors

Current thinking in the integrin field suggests integrin receptors
cooperate with growth factor receptors to maximally mediate cell migration
(45). Several examples of a specific cooperation between an integrin
receptor and a growth factor receptor have been described. For example, the
ovP3 integrin has been shown to specifically cooperate with the PDGFrf3 on
fibroblasts, endothelial cells, oligodendrocytes and  malignant
astrocytoma/glioblastoma cells to mediate migration (46-48). In addition,
integrin oiv3 has been shown to specifically cooperate with the VEGFr-2 on
endothelial cells, and the IGF-1 on porcine aortic smooth muscle cells to
promote angiogenesis and cell migration, respectively (49, 50). Also,
integrin a5B1 has been shown to specifically cooperate with the EGFR on
interstitial epithelial cells (51).

As malignant astrocytoma/glioblastoma cells express integrin owvp3 and
the PDGFr, we investigated recently the specific cooperation of these two
receptors on these cells. Using the U-87MG human malignant astrocytoma/
glioblastoma cells, we found that integrin owv3 and the PDGFr specifically
cooperate in promoting cell migration into a wounded (scratched) monolayer
(44). In the assay utilized, integrin ovp3 mediated 70% of the PDGF-
stimulated migration while integrin avB5 mediated approximately 30% of
this migration. Furthermore, based on co-immunoprecipitation studies,
integrin owvP3 and the PDGFrf were found to specifically associate on these
tumor cells (44). When the U-87MG cells were adherent to other integrin
ligands, such as collagen or laminin, and scratched in a two-dimensional
wound healing assay, PDGF-BB stimulation failed to significantly promote
cell migration, as compared to cells adherent to vitronectin (engagement of
integrin owvP3), followed by scratching and PDGF BB stimulation. The
molecular basis for this specific cooperation of integrin ovp3 and the
PDGFrf is due, at least in part, to the direct association of the extracellular
domain of the B3 subunit with the extracellular domain of the PDGFr (52).
This association is constitutive and independent of PDGFrf} activation (44,
52).
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4. FAK PROMOTES MALIGNANT
ASTROCYTOMA/GLIOBLASTOMA CELL
MIGRATION

4.1 FAK Domain Structure and Activation

Focal adhesion kinase (FAK) is a non-receptor cytoplasmic tyrosine
kinase that has been shown to promote cell migration in multiple cell types
(53-55). The domain structure of the FAK molecule is shown in the schema-
tic, Figure 1. FAK is composed of an amino-terminal FERM domain,
followed by a proline-rich region, the kinase domain, two additional proline-
rich regions (denoted as PR1 and PR2), and a focal adhesion targeting (FAT)
domain. The FERM domain mediates interactions of FAK with membrane
proteins, such as integrins and the activated EGFR and PDGFr, as well as
modulates the kinase activity of FAK by interacting with the kinase domain
(56-58).
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Figure 1. The domain structure of the FAK molecule. FERM domain, homologous to the
band 4.1 protein. PR1 and PR2, denotes proline-rich regions 1 and 2 in the carboxyl-
terminus. FAT, denotes the focal adhesion targeting domain. FRNK, denotes the FAK-
related non-kinase construc. (The amino-terminal proline-rich domain is not shown). Boxes
28, 6 and 7 represent sites of altermative splicing where peptides of 28, 6 and 7 residues are
inserted in the normal adult brain.

The amino-terminal proline-rich region mediates interactions with SH3-
domain containing molecules, such as cellular Src; and the PR1 and PR2 in
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the carboxyl-terminal domain also mediates interactions with SH3-domain
containing molecules, such as CAS family members (59, 60). The FAT
domain is necessary for the recruitment of FAK to focal contacts (immature
adhesion complexes) or focal adhesions (mature adhesion complexes), and
this is due, at least in part, to an interaction of the FAT domain with paxillin
and talin (61-63). The carboxyl-terminal region of the FAK molecule
including PR1, PR2 and the FAT domain, referred to as FAK-related non-
kinase (FRNK), is expressed in chicken fibroblasts as an alternative splice
product of the FAK gene (64). Expression of FAT or FRNK in cells results
in their competing with endogenous FAK for localization to focal
contacts/focal adhesions, and as FAK signaling occurs at focal contacts/focal
adhesions, expression of FAT or FRNK inhibits the activation and signaling
of endogenous FAK (63, 64). FAK is activated through autophosphorylation
on Y397 (65). FAK activation occurs in a temporally-related manner to the
clustering of cell surface integrin receptors, which is triggered by integrin
binding to its extracellular matrix ligand (66, 67). Activation of various
growth factor receptors and G protein coupled receptors can also activate
FAK, and in addi-tion FAK can be activated by Src phosphorylation of Y397
(68).  Studies using the c-Src/c-Yes/Fyn (SYF)-null mouse embryo
fibroblasts (MEF) indicate FAK activity is reduced with integin engagement,
supporting a role for cellular Src in FAK activation (68). In non-malignant
or non-transformed cells, FAK activation is adhesion-(integrin-engagement)-
dependent (reviewed in 68). However, in malignant cells, such as malignant
astrocytoma/glioblastoma cells, FAK activation is not strictly adhesion-
dependent (69), suggesting FAK is regulated differently in malignant cells.
Activation of FAK is necessary for its promotion of cell migration (reviewed
in 55). Activation of FAK, or phosphorylation of Y397, leads to the SH2-
domain mediated binding of cellular Src to this site, followed by cellular Src
phosphorylation of Y576/577 in the kinase domain activation loop
promoting maximal activation of FAK (70). Cellular Src can also
phosphorylate FAK on Y407, Y861, and Y925 creating SH2-domain binding
sites for interacting proteins. The function of these phosphorylated residues
(pY407, pY861 and pY925) in FAK is not clear. Recently, in Ras-
transformed NIH3T3 cells, phosphorylation of Y861 was shown to be
necessary for cell migration (71). In fibroblasts, cellular Src phosphorylation
of Y925 in FAK leads to Erk activation (72).

4.2 FAK Expression in Malignant Astrocytic Tumors
This lab first reported elevated levels of FAK protein in five of five
anaplastic astrocytoma (Grade III) biopsy samples and in six of six

glioblastoma (Grade 1V) biopsy samples, as compared to six normal brains,
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as detected by immunohistochemical analysis of formalin-fixed and paraffin-
embedded biopsy samples (73). Jones et al. (74) also reported increased
FAK expression in glioblastoma tumor biopsies by immunostaining, as well
as an increased expression of FAK in glioblastoma tumor biopsies following
radiotherapy. We subsequently confirmed our immunohistochemical finding
of elevated FAK expression in malignant astrocytic tumors by immunoblot
analysis. We demonstrated elevated levels of normalized FAK protein in
anaplastic astrocytoma (Grade III) tumors (an estimated 2.5-fold increase),
as compared to 10 normal brain samples (69). We also demonstrated
elevated FAK activity in these tumors as compared to the normal brain by
assessing phosphorylation of Y397. Other investigators have also reported
elevated levels of FAK protein in these tumors by western blot analysis,
Rutka et al. (75) reported an elevated level of FAK protein in one
glioblastoma biopsy sample as compared to one normal brain sample, and
Zagzag et al. (76) reported enhanced expression of FAK protein in a subset
of glioblastoma biopsy samples as compared to the normal brain. In addition,
the latter group reported that the expression of FAK protein was elevated at
the invasive tumor edge in high-grade gliomas. The finding of elevated
FAK protein and activity in anaplastic astrocytoma (Grade III) and
glioblastoma (Grade IV) tumor biopsy samples, suggests that FAK signaling
could be important in the biology of these tumors.

4.3 FAK Promotes Migration of Malignant
Astrocytoma/Glioblastoma Cells

FAK is thought to play an integrative role in coordinating the signals
generated from integrin receptors and growth factor receptors (77). This
concept is supported by studies in which the overexpression of FAK has
been shown to promote haptotactic and chemotactic migration (73, 78-80).
This is also supported by studies using MEF isolated from the FAK
knockout mouse, in which significantly reduced cell migration was found
that could be rescued by the re-expression of FAK (70, 81, 82).

FAK promotion of cell migration in fibroblasts is thought to be due to its
promotion of focal contact/focal adhesion turnover and the promotion of
membrane protrusion through Rac activation. In fibroblasts FAK promotion
of focal contact/focal adhesion turnover is due, at least in part, to its ability
to promote the localization of calpain to focal contacts/focal adhesions (83,
84). Calpain can cleave talin and FAK (85, 86). The interactions of FAK,
cellular Src, and the docking molecules p130CAS and paxillin promote focal
contact/focal adhesion turnover at the leading edge of the cell in fibroblasts
(87). FAK recruits CAS family members to its PR1 and PR2 proline-rich
domains and cellular Src phosphorylation of the substrate domain in CAS
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family members occurs most efficiently when they are bound to FAK (88).
The latter event results in the recruitment of an adaptor molecule to the
phosphorylated CAS substrate domain, such as Crk, the activation of a
guanine exchange factor (such as Dock 180) and the activation of Rac
promoting membrane protrusion (89).

We have shown that the overexpression of FAK in the U-251MG
malignant astrocytoma/glioblastoma cells promotes haptotactic migration
(73), and downregulation of FAK signaling by expression of the FAT
domain has been shown by others to inhibit migration of LN-401
glioblastoma cells (43). FAK also promotes chemotactic migration of
malignant astrocytoma/glioblastoma cells. Jones et al. (43) reported that
EGF (2 ng/ml) increased the migration of the LN-401 glioblastoma cells by
10-fold, and transfection with the FAT domain of FAK reduced this EGF-
induced increase in migration to 2-fold. Also, proteolytic cleavage of FAK
by activated caspase-3 inhibits glioblastoma cell migration, supporting a role
for intact FAK in promoting the migration of these cells (90).

In the U-87MG malignant astrocytoma/glioblastoma cells, FAK has been
shown to promote focal adhesion turnover (disassembly and remodeling),
and this requires inside to out Ca®* signaling (91). In these studies, Ca*"
spikes were temporally associated with the disassembly and movement of
focal adhesions, suggesting they trigger this event (91). Focal adhesion
disassembly occurred simultaneously with cell-edge membrane movement
and retraction of associated stress fibers. FRNK transfection did not affect
the generation of Ca®" spikes, although the cell morphology was altered and
focal adhesions were observed to be fewer in number and larger in size.
More recently, using the U-87MG cells, this group showed that disassembly
of individual focal adhesions is associated with local increases in Ca™, and
that transient increases in Ca™ triggers focal adhesion disassembly (92).
Furthermore, there is a loss of FAK from disassembling focal adhesions, and
the dynamics of FAK movement between cytosolic and focal adhesion
compartments is rapid (~ 17 seconds) as compared to the time necessary for
focal adhesion formation and disassembly (~ 5 minutes) (92). Calpain is
expressed in glioblastoma tumors (93), and its potential role in cleavage of
focal adhesion proteins, as well as the role of CAS family members in
promoting focal adhesion turnover needs to be evaluated in malignant
astrocytoma/glioblastoma cell migration.

Molecules that inhibit FAK phosphorylation would be expected to inhibit
migration of cells. Indeed, Zagzag et al. (94) reported recently that
geldanamycin inhibits FAK phosphorylation and migration of three different
malignant astrocytoma/glioblastoma cell lines (U-87MG, U-251MG, and
LN229). The exact mechanism of the inhibition of FAK phosphorylation is
not clear, but it is likely related to the effect of geldanamycin on the heat
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shock protein (Hsp 90). These data suggest FAK could be an important
therapeutic target for new anti-glioma therapy.

Other FAK signaling mechanisms have been linked to cell migration.
Ling et al. (95) demonstrated that the complex formation of PI3-kinase and
FAK observed in U-251MG malignant astrocytoma/glioblastoma cells when
adherent to specific matrix proteins correlated with the ability of PI3-kinase
inhibitors to block haptotactic cell migration, suggesting that the association
of FAK and PI3-kinase is important for the promotion of cell migration.
Other investigators have also reported that PI3-kinase activity promotes cell
migration (96).

4.4 The Role of a FAK Family Member Pyk2
in Malignant Astrocytoma/ Glioblastoma
Cell Migration

Lipinski et al. (97) reported recently that Pyk2 activity was elevated in
two malignant astrocytoma/glioblastoma cell lines (SF767 and T98G) as
compared to FAK, and that the overexpression of Pyk2 in these cells
promoted migration. This suggests additional studies evaluating the role of
FAK as compared to Pyk2 need to be performed in glioblastoma cells.

4.5 FAK Promotes Migration of Brain Microvessel
Endothelial Cells (Promotion of Angiogenesis)

Angiogenesis is necessary for the invasion and metastasis of malignant
tumors, and it is defined as an increase in microvessel density (98).
Angiogenesis in tumors requires the sprouting, migration and proliferation of
host endothelial cells (98). Angiogenesis is a histologiiccharacteristic of
malignant astrocytoma/glioblastoma tumors (2). To determine the role of
FAK in modulating angiogenesis of brain microvascular endothelial cells,
we examined the effect of FRNK transfection. We found that FRNK
expression inhibited tube formation and branching of brain microvessel
endothelial cells propagated in collagen gels (Fig. 2) (99). We then
investigated the mechanism for this inhibition and found that FRNK
expression inhibited haptotactic migration of the brain microvessel
endothelial cells towards fibronectin and collagen (Fig. 2) (99). Other
investigators have shown recently that FAK is necessary for blood vessel
morphogenesis and that FAK promotes tube formation and branching of
non-brain endothelial cells by promoting fibronectin matrix assembly (100,
101). Thus, likely FAK promotion of angiogenesis occurs through more
than one mechanism.
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Figure 2. FAK promotes tube formation and branching, as well as cell migration, of mouse
brain microvascular endothelial (IBE) cells. A & B, IBE mouse brain microvessel endothelial
cells transfected with the FRNK or mutant FRNK construct were allowed to recover for 20
hours, followed by harvest, resuspension in serum-free media, and aliquoting onto collagen
gels along with 5 ng/ml FGF2 in serum-free media. Two hours later, the media was removed
and a second collagen gel was poured over the cells, followed by serum-free media and
incubation for 48 hours (33°C, 5% CO2). Subsequently, tube formation and branching were
photographed using a Nikon video microscope and analyzed using the Universal Metamorph
software. Conditions were assayed in replicas of four and tube formation and branching
analyzed in 5 fields at 10X magnification. Data is presented as the mean + SEM. C,
Alternatively, after FRNK or mutant FRNK transfection of IBE cells and recovery for 20 hrs,
IBE cells were harvested, and plated in serum-free media onto 8 micron pore filters that had
been coated previously on the bottom surface with either collagen or fibronectin and the cells
allowed to migrate for 3 hours (33°C, 5% COs). Subsequently, migrated cells on the bottom
surface of the filter were stained and counted. The conditions were assayed in replicas of
four, and the data analyzed and presented as the mean + the S.E.M. (Reprinted with
permission from Haskell et al., 2003 Clin. Cancer Res. 9:2157-2165).
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S. CELLULAR SRC PROMOTES CELL
MIGRATION

5.1 Src Domain Structure

Src family members are non-receptor tyrosine kinases that are involved
in signal transduction pathways that modulate a variety of cellular processes,
such as adhesion, migration, proliferation, and differentiation. This is
thought to be due to their association with multiple cell surface receptors
(including growth factor receptors and integrins), as well as the actin
cytoskeleton (reviewed in 102). There are 9 known Src family members: c-
Src, Fyn, Lyn, c-Yes, Hck, Fgr, Blk, Lck, and Yrk, as well as a related
molecule Rak (Frk) (102). Src family members share a similar structure
consisting of six distinct functional domains (Fig. 3): the Src homology
domain 4 (SH4) signals for lipid modification to provide hydrophobicity and
membrane association, followed by a highly divergent unique domain that is
Src family member specific, an SH3 domain, an SH2 domain, a catalytic
domain that contains an autophosphorylation site important for Src kinase
activity, and a carboxyl-terminal negative regulatory domain (reviewed in
103). These shared structural elements lead to a common mechanism of
activation and regulation.

)
A,
\b\ﬁ \"q'g
Uni a2 &
nique

o B ey SH3 g sz g [——coon
Domain Function
SH4 Membrane Association
Unique Region Highly Divergent
SH3 Mediate protein:protein interactions (P-X-X-P)
SH2 Mediate protein:protein interactions (P-Tyr)
Catalytic Tyrosine Kinase Activity
C-terminus Negative Regulation

Figure 3. The domain structure of cellular Src. The amino-terminal SH4 domain mediates
membrane localization, the unique region is where the greatest diversity among Src family
members lies, the SH3 domain mediates protein-protein interactions with proline-rich regions,
the SH2 domain recognizes specific tyrosine phosphorylated peptides, followed by the kinase
domain and the carboxyl-terminal negative regulatory peptide. Tyrosine residue 416/418 in
the kinase domain is the autoactivation site in mouse/human c-Src and tyrosine residue
527/529 in the carboxyl-terminal negative regulatory carboxyl-terminal negatively regulatory
site in mouse/human c-Src.
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5.2 Examples of Src Family Member Specific Functions

Accumulating evidence suggests there are Src family member specific
cellular functions. For example, Fyn promotes oligodendrocyte
differentiation of progenitor cells (104), expression of constitutively active
Fyn promotes differentiation of neuroblastoma tumor cells (105), and in the
A431 epidermoid carcinoma cells Fyn activity is necessary for
hemidesmosome disassembly (106). In addition, Src family members can
associate specifically with certain cell surface receptors (107-109).

5.3 Migration and the Role of Cellular Src

The role of Src family members in cell migration has been implied by its
role in phosphorylating FAK and the adaptor molecules that bind FAK (such
as CAS family members), as well as the role of FAK in promoting integrin-
mediated and growth factor-stimulated migration. The important role of Src
and the Src/FAK complex in promoting cell migration is supported by the
observation that a FAK mutant lacking the Src binding site Y397 (mutated to
phenylalanine) is unable to restore the migratory phenotype to MEF isolated
from the FAK knockout mouse (70). This suggests that Src binding to
phosphorylated Y397 of FAK is important in the signals that promote cell
migration. This concept is also supported by studies utilizing mouse
fibroblasts isolated from the c-Src knockout animal, these fibroblasts are less
motile than the wild-type fibroblasts and re-expression of c-Src compensates
this abnormality (110, 111). Furthermore, MEF isolated from the c-Src/c-
Yes/Fyn triple knockout mouse demonstrate significantly reduced cell
motility (112).

5.4 The Src Family Member Lyn Promotes
Glioblastoma Cell Migration

We have reported recently that PDGF-BB stimulation of U-87MG human
malignant astrocytoma/glioblastoma cells promotes ovp3-mediated cell
migration of cells adherent to vitronectin through the specific cooperation of
the PDGFrf} and integrin ovB3 in a Src kinase-dependent manner (Fig. 4)
(44). We characterized the Src family member repertoire on the U-87MG
and U-251MG human malignant astrocytoma/glioblastoma cells and
demonstrated expression of Fyn, Lyn and small amounts of c-Src. To
determine whether Lyn or Fyn was necessary for the PDGF-stimulated
integrin ovB3-mediated migration of these cells, we downregulated Lyn
versus Fyn with siRNA (44). Downregulation of Lyn mRNA and protein
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but not Fyn significantly inhibited this migration, indicating that Lyn is
necessary for the cooperative signaling of the PDGFrf} and integrin owvp3
that promotes glioblastoma cell migration (Fig. 5). Lyn has also been
implicated in the migration of B cells (113), and leukocytes (114). In support
of a role for Lyn in the malidnant phenotype of glioblastoma tumors, we
have recently shown that lyn kinase activity is significantly elevated in
glioblastoma tumors as compared to the normal brain and as compared to
anaplastic astrocytoma tumors (Grade III) (115).

+Vehicle +PDGF
No i hiitor

No inhibitor _

+anti-ovB3

Figure 4. PDGF stimulation promotes integrin owvp3-mediated U-87MG cell migration into a
scratched area in a Src kinase-dependent manner. A confluent monolayer of serum-starved
U-87MG cells adherent to vitronectin in serum-free media was scratched, treated with the Src
kinase inhibitor, PP1 (5 nM, the IC50; for 30 min) or vehicle, followed by incubation with 20
pg/ml anti-integrin specific mAb or mouse IgG (20 min, 37° C), and immediately treated with
PDGF BB (83 pM, 10 min, 37° C) or vehicle, followed by washing and incubation (37° C,
5%, CO2,24 h). A, C, E, and G, + Vehicle; and B, D, F, and H, + PDGF treatment. At 24 h
post-scratching, the scratched area was photographed. Conditions were assayed in replicas of
six, and the experiment was repeated two times (Reprinted with permission from Ding et al.,
2003 J. Biol. Chem. 278:39882-39891).
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Figure 5. Downregulation of Lyn mRNA and protein by siRNA inhibits PDGF-stimula-ted
integrin avP3-mediated cell migration. U-87MG cells were transfected with 160 nM Lamin
A/C siRNA (A), 320 nM Lyn siRNA (B-D), 320 nM Fyn siRNA (B-D), or with 320 nM non-
specific control siRNA (A-C). U-87MG cells 48 h post-transfection were detergent lysed,
subjected to disulfide-reduced 10% SDS-PAGE and blotted with mAb anti-Lamin A/C (A),
stripped, and reprobed with mAb anti-actin (A), or blotted with rabbit anti-Lyn or anti-Fyn-
specific IgG (C), stripped, and reprobed with mAb anti-actin (C). The experiment was
repeated four times. B, total RNA from U-87MG cells 48 h post-transfection was extracted
and subjected to RT-PCR with Lyn- or Fyn-specific primers, followed by electrophoresis of
identical PCR product volumes on a 2% agarose gel. The experiment was repeated four
times. D, A confluent monolayer of serum-starved U-87MG cells adherent to vitronectin in
serum-free media was scratched 20 h after transfection with 320 nM Lyn or Fyn siRNA,
stimulated with 83 pM PDGF (10 min, 37° C) or vehicle, followed by washing and incubation
(37° C, 5% CO2). At 24 h post-scratching, the scratched area was photographed. Conditions
were assayed in replicas of six and the experiment was repeated two times (Reprinted with
permission from Ding et al., 2003 J. Biol. Chem. 278:39882-39891).
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6. SUMMARY

A number of molecules contribute to the migratory phenotype. We have
summarized here what is known regarding the role of FAK and cellular Src
in promoting the migration of malignant astrocytoma/glioblastoma cells.
Future studies will hopefully define how FAK and cellular Src (specifically
Lyn) are regulated in these tumors, and identify molecules that can
specifically inhibit their function and be used in new therapeutic approaches.
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Chapter 11
MOTILITY IN HEAD AND NECK CARCINOMA

Sufi Mary Thomas' and Jennifer Rubin Grandis'*
Departments of Otolaryngology’ and Pharmacology’, University of Pittsburgh, University of
Pittsburgh Cancer Institute and University of Pittsburgh Medical Center, Pittsburgh, PA, USA

Abstract: Head and neck squamous cell carcinoma (HNSCC) arise in areas where
locoregional spread of tumors interferes with functions vital for survival.
These tumors are highly aggressive with poor five-year survival rates.
Understanding the mechanisms whereby HSNCC invade into the surrounding
tissues may help identify novel therapeutic targets for management and
prevention of tumor dissemination. Several molecules including growth factor
receptors, cytokines and matrix degrading enzymes have been examined for
their role in HNSCC cell invasion. /n vivo animal models are being developed
to test novel therapeutic strategies and investigate the mechanisms of HNSCC
invasion. In this chapter an overview of the pathways implicated in HNSCC
invasion, the animal models commonly used and some of the preclinical
therapeutic approaches targeting HNSCC invasion are presented.

Key words:  autocrine signaling, paracrine signaling, EGF receptor, MMP, cytokines, src

1. INTRODUCTION

Head and neck squamous cell carcinomas (HNSCC) are malignancies
that arise in the upper aero-digestive mucosa including the larynx,
hypopharynx, oropharynx and oral cavity. These tumors are aggressive and
difficult to treat with conventional treatment modalities. Tumors arising in
the head and neck region frequently invade surrounding tissues resulting in
complications including airway obstruction and rupture of the great vessels.
HNSCC cells degrade the surrounding basement membrane via activation of
specific enzymes. This process is essential for HNSCC cell motility and
lymph node involvement. Understanding the molecular mechanisms that
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mediate HNSCC motility and invasion may enable the development of novel
therapeutic agents that target key regulators of this process. Abrogation of
invasion could potentially reduce lymph node metastasis and increase the
efficacy of conventional treatments. Several molecules have been implicated
in HNSCC invasion. These can be broadly divided into three categories
including membrane bound receptors, motility associated proteins and
basement membrane degrading enzymes (1). In this chapter, we will discuss
each class of motility mediators and present the in vivo animal models that
are being used to investigate the mechanisms of motility and invasion in
HNSCC. In addition, we will review the preclinical studies investigating
novel strategies targeting invasion of HNSCC.

2. BIOMARKERS IMPORTANT FOR HNSCC
MOTILITY AND INVASION

There is increasing evidence to suggest that molecular alterations
contribute to increased invasiveness of HNSCC tumors. Over the last decade
a number of molecules have been implicated in mediating HNSCC invasion
(Table 1). HNSCC tumors are heterogenous and different regions of the
same tumor may have distinct protein expression profiles depending upon
several factors including nutrient availability. In addition there is some
degree of variability in RNA and protein expression profiles of HNSCC
tumors from different patients. This could be due to various factors including
genetic predisposition and differences in exposure to environmental
carcinogens. HNSCC invasion is a complex process involving multiple
proteins that are either membrane bound, intracellular or secreted.
Membrane bound proteins are usually receptors that respond to extracellular
ligand stimulation triggering downstream signaling events leading to
invasion. Mobilization of cells requires restructuring of the cytoskeletal
framework and de-adhesion from the extracellular matrix. Proteins involved
in maintaining the cytoskeleton framework of the cells have also been
implicated in HNSCC invasion. On loss of cellular rigidity, cells adopt a
rounded morphology and either secrete proteases that degrade the
extracellular matrix or move through the extracellular matrix in an amoeboid
manner (2). Although the exact mechanism whereby cells invade
surrounding stroma is not completely understood, emerging evidence
suggests that membrane receptors, intracellular proteins and secreted
enzymes all work in a coordinated fashion to enable HNSCC invasion.
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2.1 Membrane Bound Receptors and Proteins

Receptors bind ligands in the extracellular milieu triggering signal
transduction cascades. Autocrine and paracrine stimulation may result in
simultaneous activation of several receptors on the cell surface. Cross talk
among receptors may lead to additive or synergistic activation of
downstream signaling pathways. Several membrane bound receptors
including growth factor receptors and integrins are involved in HNSCC
invasion. Members of the ErbB receptor family including epidermal growth
factor receptor (EGFR) and ErbB2 (HER2) have been extensively studied
for their role in proliferation and invasion of a number of different tumor
types including carcinomas of the breast, prostate, colon and HNSCC.

2.11 Epidermal growth factor receptor (EGFR)

EGFR is overexpressed in more than 90% of HNSCC tumors (3). Several
ligands have been shown to bind to EGFR including the epidermal growth
factor (EGF), transforming growth factor-oo (TGF-at), heparin binding-EGF
(HB-EGF), amphiregulin, betacellulin and epiregulin. EGFR ligands
stimulate the receptor in an autocrine as well as paracrine manner.
Physiologic levels of EGF (0.9 - 3 ng/ml) were reported to stimulate cell
migration in HNSCC cells in vitro (4). In addition EGF (5) and betacellulin
(6) have been reported to stimulate HNSCC invasion.

Ligand binding to the receptor triggers receptor dimerization. Since
members of the ErbB family form homo or heterodimers on ligand binding,
it is possible that signaling triggered by various receptor combinations
significantly impacts invasion of HNSCC cells. There is some evidence to
suggest that co-localization and overexpression of EGFR and ErbB2 (HER2)
in HNSCC cells increases invasion and nodal metastasis (7, 8). Receptor
activation triggers signaling cascades downstream of the receptor.

Autocrine stimulation of EGFR increases HNSCC proliferation and anti-
apoptotic effects via downstream effectors including MAPK, signal
transducers and activators of transcription (STAT) and Akt (9). In addition,
EGFR activation also increases HNSCC cell invasion (Figure 1).
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Figure 1. EGFR signaling contributes to invasion of HNSCC tumor cells. GPCR ligand
stimulation activates c-Src and matrix metalloproteases (MMP) in HNSCC cells. MMPs
cleave membrane bound EGFR proligand including TGF-o. and Amphiregulin. Ligand
binding activates EGFR thereby triggering downstream signaling cascades including PLCy-1
and MMPs that promote HNSCC invasion.

The downstream molecules that mediate EGFR ligand-induced motility
are not well defined. Phospholipase C gamma-1 (PLCy-1) is a phospho-
inositide  specific  phospholipase that on activation hydrolyses
phosphatidylinositol (4, 5) biphosphate (PIP2) into inositol-triphosphate
(IP3) and diacylglycerol (DAG). IP3 mediates the release of Ca'* ions from
intracellular stores and DAG activates PKC.These events are followed by
actin remodeling within the cell enabling HNSCC cell motility. We have
recently demonstrated that PLCy-1 is downstream of EGFR and involved in
HNSCC invasion on EGFR ligand (EGF) stimulation (5). Abrogation of
PLCy-1 activity with inhibitors abrogated EGFR-mediated HNSCC cell
invasion through Matrigel. Further, HNSCC tumor tissue was demonstrated
to express higher levels of both phosphorylated as well as total PLCy-1
levels compared to normal adjacent mucosa from the same patient. PLCy-1
may be an important downstream effector of EGFR-mediated invasion in
HNSCC cells. EGFR also modulates HNSCC motility via upregulation of
matrix metalloproteases (MMPs) specifically MMP 9 (10, 11). Several G-
protein-coupled receptors including the gastrin-releasing peptide receptor
(GRPR) activate EGFR via release of EGFR ligand from the membrane
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surface (12). In addition to stimulating cell proliferation via EGFR, GRPR
also increased HNSCC cell invasion in vitro (13 2004 2004). We have
demonstrated that inhibition of c-Src in HNSCC cells abrogates GRP
stimulated invasion in HNSCC cells indicating that c-Src plays a role in
HNSCC invasion. HNSCC cells respond to ligand binding to EGFR by
activating signaling molecules that drive the cell into proliferation and
invasion. EGFR is therefore an attractive target for prevention of metastasis.

2.1.2 Integrins

Integrins are cell surface receptors that bind ligands in the extracellular
matrix (ECM). They are transmembrane proteins composed of non-
covalently associated o and 3 subunits involved in cell adhesion and signal
transduction (14). Integrin ligands are ECM components and ligand-binding
links the cell cytoskeleton with the ECM. Activation of the integrin receptor
triggers integrin clustering and phosphorylation of intracellular protein
tyrosine kinases. In addition to migratory functions integrins also affect cell
growth, apoptosis, differentiation and angiogenesis (1). Integrin expression
has been demonstrated to correlate with HNSCC tumor invasion and
metastasis (15). HNSCC cells use multiple integrins to mediate cell
migration (16).

Altered expression of several integrins has been reported in HNSCC
tumors compared to normal oral epithelium (1). Specifically, decreased
expression of integrins o231, a4, o5 and a6 have been reported in HNSCC
tumors compared to normal oral epithelium or to tissue from involved lymph
nodes (17, 18). In the majority of reports o-subunit downmodulation
increases HNSCC cell detachment from the matrix and facilitates invasion.
For example, inhibition of the av, o4, a5 and o6 with antisense
oligonucleotides or with neutralizing antibodies has been reported to
abrogate HNSCC motility and invasion (17). Overexpression of the 6
integrin subunit in HNSCC cells that were poorly invasive increased cell
adhesion to fibronectin and increased migration and invasion in vitro and in
vivo (19, 20). Integrin receptors have been reported to interact with growth
factor signaling pathways.

Integrin ovP4 found in hemidesmosomes increases HNSCC cell
attachment to the ECM. Stimulation of HNSCC cells with EGF has been
reported to reduce the number of hemidesmosomes and increase cell
detachment from the substratum (21). Further, it was observed that EGFR
mediated phosphorylation of the B4 subunit of integrin a6B4 via the src-
family kinase protein Fyn resulting in destabilization of hemidesmosomes
increasing HNSCC cell motility. Additional investigations are required to
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elucidate the pathways whereby growth factors modulate integrin receptors
in HNSCC cells.

2.1.3 Transforming growth factor-f receptor II (TBR-II)

Transforming growth factor receptor-§ (I and II) are transmembrane
proteins belonging to the serine-threonine kinase family. The gene encoding
TBR is a putative tumor suppressor that can be mutated in several tumor
types including colorectal cancer and HNSCC (22, 23). High mRNA levels
of TPR ligand-TGF-B in HNSCC tumors have been reported to correlate
with non-metastatic tumors (24). Ligand binding triggers TRR-II
heteromerization ~ with ~ TBR-I  and  receptor  activation by
transphosphorylation. The activated receptor complex phosphorylates
intracellular proteins Smad 2/3 that then oligomerize with Smad 4. Smad
protein complexes translocate to the nucleus and regulate gene transcription
resulting in inhibition of cellular growth. HNSCC tumor cells overcome the
inhibitory effects of TBR-II via several mechanisms by downmodulating the
expression of TGF-B (25) and TBR-IT (26) or by mutation of genes encoding
TPR, Smad 2 and 4 (23, 26-28).

Recently reports indicate that TGF-f may regulate invasion of HNSCC
cells. TGF-f has been demonstrated to induce transdifferentiation of stromal
fibroblasts into myofibroblasts (29). Myofibroblasts have been detected in
the stroma at the invasive edge of HNSCC tumors. These cells secrete
chemokines, cytokines and several growth factors including hepatocyte
growth factor (HGF). HGF was demonstrated to bind to c-Met receptors on
HNSCC tumor cells inducing secretion of proteases and invasion. HNSCC
cells interact with the stromal fibroblasts inducing changes that facilitate
tumor invasion into the ECM. TGF-B may directly influence HNSCC
migration by increasing MMP activation in HNSCC cells (30). Further
investigations are warranted to fully understand the role of TGF-B in
HNSCC invasion.

2.14 Urokinase-type plasminogen activator receptor (uPAR)

uPAR is composed of 3 extracellular domains attached to the plasma
membrane via a glycosyl phosphatidyl inositol anchor. Urokinase
plasminogen activator (uPA) binds uPAR facilitating multiple cellular
processes including cell proliferation and adhesion. Expression of uPAR has
been reported to be higher in human HNSCC tumors by Northern
hybridization and immunohistochemistry (31, 32). Further analysis revealed
no correlation of uPAR and uPA expression with several histopathologic
parameters including metastasis in the patient population studied (31).
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However, in a separate report uPA and uPAR expressing HNSCC tumors
were highly invasive and demonstrated lymph node involvement (32). The
role of uPA and its receptor in modulating HNSCC invasion has also been
studied in vitro.

HNSCC cell lines expressing high levels of uPA and uPAR were
reported to demonstrate increased invasion and had constitutively activated
Erk (33) Ligand stimulation of uPAR increases association of the receptor
with o581 integrin which in turn activates Erk via downstream intracellular
signaling cascades (34). In addition to activating Erk, uPAR also activates
matrix metalloprotease (MMP)-3 and —9 in HNSCC cell lines that express
B6 integrin (30). Although the mechanisms whereby uPAR and uPA
modulate HNSCC invasion are not completely defined, they appear to
associate with integrins and activate proteases that enable HNSCC cells to
degrade the extracellular matrix.

2.1.5 Cadherins

Membrane bound proteins involved in invasion are often present in
adherens junctions. These multiprotein complexes mediate several roles
including adhesion between cells (35). Dis-assembly of adherens junctions
on cells is essential for cell detachment from the substratum once motility is
initiated. Cadherins are a family of transmembrane proteins that mediate
calcium-dependent cell-cell adhesion found in the adherens junction of cells
(36). The extracellular domain mediates homotypic adhesions with cadherins
expressed on neighboring cells. The intracellular domain links the adherens
junction to the cytoskeleton via association with intracellular proteins
including o, -B and y-catenins. In addition to adhesion functions catenins
also mediate intracellular signaling. Three members of the cadherin family
include E-cadherin, N-cadherin and P-cadherin expressed in epithelial,
neuronal and placental cells respectively. E-cadherin is often modulated in
invading HNSCC cells (37). Biologically aggressive tumors demonstrating
increased invasion and lymph node involvement in tumors that demonstrate
have reduced E-cadherin expression and/or deranged E-cadherin-f3-catenin
complex formation (38).

E-cadherin modulates HNSCC tumor cell motility as demonstrated by
down-regulation of membrane type—I matrix metalloproteases (MT1-MMP)
(39). Reduction in levels of E-cadherin, o, - and -y catenin have been
reported in metastatic versus non-metastatic HNSCC tumors (40-43).
Reduced y-catenin levels have been reported to have predictive value for
nodal metastasis (43). Reduction in levels of E-cadherins was recently
reported to be due to methylation of 5’CpG islands in the promoter region of
E-cadherin (44).
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2.1.6 Hepatocyte growth factor receptor (c-Met)

HGF overexpression has been observed at the mRNA and protein levels
in HNSCC tumor tissues compared to normal adjacent mucosa or oral cavity
tissue from healthy patients (45, 46). In addition, higher serum levels of
HGF have been reported in HNSCC patients compared to healthy subjects
(45). Increasing evidence indicates that c-Met is a mediator of HNSCC
invasion. HNSCC cell lines stimulated with HGF demonstrate an increase in
scattering as well as invasion through basement membrane and collagen
matrix in vitro (45, 46). Kitaju H et al, reported that activation of the c-Met
receptor triggers the activation and translocation of p21 rho (Rho) from the
nucleus to the membrane increasing HNSCC invasion (47). Signaling
pathways downstream of HGF and its interactions with other tyrosine kinase
and G-protein-coupled receptors in HNSCC cells are incompletely
understood and further studies are required.

2.2 Motility-Associated Intracellular and Secreted
Proteins

In order to move, HNSCC cells lose their epithelial morphology and
become rounded. This is a complex process involving modifications in a
number of intracellular proteins. Some of these proteins are signal
transducers that carry signals from the cell membrane to the nucleus,
affecting invasion of HNSCC. Other proteins are involved in regulating the
cytoskeletal framework of the cell and respond to signals from the cytoplasm
or the nucleus, undergoing changes that involve rearrangement of cell
cytoskeletal framework or the extracellular matrix. These proteins may be
intracellular or secreted into the extracellular matrix.

2.3 Intracellular proteins involved in HNSCC invasion

Several intracellular proteins that are involved in signal transduction are
implicated in HNSCC motility and invasion. Many of these signal
transducers are preferentially upregulated in metastatic cells. The repertoire
of signaling molecules that play a role in HNSCC cells is not well defined. A
few studies have elucidated some of the molecules important for invasion of
HNSCC and these will be discussed here.
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2.3.1 Focal adhesion Kinase (FAK)

FAK is an intracellular non-receptor tyrosine kinase that localizes to
cellular structures called focal adhesions and plays a role in invasion of
HNSCC cells. FAK is found in association with integrins and is in the
phosphorylated state when cells adhere to the substratum. De-
phosphorylation of FAK results in cell de-adhesion and motility (reviewed in
48). Oral carcinoma cells express elevated FAK levels (49). Overexpression
of FAK in poorly invasive HNSCC increased their invasive rate by 4.5-fold.
In addition, immunohistochemical analysis of HNSCC tumors revealed an
increase in FAK expression compared to normal adjacent mucosa. EGFR-
mediated signaling has been reported to decrease focal adhesion kinase
(FAK) phosphorylation increasing invasion of KB oral squamous carcinoma
cells (50). However in a separate study, FAK and focal adhesion protein-
paxillin-mediated migration of HNSCC was dependant on MAPK activity
(51). HGF has also been reported to increases FAK phosphorylation and
invasion in HNSCC cells (47). FAK upregulation and activation may
increase HNSCC invasion.

2.3.2 Protein phosphatase-2A (PP-2A)

Signal transduction in most cases involves phosphorylation and
dephosphorylation of proteins. Enzymes that dephosphorylate signaling
proteins help abort the signal transduction process. Protein phosphatase-2A
(PP-2A) is an enzyme responsible for de-phosphorylation of serine-threonine
residues on proteins (52). PP-2A has been reported to co-localize with
microtubules and negatively regulate invasion of HNSCC cells (53)
Selective inhibition of PP-2A was demonstrated to increase HNSCC
invasion through laminin and vitronectin (53). Forced elevation of PP-2A
levels was reported to increase HNSCC cell adhesion on laminin and
vitronectin indicating modulation of integrin activity in HNSCC cells (53).

233 E2F-1

E2F-1 is a transcription factor that binds DNA facilitating DNA synthesis
and cell proliferation (54). In resting cells E2F-1 is associated with the
product of the retinoblastoma gene (pRb) (55). When cells enter the cell
cycle, cyclin D binds and activates cyclin dependant kinases (Cdks) that in
turn phosphorylate pRB in the pRB/E2F-2 complex. Activation of pRb
results in release of E2F-1 from the complex. The role of E2F-1 has been
tested in HNSCC cells (56). Ten HNSCC cell lines expressing E2F-1 were
analyzed for their invasive potential. Highly invasive tumors expressed

254



higher levels of E2F-1. The invasive potential of poorly invasive HNSCC
cells with low E2F-1 levels was increased significantly when the cells
overexpressed E2F-1 suggesting that E2F-1 contributes to HNSCC cell
invasion.

24 Cytoskeletal and Secreted Proteins

Cancer cells are capable of modifying the extracellular matrix to facilitate
growth and motility. In addition to secreting matrix-degrading enzymes cells
also secrete components of the extracellular matrix. The newly secreted
matrix components provide an anchor for the cells to bind to during the
process of motility. Some of the components further stimulate HNSCC
tumor cell motility by binding to and stimulating integrins on the membrane
surface. Some of these proteins implicated in HNSCC invasion are discussed
here.

2.4.1 Laminin

Laminin is an extracellular glycoprotein that is one of the constituents of
the basement membrane. It is structurally composed of 3 non-identical o, B
and 7y polypeptide chains (57). Laminin 5 is synthesized and deposited by
keratinocytes as a component of the basement membrane (58). It serves as an
anchor for epithelial cells on the basement membrane and is a substrate for
integrin o3B1. Increased expression of laminin 52 has been reported to
correlate with a high invasive potential in HNSCC tumors (59). Further
studies have demonstrated a correlation between gene amplification of
EGFR and laminin 5y2 in HNSCC cell lines (60). Stimulation of HNSCC
cells with EGFR ligand TGF-o has been reported to increase laminin 5 y2
expression levels and EGFR inhibition abrogates TGF-o-mediated laminin 5
Y2 expression indicating that EGFR induces laminin 5 y2 secetion and
deposition in the extracellular matrix of HNSCC cells.

2.4.2 Other proteins implicated in HNSCC invasion

There are a few isolated reports on other proteins that play a role in
HNSCC invasion. These include transmembrane protein collagen XVII and
intracellular proteins moesin and S100A4. Collagen XVII is a
transmembrane protein involved in formation of hemidesmosomes (61). It
interacts with proteins present in hemidesmosomes including integrin o6p4.
Collagen XVII has been reported to anchor the cell onto the basement
membrane. An upregulation of collagen XVII expression has been
demonstrated in HNSCC tumors (62). Collagen XVII expression was
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expressed in the entire proliferative zone of the primary tumor while loss of
expression was observed in metastatic tumor (63).

Actin filaments form a part of the cell cytoskeleton closely associated
with the plasma membrane. A family of proteins called ERM
(ezrin/radixin/moesin) proteins are involved in linking actin filaments to the
plasma membrane (64). The amino-terminal domain of the protein binds
actin and a carboxyl-terminal domain binds to integral membrane proteins
including CD44, CD43 and ICAM-2 (65). The expression pattern of moesin,
one of the members of the ERM protein family, has been investigated in
HNSCC cell lines, tumors and metastatic lymph nodes (66). Moesin was
localized to the membrane in primary HNSCC tumors and non-metastatic
cells while in metastatic lymph nodes and cells moesin was diffusely
distributed in the cytoplasm. The mechanism behind the altered pattern of
expression in metastatic versus non-metastatic tumors has not been defined.
Moesin appears to be modulated in HNSCC tumors and is associated with a
metastatic phenotype.

S100A4 is an intracellular calcium binding protein that has been
implicated in invasion of a number of tumor types including carcinomas of
the breast and colon. Its role in tumor cell invasion results from its ability to
activate cytoskeletal non-muscle myosin. Although very little known about
the mechanism whereby S100A4 mediates motility, forced expression of the
protein in non-metastatic cells changes the phenotype into that of a highly
metastatic cell. Expression of S100A4 has been investigated in HNSCC
tumors correlated with clinoco-pathologic parameters including lymph node
involvement (67). Although only 26% of HNSCC tumors expressed
S100A4, the expression strongly correlated with lymph node involvement.

243 Basement Membrane Degrading Enzymes

Tumor cells secrete proteases that degrade the extracellular matrix
components facilitating their movement through the interstitial spaces
between tissues. Matrix metalloproteases (MMPs) require the presence of
Zn"? ions for enzyme activity. There are 4 sub-classes of MMPs
collagenases, gelatinases, stromelysins and membrane type I MMPs (MT-
IMMP). MMPs degrade basement membrane components including
collagens. MMPs are secreted as inactive pro-enzymes. Pro-MMPs are
proteolytically cleaved into active proteases. MT1-MMP, MMP2 and MMP9
have been predominantly reported to be expressed in HNSCC tumors (68,
69). Several growth factors have been demonstrated to induce expression of
MMPs including EGFR (11) uPAR (30) and granulocyte-colony stimulating
factor (70).
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3. CURRENT TOOLS USED TO STUDY HNSCC
INVASION

One of the major hurdles in testing novel therapeutic strategies for
HNSCC is the dearth of in vivo models that closely resemble human disease.
Subcutaneously transplanted HNSCC tumors in mice rarely invade the
peritoneal wall and have not been reported to metastasize (71). The models
described here have been used to study HNSCC invasion in vivo. In general,
these models are limited in that human HNSCC tumors are implanted in
immune compromised animals. Interactions between the complete repertoire
of immune cells and their effects on HNSCC tumor invasion cannot be
adequately investigated in these animals. There is still an urgent need for an
animal model that would closely resemble human HNSCC disease.

3.1 Orthotopic floor of the mouth model

Among the currently used models, orthotopically implanted tumors come
closest to resembling invasion in HNSCC patients. Mice are typically
injected with 2 x 10° to 5 x 10° HNSCC cells in 25 — 100 pl in either growth
medium or buffered saline. Several different strategies have been described
for implanting tumors in the head and neck region of mice. Transcutaneous
injections of HNSCC cells as depicted in Figure 2 into the myohyoid muscle
near the floor of the mouth or the submental space have also been
demonstrated to give rise to tumors that metastasize to the cervical lymph
nodes (19, 72). The advantage of this technique is that it involves minimal
nodesdiscomfort to the animals and can be administered with relative ease in
the absence of sedation. Intraoral injections into the tongue or the anterior
region of the floor of the mouth and myohyloid muscle have been reported to
generate HNSCC tumors that metastasize to the cervical lymph nodes and
lungs (73). HNSCC tumors injected into the floor of the mouth have been
reported to metastasize to the regional cervical lymph nodes (>80% of the
animals) and to the lung in 18% of the animals (66).
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Submental
region

Facial veins

Figure 2. HNSCC orthotopic nude mouse model. HNSCC tumor cells (2 x 105 to 5 x 106) are
inoculated into the submental region (X denotes site of injection). Transdermal injections of
HNSCC cells between the two facial veins running parallel to each other generates orthotopic
tumors in the head and neck region that metastasize to regional lymph.

3.1.1 Rat tracheal implant model

De-epithelialized rat tracheas transplanted into athymic nude mice have
also been used to study HNSCC invasion (56). Rat tracheal tubes from
Fisher 344 rats were sealed at one end and HNSCC cells (5 x 105 cells)
introduced into the lumen of the tracheal tube. The open end was sealed and
the rat trachea implanted subcutaneously into athymic nude mice. After a
period of 8-12 weeks the animals were sacrificed and the implants retrieved,
fixed and cross-sectioned. The degree of penetration of the invasive HNSCC
cells into the tracheal wall was estimated on histological examination.

3.2 Gene expression profiling in metastatic and
non-metastatic tumors and cell lines

Although a number of molecules are implicated in HNSCC invasion, the
precise biomarkers that predict lymph node metastasis remain unknown.
Molecular profiling studies have identified patterns of gene expression
predominant in metastatic lymph nodes compared to non-metastatic tumors.
Gene expression signatures from HNSCC metastatic tumors include the
EGFR signaling pathway, adhesion and extracellular matrix proteins and
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gene expression patterns induced by cigarette smoke (74, 75). These gene
expression signatures could be further developed to provide important clues
to predict a metastatic disease in HNSCC patients with early stage tumors
(76).

4. NOVEL THERAPEUTIC STRATEGIES FOR
INVASIVE HNSCC

Therapeutic approaches that target HNSCC invasion may improve tumor
management via surgical excision. In addition to reducing invasion in animal
models of HNSCC, reduction in tumor growth has also been reported.
Various inhibitors have been used to target signaling pathways involved in
invasion of HNSCC cells. The broad-spectrum MMP inhibitor Marimastat
(BB-2516) has been tested in clinical trials of patients with carcinomas of
the ovary, prostate, and coloreactal region (77). Marimastat has been shown
to inhibit the growth of HNSCC tumors in vitro (78). Further, Marimastat
decreased lymph node metastasis and activation of MMP2 increasing
survival in vivo (79). Calcium-influx is one of the early events triggered on
EGF and other growth factor stimulation of HNSCC cells. Targeting calcium
influx into HNSCC cells with carboxyamido-trizole (CAI) reduced MMP
levels and lymph node metastasis of HNSCC tumors in vivo (80).

Effector cells of the immune system have been investigated for their
ability to reduce HNSCC invasion in addition to their anti-tumor effects
(81). Human cytotoxic T-lymphocytes and IL-2 induced natural killer cells
were injected intratumorally into HNSCC tumors in vivo. Lymph node
metastasis and tumor volumes were significantly reduced with
immunotherapy (81). Thus there is strong evidence to suggest that it is
feasible to target cell invasion in HNSCC patients.

S. SUMMARY

HNSCC cell invasion is a complex process involving structural proteins,
antigens, receptors, signaling molecules and stromal cells surrounding the
tumor (Table 1). Most of these molecules and cells interact with each other
enabling HNSCC cells to acquire features necessary for cell motility. The
precise mechanisms whereby HNSCC motility is orchestrated are not
completely understood. Despite this dearth of knowledge, targeting
molecules important for HNSCC motility reduces lymph node involvement
and increases survival in preclinical animal models. Improved understanding
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of mechanism and the development of strategies that target molecules that
regulate metastasis may improve HNSCC survival.
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Chapter 12
MOTILITY IN MELANOMA PROGRESSION

Anja Katrin Bosserhoff
Institute of Pathology, University of Regensburg, Germany

Abstract: This chapter provides an overview on the role of cell motility of melanoma
progression. Mechanistically, several molecules are known to be involved in
deregulation of adhesive interaction of tumor cells with each other and with
extracellular matrices, in synthesis and activation of proteases and other
enzymes, and in locomotion of tumor cells and organization of the
cytoskeleton. Examples for these gene families and their role in melanoma
motility are discussed.

Key words:  invasion, extracellular proteases, extracellular matrix, cytoskeleton

1. INTRODUCTION

Conventional therapy of malignant tumors is frequently limited by
acquisition of an invasive and metastatic phenotype and progression to a
systemic disease. Thus, understanding and manipulating molecular events
leading to systemic spread with high cellular motility represent major
challenges for current cancer research.

Motility involves a highly regulated and coordinated cascade of complex
molecular processes including cell attachment, cell detachment, secretion of
proteases, cell migration, and exchanging signals with other cells or matrix
in the local milieu (Figure 1). While invasion is regarded as a key signature
of malignant tumors, it is also found as part of the normal behavior of
inflammatory blood cells, in tissues engaged in morphogenetic movements
of normal embryogenesis, and in a number of instances of normal and
pathological tissue remodeling in the adult. Numbers of different proteins
involved in cancer cell motility have been identified during the past years.
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Figure 1. Schematic overview on relations between molecules discussed in the review. Matrix
molecules, cytokines / growth factors, receptors and signaling pathways documented in this
review are placed in direct connection. Changes observed in malignant tumors can not be
understood without analyzing the effects on the whole cellular system.

Although a few, such as the family of matrix metalloproteases (MMPs),
have been analyzed in some detail, most of them have been identified only
recently and still have to be put in a greater context. Moreover, probably
many of them still have to be discovered. In light of this largely preliminary
knowledge, this chapter summarizes data on cellular and molecular
mechanisms underlying the phenotypic characteristics of melanoma cells
that determine their mobile capability.

Some of the genes listed in table 1 are reviewed intensively in other
chapters of this book and will therefore not be described here. The broad
family of MMPs, their inhibitors and activators are covered in Chapter 7,
and the growth factor signaling in Chapter 5. The impact of the cytoskeleton
is discussed in Chapter 9. Chapter 8 details various aspects of integrin-
mediated cell-matrix interaction. Here, the other genes listed in table 1 and
their roles in cell motility of malignant melanoma are discussed in further
detail.
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Table -1. Overview on gene families involved in melanoma cell motility and examples.

Protein function Members involved in motility of
melanoma

Cell-cell adhesion molecules Cadherins, ICAM-1, MCAM, Galectin

Cell-matrix adhesion molecules Integrins, CD44, Laminin receptor

Matrix molecules Fibronectin, Laminin, Collagens,
Thrombospondin

Cytoskeleton and intermediary filaments Rho, Rac, Cdc 42, keratins, actins

Growth factors EGF, HGF (scatter factor), TGF-beta, wnt

Cytokines, chemokines IL-1, TNF-alpha, IL-6

Proteases MMPs, Cathepsins, tPA, uPA,
Transmembranous proteases

Non-proteolytic enzymes Heparanase, Hyaluronidase

Recently identified molecules MIA, TIAM, Amphoterin, SPARC

with complex functions

2. CELL-CELL ADHESION MOLECULES

2.1 Cadherins

E-Cadherin and its associated catenin complexes have been identified as
key molecules in cell adhesion. The transmembrane E-Cadherin proteins
form calcium-dependent homodimers via extracellular binding and
concomitantly transduce signals from the micro-environment to other
molecular complexes implicated in invasion. Changes in functional E-
Cadherin expression have been described to play important roles in human
cancer (Figure 2). E-Cadherin inactivating mutants were found in breast,
colon, and gastric carcinomas, whereas downregulation of E-Cadherin
expression was reported to occur in malignant melanomas (1, 2). This
downregulation was shown to be due to the transcriptional repressor snail
(3). Overexpression of E-Cadherin significantly decreased the metastatic
capacity of tumor cells as measured in in vitro as well as in vivo experiments
(4) (5), indicating that levels of E-Cadherin expression may represent critical
parameters for the invasive and metastatic tumor phenotype. Recent studies
clearly showed that also important downstream signaling pathways are
regulated by E-cadherin. Qian et al. revealed that re-transfection of E-
cadherin into melanoma cell lines conferred negative receptor tyrosine
kinase regulation to human melanoma (6). Further, a study of Kuphal et al.
presented a negative regulation of NFkappaB by E-cadherin (Oncogene in
press). To illustrate the complexity of regulation, a study described that the

267



transfection of GnT-lll (beta 1,4-N-acetylglucosaminyltransferase III)
catalyzes the addition of an N-acetylglucosamine (GIlcNAc) residue on
glycoproteins into mouse melanoma cells and results in the enhanced
expression of E-cadherin In turn, this leads to the suppression of lung

metastasis (7).
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Figure 2. Schematic overview of interactions between molecules involved in E-cadherin/ wnt/
B-catenin signaling pathways. All molecules discussed in this review have to be seen in the
context of interactions. See 2.1, 6.4 and 10.2 for details. (Adapted from Poser and Bosserhoff,
Histol. Histopath. 2004).

Controversially, N-cadherin expression is upregulated when E-cadherin
expression is lost. Until today details of this regulation are not understood,
but the functional importance of this process was determined in a study of Li
et al. (8). N-Cadherin is known to mediate homotypic aggregation among
melanoma cells as well as heterotypic adhesion of melanoma cells to dermal
fibroblasts and vascular endothelial cells. Blocking of N-cadherin-mediated
intercellular interaction by N-cadherin-specific antibodies increased the
number of cells undergoing apoptosis. Furthermore, N-cadherin promoted
migration of melanocytic cells over dermal fibroblasts, suggesting that N-
cadherin may also play a role in metastasis.
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2.2 Cellular Adhesion Molecules (CAMs)

Members of the immunoglobulin superfamily of adhesion molecules,
including ICAM-1, ICAM-2, ICAM-3, VCAM-1, L1 (CD171), and
MelCAM (MCAM, Muc-18) bind to integrins on leukocytes and mediate
their flattening onto the blood vessel wall. This interaction is critical for
subsequent extravasation and the further course of inflammatory reactions in
the surrounding tissue. Interestingly, tumor cells have been shown to use
similar mechanisms for extravasation during metastasis (9, 10, 11, 12).
Alteration in the expression of invasion/metastasis-related melanoma cell
adhesion molecule (MelCAM) is strongly associated with the acquisition of
malignancy by human melanomas. MelCAM is expressed only sporadically
in benign melanocytic nevi and thin primary melanomas with a low
probability to metastasize. However, with increasing tumor thickness,
MelCAM expression becomes more frequent and it is found in 80% of
advanced primary tumors and metastases (13). ICAM is known to be
strongly expressed by malignant melanoma cells and detection of soluble
ICAM in the serum of melanoma patients can serve as a diagnostic marker.
The results of Slattery and Dong suggest that transmigration of melanoma
cells through endothelial barriers is mediated by ICAM-1 adhesive
interactions (14).

Fogel et al. found an increase in L1 protein expression in malignant
melanomas and metastases of malignant melanomas as compared to acquired
melanocytic nevi that was statistically significant (15). They assumed that
L1 plays a role in metastasis of malignant melanoma.

2.3 Galectins

Galectins represent a family of mammalian lectins with specificity to B-
galactosides, e.g. the poly-N-acetyllactosamine residue of laminin. Galectins
are involved in growth-regulatory mechanisms but also in cell-cell and cell-
matrix adhesion. It has been suggested that the level of galectin expression,
mainly galectin-3, parallels malignancy in different cancer types (16, 17,
18). Galectin-3 was shown to bind specifically the poly-N-acetyllactosamine
residues of laminin and has been implicated in tumor invasion and
metastasis. Furthermore, galectin-1 might participate in melanoma cell
adhesion to laminin and therefore could be a modulator of invasion and
metastasis (19). In vitro studies suggested that galectin-3 protects cancer
cells from apoptosis by promoting cell adhesion properties (20, 21) and also
modulates their invasive capacity. Iurisci et al. assessed the circulating levels
of galectin-3 in sera from cancer patients as well as from healthy controls.
Low serum levels of galectin-3 were detected in healthy individuals whereas
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galectin-3 serum levels in patients with melanoma were significantly
elevated (22). Galectin-9 protein is strongly and homogeneously expressed
in melanocytic nevi, but is down-regulated in melanoma cells especially in
metastatic lesions. In accordance, high galectin-9 expression was inversely
correlated with the progression of this disease (23).

3. CELL-MATRIX ADHESION MOLECULES

3.1 CD44

CD44 is a receptor for hyaluronan and mediates signaling that regulates
complex cell behavior including cancer cell migration and invasion. The
main form of CD44 (CD44H), a 80 kD transmembrane glycoprotein, is
widely expressed in a variety of lymphoid and epithelial cells and also in
malignant tumors. CD44 has many variant forms (at least 45 are currently
known), which are generated by alternative splicing. During the past years,
expression of certain variant CD44 isoforms has been correlated with the
degree of tumor differentiation, tumor cell invasion, and metastatic potential
(24, 25). In model systems, interaction of CD44 and hyaluronan was a
critical determinant for cell adhesion and transendothelial invasion (9). Other
studies provided evidence for proteolytic cleavage of CD44 on the surface of
cancer cells at the extracellular domain through membrane-associated
metalloproteases. It has been suggested that CD44 cleavage plays an
important role in CD44-mediated tumor cell migration (26) and in efficient
cell-detachment from the hyaluronate substrate within extracellular matrix.
In melanoma , overexpression of various CD44 splice variants was found to
be correlated to metastasis (27, 28, 29). Yoshinari et al. assumed that
CD44v10 expression is functionally related to melanoma cell migration and
suggested that interaction between CD44v10 and HA plays a role in the
variable tissue invasion and aggressiveness of different melanoma clones
(30).

3.2 Laminin receptor

The 67kD laminin receptor belongs to the group of non-integrin adhesion
molecules and interacts with the YIGSR sequence in the B1 chain of laminin.
Expression of the receptor correlates with invasive potential of malignant
melanoma cells, which can be inhibited by the YIGSR amino acid peptide in
vitro (31, 32). Givant-Horwitz et al. revealed the involvement of the laminin
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receptor in different mechanisms related to tumor dissemination in malignant
melanoma. Furthermore, they provided first evidence of the involvement of
MAPK and dual-specificity phosphatases in its signal transduction pathway
(33).

4. MATRIX MOLECULES

4.1 Fibronectin

The 400-500kD homodimeric fibronectin protein represents an important
component of extracellular matrix and basement membranes. In vitro,
fibronectin is chemoattractive for many different types of cancer cells (34),
and overexpression of fibronectin is frequently detected in invading areas of
malignant tumors in vivo (35). Further, an effect of fibronectin expression on
enhanced secretion of proteases, including uPA (urokinase-type plasminogen
activator), was observed in vitro (36). As this effect was depended on RGD
sequences and B1-integrin expression, cell-matrix interactions seem to
trigger enhanced protease secretion. Fibronectin was also suggested to be
involved in cohort migration, a phenomenon relating to the observation that
carcinoma cells frequently invade the surrounding tissue as coherent clusters
or nests of cells (37).

4.2 Laminin

The basement membrane molecule laminin forms a family of proteins.
Laminin is a cross shaped multifunctional glycoprotein formed by the
multimeric assembly of subunits which result from activation of several
genes. In vivo, depending on its location, and due to its adhesive properties
and multivalent affinities, laminin is associated with compounds of the
plasma, the basement membrane, and the cell coat as a part of
supramolecular complexes. In the basement membrane laminin has structural
and functional roles. It may also be adsorbed on the cell coat or secreted.
Laminin-5 was identified as a key protein in the anchoring filaments of the
basement membrane. The anchoring filaments connect the basement
membrane to the epithelial cells and together form the epithelial adhesion
complex. Laminin has been implicated in a number of stages in tumor
invasion and metastasis. In addition to its roles in cell adhesion and
migration, laminin may be important in mediating interactions of tumor cells
with the immune system and may have further, more subtle roles in
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controlling metastatic behavior. Tumor invasion through the basement
membrane has been correlated with a decreased expression of laminin.
Laminin stimulates migration of several tumor cells tested (38) and laminin-
5 is specifically degraded by MMP-2 to produce a soluble chemotactic
fragment (39). Purified laminin-5 was capable of potentiating melanoma cell
migration as measured in a chemotaxis assay with a soluble form of laminin-
5 or a haptotaxis assay with membranes coated with a mixture of laminin-5
and Matrigel, respectively. Furthermore, immobilized laminin-5 induced
A375 melanoma cells to secrete matrix metalloproteinase-9 (type IV
collagenase) into the culture medium (40).

4.3 Proteoglycans

Abnormal expression of proteoglycans, highly glycosylated matrix
molecules, has been implicated in cancer and metastasis primarily because
these macromolecules are involved in control of cell growth and matrix
assembly. Significant upregulation of perlecan expression, a major heparan
sulfate proteoglycan of basement membranes and pericellular matrices, was
detected in melanomas and other malignant tumors (41). Perlecan has also
ben shown to be upregulated by the growth factor neutrophin (see VIII),
suggesting a further role in early steps of invasion. Lumican is a member of
the small leucine-rich proteoglycan (SLRP) family. It contributes to the
organization of the collagen network and plays an important role in cell
migration and tissue repair. The results of Vuillermoz B et al. (42) suggest
that lumican is involved in the control of melanoma growth and invasion and
may be considered, like decorin, as an anti-tumor factor from the
extracellular matrix.

5. CYTOSKELETON

Over the past years, an increasing number of genes have been identified
that modify the cytoskeleton and play an active role in cell motility and
invasion. Oncogenic signaling can also be significantly influenced by
cytoskeletal regulation. Thus, the cytoskeleton has evolved from a static
structure to a dynamic modulator of signal transduction pathways.
Intercellular communication and the active movement of malignant cells into
and through host tissue barriers play a critical role during the complex
process of tumor invasion. Motile activity, cytoskeletal actin and vinculin
organization as well as gap junctional communication of in vivo benign and
malignant melanocytes are related to in vitro invasiveness (43).
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5.1 Keratins

The cytokeratins are intermediate filament proteins characteristic for
epithelial cells. In human cells, some 20 different cytokeratin isotypes have
been identified. Epithelial cells express between two and ten cytokeratin
isotypes and the consequent profile which reflects both epithelial type and
differentiation status may be useful in tumor diagnosis. In some cancers,
particularly malignant melanoma and breast carcinoma, there is a strong
indication that vimentin and keratin intermediate filaments are coexpressed,
thus presenting as a dedifferentiated or interconverted (between epithelial
and mesenchymal) cellular phenotype (44, 45, 46, 47). These studies have
provided direct evidence linking overexpression of keratin IFs in human
melanoma and breast carcinoma with increased migratory and invasive
activity in vitro (48), which can be down-regulated by substituting dominant-
negative keratin mutants (49, 50).

5.2 Rho, Rac

The Ras superfamily of GTPases comprises several subfamilies of small
GTP-binding proteins whose functions include control of proliferation,
differentiation, apoptosis, but also cytoskeletal organization. As the
multistep process of invasion requires coordinate activation of migration,
motility and cytoskeletal reorganization, the small GTPases Rho, Cdc42 and
Rac (Rho-like GTPases) play a central role in this ability. Rho-like GTPases
have been implicated in the orchestration of changes in the actin
cytoskeleton in response to receptor stimulation, but have also been shown
to be involved in transcriptional activation and cell cycle regulation (51, 52,
53). Moreover, they can induce oncogenic transformation in fibroblasts.
Recently, RhoC has been shown to enhance metastasis when overexpressed
in cells whereas dominant-negative Rho inhibits metastasis (54).
Consistently, members of the Rho family are frequently overexpressed in
breast cancer and malignant melanoma. Recent studies using the RhoC
inhibitor Atorvastatin resulted in reversion of the metastatic phenotype of
melanoma cells in vitro and consequently inhibited metastasis in vivo (55).

Among several proteins isolated as putative target molecules of Rho, the
ROCK (or ROK) family of Rho-associated serine-threonine protein kinases
is thought to participate in the induction of focal adhesions and stress fibers
in cultured cells (56). As a specific ROCK inhibitor (Y-27632) blocked both
Rho-mediated activation of actomyosin and invasive activity of cells ROCK
also seems to play a role in tumor cell invasion (57). In addition, also other
inhibitors like Wf-536 have been developed and shown to inhibit metastasis
in in vivo melanoma models (58).
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6. GROWTH FACTORS

Extracellular signaling via growth factors has been demonstrated to elicit
deregulated cell motility in invasive tumor cells. Recent findings suggest that
growth factor receptor-mediated motility is one of the most common
alterations in malignant tumors, which is causally involved in acquisition of
an invasive cell phenotype and represents a biological phenomenon distinct
from adhesion-related haptokinetic and haptotactic migration (59). In
addition, extracellular growth factor signaling was also shown to elicit
upregulation of MMP expression in malignant tumors.

6.1 Epidermal Growth Factor (EGF) and Transforming
Growth Factor alpha (TGF-alpha)

Transforming growth factor alpha (TGF-alpha) is a polypeptide growth
factor sharing significant structural and functional homology with epidermal
growth factor (EGF). TGF-alpha is synthesized as a 160 amino acid
transmembrane precursor molecule from which the mature 50 amino acid
TGF-alpha peptide is released after proteolytic cleavage by specific elastase-
like enzymes. All biological properties of TGF-alpha and EGF are thought to
be elicited by binding of the proteolytically processed ligands to
transmembrane tyrosine kinase-coupled receptors of the EGF receptor
family. Thus, the biochemical cascade following activation of EGF receptor
tyrosine kinase is likely to be identical in response to either ligand. However,
heparin-binding EGF-like growth factor (HB-EGF), an additional EGF
family member, represents a much more potent mitogen for smooth muscle
cells than either EGF or TGF, despite the fact that all three ligands bind to
the same receptor. EGF was shown to stimulate tumor cell migration in
nanomolare concentrations. This effect involved upregulation of MMP-2 and
uPA expression (60, 61), which seems to be mediated by a
phosphatidylinositol 3’-kinase and phospholipase C-dependent mechanism
(62). Signaling of EGF to migratory pathways appears to be dissociated, at
least in part, from the proliferative pathway. Therefore, EGF can elicit
different biological responses depending on the cellular context and further
downstream signal transduction cascades.

6.2 Hepatocyte Growth Factor (HGF)
Hepatocyte growth factor (HGF), also referred to as scatter factor (SC) or

hepatopoietin, was originally identified as a pleiotropic growth factor from
rat platelets. Mature HGF is an 82 kD heterodimeric glycoprotein of 674
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amino acids that lacks significant homology with other known growth
factors. The transmembrane tyrosine kinase-coupled receptor c-Met
functions as the HGF-receptor. HGF is synthesized as a 728 amino acid
precursor protein and is proteolytically processed into the mature growth
factor consisting of a disulfide-linked 69 kD chain and a 34 kD chain.
Signaling through the HGF/c-Met system elicits a cellular response linked to
invasive growth in several ways. HGF was shown to promote cell adhesion
to laminin, fibronectin and vitronectin through a PI3-K-dependent
mechanism (63). Subsequently, increased adhesion induced by HGF is
followed by increased invasiveness through these matrix proteins. This
phenomenon seems to be regulated by triggering integrin-clustering (64) as
well as by upregulation of MMP and uPA expression (65). Furthermore,
elevation of tyrosine-phosphorylated B-catenin after HGF treatment has been
observed (66).

6.3 Transforming Growth Factor beta (TGF-03)

The TGF superfamily comprehends a large number of polypeptide
growth and differentiation factors, including transforming growth factors
beta (TGF-B) -1, -2, and -3 and further growth/differentiation factors
(GDFs), Mullerian inhibiting substance (MIS), bone morphogenic proteins
(BMPs), glial cell line-derived neurotrophic factor (GDNF), inhibins or
activins, Lefty and Nodal. Members of the TGF superfamily are involved in
embryonic development and adult tissue homeostasis. Growth regulatory
factors of the TGF-f family inhibit proliferation of epithelial, endothelial and
hematopoietic cells and stimulate synthesis of extracellular matrix
components. Recent evidence suggests that acquisition of resistance to TGF-
B-conferred growth inhibition plays a significant role in progression of
malignant epithelial and hematopoietic tumors. Under these circumstances
secretion of TGF-B by tumor cells may promote invasion rather than inhibit
growth (67). Consistently, upregulation of MMP-2 and MMP-9 by TGF-81
has been observed in different kinds of cancers (61).

6.4 Wnt

Products of the highly conserved Wnt gene family, including Wnt-1
through Wnt-10, play key roles in regulating cellular growth and
differentiation (Figure 2). Wnt-1 is a cysteine-rich, secreted glycoprotein that
associates with cell membranes and likely functions as a key regulator of
cellular adhesion. Wnt-1, which is essential for normal development of the
embryonic nervous system, contributes to hyperplasia and tumorigenic
progression when improperly expressed in mammary tissue (68, 69).
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Furthermore, Wnt-3 is involved in tumorigenesis and Wnt-2, Wnt-4 and
Wnt-5a may be associated with abnormal proliferation in human
malignancies (70, 71).

Based on microarray studies, Wnt-5a expression best determined the in
vitro invasive behavior of malignant melanoma cells (72). Melanoma cells
overexpressing Wnt-5a after transfection showed changes in actin
reorganization and increased cell adhesion. In direct correlation with Wnt-5a
expression and PKC activation, there was an increase in melanoma cell
invasion. Furthermore, Wnt-5a expression in human melanoma biopsies
directly correlated with increasing tumor grade. These observations indicate
a critical role of Wnt-5a in human melanoma progression.

6.5 Insulin-like Growth Factor-1 (IGF-1)

Deregulated signaling contributes to altered cellular growth, motility, and
survival during cancer progression. Neudauer and McCarthy (73) have
evaluated the ability of several factors to stimulate migration in WM1341D,
a cell line derived from an invasive human vertical growth phase melanoma.
Basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF),
interleukin-8, and CCL27 each slightly increased migration. Insulin-like
growth factor I (IGF-I), however, elevated cell migration by 15-fold. This
response required the IGF-I receptor, which activates phosphoinositide 3-
kinase (PI3K) and mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) pathways. Both pathways have been
implicated in migration in a variety of cell types, but the signaling required
for IGF-I-induced melanoma cell migration is not well defined. IGF-I-
stimulated activation of MAPK/ERK signaling in WM1341D cells was
inhibited by U0126 (a specific ERK inhibitor), but a 33-fold higher dose of
U0126 was needed to inhibit IGF-I-stimulated cellular migration. In contrast,
similar concentrations of either wortmannin or LY294002 (specific PI-3-
kinase (PI3K) inhibitors) were required to inhibit both IGF-I-induced PI3K
activation and migration. These results indicate that IGF-I-stimulated
migration of WM1341D cells requires PI3K activation but is independent of
MAPK/ERK signaling. Further inverstiogations analyzing the contributions
of IGF-I signaling pathways to migration will help to understand melanoma
progression and may identify new therapeutic targets of this highly
metastatic cancer (73).
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7. CYTOKINES / CHEMOKINES

Similar to their response to growth factors, invasive tumor cells have
been demonstrated to reveal deregulated cell motility in response to
extracellular signals from cytokines and chemokines. Since they represent
polypeptide, frequently soluble molecules that interact with specific
receptors on the cell surface the discrimination between growth factors and
cytokines or chemokines is largely arbitrary and reflects the discovery of
cytokines as modulators of immune responses.

7.1 Interleukins (IL)

Interleukins comprise a broad family of well characterized cytokines,
primarily of hematopoietic cell origin. For example, IL-2 is secreted
primarily by mitogen-activated T helper lymphocytes and functions as an
autocrine growth factor, driving the clonal expansion of antigen specific
cells. In contrast, IL-7 primarily stimulates proliferation of pre-B cells while
IL-13 is a potent regulator of inflammatory and immune responses and acts
to ensure the rapid onset of a Th2-like response. IL-15 is produced by a
broad range of tissues and cell types, and shares many of its biological
properties with IL-2. Four distinct interleukins, IL-2, IL-4, IL-7 and IL-15,
functionally interact with the common IL-2R receptor subunit. Additional
members of the interleukin family include IL-16, IL-17 and IL-18 (also
designated IGIF). IL-1 receptor antagonist (IL-1ra) is a cytokine that inhibits
IL-1 binding to interleukin receptors.

Cytokines such as IL-1 induce the synthesis and surface expression of
adhesion molecules like ICAM-1 and ELAM-1 and contribute to autocrine
and paracrine induction of pro-metastatic genes in cancer (74). Furthermore,
in vitro the invasiveness of tumor cells can be enhanced by addition of
recombinant IL-1 and reduced by adding inhibitory anti IL-1 antibodies (75).
Moreover, IL-1 alpha induces enhanced migration of melanoma cells on
fibronectin and has been related to an upward shift in the alpha 4 and alpha 5
integrin subunit expression (76). Interleukin 8, a chemokine, expression was
shown to be enhanced in many different solid tumors including malignant
melanomas (77) and to promote tumorigenicity and metastasis in prostate
(78) and breast cancer (79). Specific upregulation of MMP-9 and MMP-2
expression and activation was described as a consequence of IL-8
overexpression resulting in increased invasion through Matrigel (78, 80).
Recent studies using a fully human anti-IL-8 antibody in a mouse in vivo
attempt showed a potential therapeutic strategy to control angiogenesis,
growth, and metastasis of melanoma (81). Also enhanced levels of IL-6
expression correlate with tumor progression (82, 83) and upregulation of

277



MMP-2, MMP-9 and TIMP-1 (84). In the case of IL-10 a dose-dependent
stimulating effect on glioma invasiveness in Boyden chamber assays was
measured. However, this effect is mechanistically poorly understood since
MMP expression levels remained unchanged after IL-10 treatment, but
Marimastat, a synthetic MMP-inhibitor, markedly reduced IL-10 stimulated
invasiveness (85).

7.2 Tumor Necrosis Factors (TNFs)

The proinflammatory polypeptides tumor necrosis factor alpha (TNF-
alpha) (also designated cachectin) and TNF beta (also designated
lymphotoxin) exhibit approximately 30% sequence homology and bind to a
common receptor complex. TNF is produced as a precursor membrane-
bound form, from which the soluble mature factor is derived by cleavage of
the extracellular domain. The biologically active forms of both TNF-alpha
and TNF-beta are non-covalently linked trimers. TNF-alpha may be
involved in the enhancement of tumor invasion and metastasis in part by
upregulating proteolytic enzymes such as MMPs and u-PA in tumor tissues
(86). TNF-alpha tightly regulates Gelatinase B secretion in glioma cells, an
enzyme which is believed to play an important role in the local invasion of
brain tissue by tumor cells (87). These effects on tumor cell invasion have
been shown for several types of cancer. TNF-alpha, similar as shown for IL-
1, induces migration on fibronectin of melanoma cells and has been
correlated to an induction of alpha4 and alpha5 integrin subunit expression
(76). Zhu et al. (88) recently reported that TNF-alpha can upregulate integrin
expression, cell attachment and invasion of cells through fibronectin in a
human melanoma cell line (HBL). These data support the hypothesis that an
inflammatory environment promotes melanoma cell migration (88). In line
with this finding TNF autovaccination is a cheap and highly efficient
alternative to block TNF and reduce melanoma metastasis in a murine in
vivo model. Due to these findings, trials with TNF autovaccination are
already underway in patients with metastatic cancer (89).

7.3 Chemokines

Chemokines are secreted into the tumor microenvironment by tumor-
infiltrating inflammatory cells as well as by tumor cells themselves.
Chemokine receptors mediate agonist-dependent cell responses, including
migration and activation of several signaling pathways. Chemokines binding
to their receptors provide chemotactic cues guiding cells to specific tissues
and organs; they therefore could potentially participate in tumor cell
dissemination. Melanoma cells express CXCR3 and CXCR4, the receptors
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for the chemokine stromal cell-derived factor-1alpha (SDF-1alpha) (90). The
identification of SDF-1lalpha as a potential stimulatory molecule for MT1-
MMP as well as for RhoA and Racl activities during melanoma cell
invasion, associated with an up-regulation in CXCR4 expression by
interaction with basement membrane factors, could contribute to better
knowledge of mechanisms stimulating melanoma cell dissemination (91).
Furthermore, the chemokine SDF-lalpha, the ligand of CXCR4, triggeres
modulation of betal integrin-dependent melanoma cell adhesion to
fibronectin. The chemokine Mig, a ligand for CXCR3, activates the small
GTPases RhoA and Racl, induces a reorganization of the actin cytoskeleton,
and triggers cell chemotaxis and modulation of integrin VLA-5- and VLA-4-
dependent cell adhesion to fibronectin. Additionally, Mig and SDF-1alpha
activated MAPKs p44/42 and p38 in melanoma cells. Expression of
functional CXCR3 and CXCR4 receptors on melanoma cells indicate that
both chemokines contribute to cell motility during invasion as well as to
regulation of cell proliferation and survival (90).

8. PROTEASES

8.1 Cathepsins

Cathepsin A, B, H, D and L, all belonging to the family of cysteine
endopeptidases, have been shown to participate in processes of tumor
growth, vascularization, invasion and metastasis. In several different types of
cancer, including malignant melanomas, cathepsins were found to be
upregulated and useful as prognostic markers (92, 93, 94). Cathepsin B was
shown to degrade extracellular matrix proteins like collagen IV and laminin,
and to activate the precursor form of urokinase plasminogen activator (uPA),
eventually thereby initiating an extracellular proteolytic cascade (95). It has
been shown that the switch from a nonmetastatic to a highly metastatic
phenotype of human melanoma cells is directly related to secretion of
procathepsin L form (96). Overexpression of procathepsin-L in melanoma
cells increases their tumorigenicity and switches their phenotype from
nonmetastatic to highly metastatic cells. Additionally, the use of an anti-
cathepsin L antibody inhibits the tumorigenic and metastatic phenotype of
human melanoma and may therefore be used as a molecular tool in a
therapeutic cellular approach (97). Further, Dennhofer et al. have shown that
cysteine protease inhibitors (E-64 and leupeptin) significantly reduce
invasion of melanoma cells into basement membranes and dermal
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composits. These results indicate an important role of cysteine proteases for
tumor invasion (98)

8.2 Transmembranous proteases

Aminopeptidase N/CD13 (143 kD) and dipeptidyl peptidase [IV/CD26 are
Zn*"-dependent ectopeptidases localized on the cell surface of a wide variety
of cells. They are involved in tumor cell invasion and the formation of
metastases. Both aminopeptidase N and dipeptidyl peptidase play an active
role in degradation and invasion of ECM and may be involved in the
molecular mechanisms of blood-borne metastasis (99, 100). Cellular
migration correlates highly with aminopeptidase N activity. Further, the up-
regulated invasion of cancer cells is inhibited by bestatin, a specific inhibitor
of aminopeptidase N. These findings suggest that aminopeptidase N
expression contributes to the invasive potential of human cancer cells (101).

Dipeptidyl peptidase IV (DPPIV) is a 110-kD, trans-membrane
ectoenzyme, with ubiquitous expression. DPPIV has numerous functions
including involvement in T-cell activation, cell adhesion, digestion of
proline-containing peptides in the kidney and intestines, HIV infection and
apoptosis, and regulation of tumorigenicity in certain melanoma cells.
Dipeptidyl peptidase IV is a cell surface peptidase expressed by several
normal cells including melanocytes. In contrast, malignant cells, including
melanomas, frequently loose or alter DPPIV cell surface expression. Loss of
DPPIV expression occurs during melanoma progression at a stage where
transformed melanocytes become independent of exogenous growth factors
for survival. DPPIV expression leads to a loss of tumorigenicity, anchorage-
independent growth, a reversal in a block in differentiation, and an acquired
dependence on exogenous growth factors for cell survival (102).
Pethiyagoda et al. have demonstrated that expression of a proteolytically
active form of the DPPIV protein inhibits the invasiveness of malignant
melanoma cell lines lacking endogenous DPPIV expression. Furthermore,
they have shown that neither the protease activity nor the cytoplasmic
domain of DPPIV is required for its anti-invasive activity (103).
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9. NON-PROTEOLYTIC ENZYMES

9.1 Heparanase

Endo-B-D-glucuronidase is commonly referred to as heparanase.
Enzymatic targets of the 50kD heparanases (543 aa) are heparan sulfate
proteoglycans (HSPGs) in the extracellular matrix.  Expression of
heparanase correlates with the invasive potential of tumor cell lines (104,
105). Further, treatment with heparanase inhibitors markedly reduces the
frequency of metastases in experimental animal models of tumor metastasis
(106, 107). It was demonstrated that cell-surface syndecan-1 and ECM
perlecan are degradative targets of heparanase, and syndecan-1 regulates
heparanase biological activity. This suggests that expression of syndecan-1
on the melanoma cell surface and its degradation by heparanase are
important determinants in the control of tumor cell invasion and metastasis
(108). Elevated levels of heparanase are associated with the metastatic
potential of melanoma cells. Treatment of murine and human melanoma
cells with the prototypic neurotrophin nerve growth factor (NGF) increases
the production of heparanase by melanoma cells. Some groups suggest that
development of brain metastasis in malignant melanoma is due to this
relation (109, 110, 111, 112).

9.2 Hyaluronidase

Hyaluronidases are broadly distributed enzymes with varying substrate
specificities, a wide range of pH optima and different catalytic mechanisms
(113). One of their substrates, hyaluronic acid, represents a major component
of the extracellular matrix in brain (114) and soft tissues and has been
identified as the ligand of CD44. Disruption of basement membrane integrity
by hyaluronidase during cell invasion has been implicated in the
development of metastatic carcinoma. The amount of hyaluronidase
expression correlates with prognosis in a variety of different cancer types
(115, 116, 117). Furthermore, experimental overexpression of hyaluronidase
in tumor cells leads to accelerated tumor growth and formation of highly
vascularized and more invasive tumors also shown for malignant melanomas
(118, 119, 120).
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10. INTRACELLULAR MOLECULES OF SIGNAL
TRANSDUCTION PATHWAYS

10.1 Focal Adhesion Kinase (FAK)

Integrins are cell surface molecules which promote adhesion of cells to
the extracellular matrix. In addition to providing a molecular “glue” essential
for tissue organization and survival, integrins are dynamic signaling
molecules. They allow cells to sense adhesion to the extracellular matrix and
the nature of the specific matrix composition (for details see chapters 7 and
8). Thereby, a cell survival signal is provided preventing a particular form of
cell death in detached cells which has been referred to as anoikis (121). An
important mediator of this signal is the focal adhesion kinase (FAK), which
becomes phosphorylated and activated during integrin-mediated cell
adhesion. Initially, FAK was identified as a major 125 kD substrate for the
intrinsic protein tyrosine kinase activity of Src encoded pp60. Visualization
of pl25 by immunofluorescence revealed its preferred subcellular
localization in focal adhesions, leading to its designation as focal adhesion
kinase (FAK). FAK is concentrated at the basal edge of focal contacts of
cells that are actively migrating and spreading.

FAK has been shown to be frequently overexpressed in many different
kinds of malignant tumors as colon and breast cancer as well as in malignant
melanoma (122, 123, 124). FAK overexpression causes increased cell
migration whereas cells derived from FAK -/- mice exhibit reduced
migratory capabilities as compared to wild type cells. FAK is thought to
exert a dual function with respect to invasion: Overexpression leads to
increased cell migration and increased cell survival under conditions of
anchorage-independent growth (125). FAK also seems to be important for
enhanced MMP-9 expression after exposure of ovarian cancer cells to
fibronectin (126).

10.2 f3-catenin

The catenins (alpha, beta and gamma) are ubiquitously expressed,
cytoplasmic proteins that associate with E-cadherin at cellular junctions
(Figure 2). The p85 kD protein B-catenin was initially described as an E-
cadherin associated protein. However, subsequent studies have shown that 8-
catenin can also bind P-cadherin and N-cadherin. In addition to its ability to
bind to cadherins, B-catenin has been shown to co-immunoprecipitate with
APC. -catenin is a major component of desmosomes, where it is complexed
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with desmoglein. Increased tyrosine phosphorylation can disrupt catenin-
cadherin complexes and thereby attenuate cellular adhesion. B-catenin also
belongs to the important downstream effectors of the wnt signaling pathway
(127) and has been implicated in two major biological processes of
vertebrates: early embryonic development and tumorigenesis (128, 129).
GSK-3B and other kinases destabilize 3-catenin by phosphorylation at serine
33, 37, 45 and threonine 41 (130). Stabilizing mutations of these
phosphorylation sites in B-catenin were detected in many tumor cell lines in
vitro (131) and subsequently in malignant tumors in vivo (132). In addition
to binding to cadherins, beta-catenin also interacts with transcription factors
of the TCF-subfamily of HMG box proteins and regulates their activity.
Furthermore, B-catenin has been shown to be involved in MMP-7
upregulation in colorectal cancer (133). Elevated levels of B-catenin,
sometimes concentrated in the invasive front, have been described in several
kinds of cancer (134). Also in melanoma, the induction of Nr-CAM
transcription by beta-catenin or plakoglobin seems to play a role in
tumorigenesis, probably by promoting cell growth and motility (135).

10.3 Integrin-linked Kinase (ILK)

Integrin-linked kinase (ILK), a key component of the extracellular matrix
adhesion, has been studied extensively in recent years. Overexpression of
ILK in epithelial cells results in anchorage-independent cell growth with
increased cell cycle progression. Furthermore, increased ILK expression is
correlated with progression of several human tumor types, including breast,
prostate, and colon carcinomas. Also in melanoma, ILK expression increases
dramatically with invasion and progression and has been shown to be
inversely correlated with patient survival (136).

11. RECENTLY IDENTIFIED GENES WITH
FUNCTION IN MOTILITY

11.1 Melanoma Inhibitory Activity (MIA)

The melanoma inhibitory activity (MIA) protein was identified within
growth-inhibiting activities purified from tissue culture supernatant of the
human melanoma cell line HTZ-19d (137). It is expressed as a 131 amino
acid precursor molecule and processed into a mature 107 amino acid protein
after cleavage of a secretion signal. MIA provides a clinically useful
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parameter in patients with metastatic melanoma stages III and IV
(138,139,140,141). Expression of the wild-type MIA protein gene is not
detected in normal skin and melanocytes but has been shown to be
associated with progression of melanocytic tumors (138,142). More recently,
it has been suggested that the MIA protein specifically inhibits attachment of
melanoma cells to fibronectin and laminin, thereby masking the binding site
of integrins to these extracellular matrix (ECM) components and promoting
migration in vitro, and invasion and metastasis in vivo (Figure 3) (138, 143,
144, 145).

Matrix

~=‘}
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rE M Matrix

CRMIA ]

Figure 3. Function of the molecule MIA in migration of melanoma cells. MIA represents the
first extracellular protein adopting a SH3 domain-like structure. This structure is stabilized by
two disulfide bonds. MIA binds specifically to fibronectin and laminin. By blocking the
integrin binding sites on these matrix molecules it leads to cell detachment. In consequence,
melanoma cells have a higher ability to migrate (see 11.1 for details).
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Interestingly, analysis of the 3D structure of recombinant human MIA by
multidimensional NMR spectroscopy revealed that MIA is the first
extracellular protein known to adopt an SH3 domain-like fold (146). These
studies also provide evidence of specific interaction between a binding fold
of MIA and a partial fibronectin peptide that has been implicated in integrin
binding. Therefore, it can be concluded that MIA may play a role in tumor
progression and spread of malignant melanomas via mediating active
detachment of cells from extracellular matrix molecules within their local
milieu. Inhibiting MIA functions in vivo may provide a novel therapeutic
strategy for metastatic melanoma disease (145).

11.2 T-cell lymphoma Invasion and Metastasis (TIAM)

Studying an in vitro model system of T-cell-lymphoma invasion and
metastasis identified a novel protein, Tiam1, which shares a Dbl-homology
domain with GDP dissociation stimulator (GDS) proteins. /n vitro TIAM
enhances invasion and metastasis of mouse T-cell-lymphoma cells (51).
TIAM functions as a guanine nucleotide exchange factor for the Rho-like
GTPase Racl, a member of the ras superfamily of small GTP-binding
proteins (see XI.3), and thereby induces Rac1 signaling (147). Binding to the
ankyrin repeat domain of ankyrin activates GDP/GTP exchange on Rho
GTPases (147). Via ankyrin binding and Rac1 activation tumor cell invasion
and migration are activated in vitro. However, so far in vivo studies are
merely descriptive showing TIAM expression in several tumors including
malignant melanomas (148, 149, 150). Further studies have to elucidate the
functional role of TIAM in tumorigenesis in vivo.

11.3 Secreted Protein, Acidic and Rich in Cysteine
(SPARC)

SPARC (secreted protein, acidic and rich in cysteine, also known as
osteonectin or BM40) is a matricellular protein that modulates cell adhesion,
migration and growth and is thought to play an important role in tissue
remodeling and angiogenesis. Alterations of SPARC expression have been
observed in a variety of solid tumors including malignant melanomas (151,
152, 153, 154). Overexpression in vitro indicated that SPARC contributes to
increased motility, invasion and altered adhesion (155). Mechanistically,
binding of SPARC to collagen type IV has been proposed (156) but other
investigators have postulated activation of MMP-2 (157). A further study
reported that the suppression of SPARC expression by human melanoma
cells using a SPARC antisense expression vector results in a significant
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decrease in the in vitro adhesive and invasive capacities of tumor cells,
completely abolishing their in vivo tumorigenicity. This finding is the first
evidence that SPARC plays a functional role in the development of a
invasive/metastatic phenotype in human melanoma (158, 159). Already
before, it has been shown that SPARC expression is a predictor of clinical
outcome in thin cutaneous melanomas (158).

11.4  Amphoterin / RAGE

Amphoterin (HMG1) is a 30-kD heparin-binding protein which is
functionally associated with the outgrowth of cytoplasmic processes in
developing neurons. Amphoterin has been shown to mediate adhesive and
proteolytic interactions at the leading edge of motile cells. Recently, it has
been shown that inhibition of amphoterin interactions with its cell surface
receptor (RAGE) suppresses tumor growth and metastasis. Furthermore,
enhanced expression of the high-mobility-group protein amphoterin/HMG1
correlates with increasing invasive potential and progression of tumors
(160).

RAGE, the receptor for advanced glycation end products, is a multiligand
member of the immunoglobulin superfamily of cell surface molecules.
RAGE interacts with distinct molecules implicated in homeostasis,
development and inflammation. Engagement of RAGE by a ligand triggers
activations of key signaling pathways including ras-signaling to MAP
kinases, NF-kappaB and cdc42/rac activation (161). RAGE functions also as
a cell surface receptor for amphoterin. Inhibition of amphoterin-RAGE
interaction suppresses activation of p44/p42, p38 and SAP/JINK MAP
kinases and decreases growth of metastases as assayed in in vivo models
(161). Moereover, intracellular signaling pathways regulated by RAGE are
important molecular effector mechanisms linked to tumor proliferation,
invasion and expression of MMPs.

A c-terminal motif in amphoterin (amino acids 150-183) is responsible
for RAGE binding (162). This part of amphoterin is sufficient to induce
RAGE-dependent process extension, suggesting a role in the regulation of
cell motility. When applied in solution, the RAGE-binding COOH-terminal
motif of amphoterin efficiently inhibits process extension and
transendothelial migration of tumor cells (162). Specific decrease of
amphoterin mRNA and protein, using antisense oligonucleotides transfected
into cells, inhibits cell migration to laminin in a transfilter assay. Moreover,
affinity-purified anti-amphoterin antibodies inhibited cell migration to
laminin, supporting an extracellular role for the endogenous amphoterin in
cell motility. The finding that amphoterin expression is more pronounced in
cells with a motile phenotype as compared to cells of dense cultures, is
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consistent with the results of the cell migration assays. These results strongly
suggested that amphoterin is a key player in the migration of immature and
transformed cells (163).

11.5  Eph receptors / Ephrins

Eph receptor tyrosine kinases and ephrins (ligand) regulate
morphogenesis in the developing embryo where they effect adhesion and
motility of interacting cells (Figure 4). The ligands belonging to the ephrin A
family are bound to the cell menbrane via GPI-anchor whereas ephrin Bs are
linked via transmembrane domain. The Eph receptors are classified into two
subfamilies, EphA and EphB, based on sequence homology and binding
affinity for the respective ligands. Receptors and ligands are known to
participate in bi-diectional signaling. Although scarcely expressed in adult
tissues, Eph receptors and ephrins are overexpressed in a range of tumors. In
malignant melanoma, increased Eph and ephrin expression levels correlate
with metastatic progression (164, 165). Moreover, strong expression of
ephrin-A1 and EphA2 in tumor cells is associated with increased melanoma
thickness, and ephrin-Al staining is related to decreased survival (166).
Expression of EphA2 in tumor cells has been shown to be associated with
increased tumor cell proliferation (Ki-67 positivity), indicating possible
autocrine growth stimulation.
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Figure 4. Schematic model of Eph/Ephrins signaling. Model of forward and reverse signaling
of Eph receptors and their ligands Ephrins (see 11.5 for details).
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11.6  Endothelins / Endothelin receptors

Endothelin receptors are G-protein-coupled receptors with seven
membrane-spanning domains and are involved in various physiological
processes in adults. The conjunction of recent studies in mammals focused
on the action of endothelin 3 in controlling both the emergence and the
maintenance of the neural crest-derived melanocyte phenotype (167) and
proved the endothelin system to play an important role. Furthermore, ET-1
has been found to be a weak mitogen for melanoma cells, however,
melanoma cell chemokinesis was significantly increased by ET-1. These
data suggest that ET-1 may be involved in providing a chemokinetic and
growth factor environment that enhances perivascular proliferation and
invasiveness of melanoma cells (168). Phenotypic and genotypic analyses of
cutaneous melanoma have identified the endothelin B receptor (ET(B)R) as
tumor progression marker, thus representing a potential therapeutic target
(169). Activation of ET(B)R by endothelin-1 (ET-1) and ET-3 leads to loss
of expression of the cell adhesion molecule E-cadherin and associated
catenin proteins and gain of N-cadherin expression. Exposure of melanoma
cells to ET-1 leads to a 60% inhibition in intercellular communication by
inducing phosphorylation of gap junctional protein connexin 43.
Additionally, activation of the ET(B)R pathway increases alphav beta3 and
alpha2 betal integrin expression, matrix metalloproteinase (MMP)-2, MMP-
9, and membrane type-1-MMP activation, as well as tissue inhibitor of
MMP-2 secretion. The ET(B)R pathway results in downstream activation of
focal adhesion kinase and extracellular signal-regulated kinase 1/2 signaling
pathways, which lead to enhanced cell proliferation, adhesion, migration,
and MMP-dependent invasion (170, 171) (see also 10.1).

12. DISCUSSION

Although many pieces of evidence linking molecular pathways to
melanoma cell motility have been gathered, still much of the information
remains isolated. Nonetheless, a network of interactions emerges linking
extracellular and cell surface molecules to cytoplasmic signal transduction
pathways and nuclear regulation of gene expression patterns (Figure 1).

This network is constantly subject of modification and further detailing
by current application of microarrays and other novel techniques which lead
to detection of a wide variety of new molecules relevant for invasion. After
completion of the human genome project and with the new dimension of
proteomics, even more new genes and the respective proteins will be isolated
by methods like 2-dimensional electrophoresis, peptide sequencing and
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mass-spectrometry. However, much effort will be needed to understand the
biological significance of this novel information and to unravel the precise
interactions and molecular pathways. As Jules Henri Poincare said more than
a century ago:
“Science is built up with facts, as a house is with stones. But a
collection of facts is no more science than a heap of stones is a
house”.

Cell motility is not a separated tumor cell function but closely integrated
in mechanisms like proliferation, immune response, apoptosis, cell-cell-
contact und others. Therefore, a precise understanding of the metastatic
process will lead to fundamental basal knowledge in tumor cell biology. This
will offer new possibilities for therapeutic option in tumor treatment.

Some of the proteins discussed in this review are already used as marker
molecules in tumor pathology. In future they could also serve as prognostic
markers to distinguish tumors which are highly likely to metastasize from
those that are not. Furthermore, these proteins provide potential targets for
novel anti-tumor therapies.
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Chapter 13

CELL MOTILITY IN PROSTATE TUMOR
INVASION AND METASTASIS

Sourabh Kharait, Kien Tran, Clayton Yates and Alan Wells
Department of Pathology, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

Abstract: The mortality and morbidity from prostate carcinomas result primarily from
their progression to invasive and metastatic state. Recent studies have
uncovered the crucial role of cell motility in dictating these highly orchestrated
biological events. This review will focus on the intracellular and extracellular
factors that govern cell motility during prostate tumor cell invasion. The role
of receptor signaling systems, including those for epidermal growth factor and
hepatocyte growth factor, chemokine receptors, and sex steroid hormones
(estrogen and testosterone) will be discussed with reference to their
modulation of cellular invasive potential by regulating motility. Lastly,
detailed cellular biophysical events and the underlying biochemical molecules
that govern these distinct events will be discussed with the goal that targeting
these individual events using the emerging genetic and pharmacological
interventions can lead to more specific and successful therapies against
prostate cancer.

Key words:  EGF receptor, HGF, met, chemokine receptors, EMT

1. INTRODUCTION

Prostate cancer mortality results mainly from progression to the invasion
and metastatic state. Significant morbidity ensues from surgical or
radiological ablation of non-invasive, organ-confined carcinomas, and these
adverse effects are greatly amplified once the tumor breaches the prostate
capsule or migrates out along neurovascular conduits (1). The approach to
organ-confined carcinomas is still uncertain as development of clinically
insignificant prostate adenocarcinoma appears to be a consequence of aging
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with small carcinomas found upon autopsy examination of most men dying
in their 90s. Still, the current practice is to remove aggressive carcinomas as
prostate cancer responds poorly to the current generation of therapies (2).
This is due in large part to these agents being optimized to kill growing cells
while prostate cancer present mitogenic indices far lower than many normal
tissues. As such, future interventions need to focus on the cell properties that
enable prostate carcinomas to migrate from an organ-confined situation to
invade adnexia and metastasize to distant organs. Recent studies have
highlighted a central role for cell motility in acquiring the ability of prostate
tumor cells to progress to a metastatic focus.

1.1 Prostate Cancer Epidemiology

Cancer is the second leading cause of death in the United States, second
only to heart disease. Prostate cancer is the most commonly diagnosed
cancer in men, with more than 70 % of prostate cancers being diagnosed in
men over 65. In the year 2003, approximately 220,990 new prostate cancer
cases were diagnosed (ACS: Cancer facts and figures, 2003). It is the second
leading cause of cancer deaths in men after lung cancer. Family history, age
and ethnicity are the only well-established risk factors in prostate cancer.
Prostate cancer is rare in young men and the probability rises steeply with
increasing age with the risk being 1 in 7 after the age of 60 as compared to a
risk of 1 in 44 between the age 40 and 59 years. Organ-confined prostate
cancer advances slowly with survival lasting over a decade even in untreated
cases. This creates a therapeutic dilemma in older patients, as surgical and
radiological ablation of the tumor (and the prostate) carry significant
morbidity and even subsequent mortality (1).

Recent studies on prostate cancer genetics suggest that only about 5-10 %
of prostate cancers have a familial predisposition (3, 4). Also, prostate
cancer is 2.4 times more common in African-American men as compared to
caucasians (Surveillance, Epidemiology and End-Results program, 1975-
2000, Division of Cancer control and population sciences, NCI, 2003). In the
last few years, research has focused on studying the role of various other risk
factors such as diet, sexually transmitted diseases, obesity and smoking as
being a risk factor for prostate cancer. At present, conclusive evidence for
any of the above being contributory in many patients is lacking.

The current therapeutic management of prostate cancer involves chemical
or physical castration to induce an androgen-withdrawal apoptosis of the
tumor cells. However, this prolongs survival by only about 10 % on average
with the relapse being androgen-independent. The progression to invasion
and metastasis is thus only slowed and not blocked.
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Local extracapsular invasion of prostate cancer continues to be a
significant problem especially in elderly patients, with limited options of
radiotherapy and combination chemotherapy (5, 6). Invasion of the adnexia
results in compromised function of the renal and genital systems with
significant physiological and psychological sequelae. Additionally,
metastatic spread carries a high mortality burden. Bone is the most common
site of metastasis in prostate cancers (approximately 90%) with 85% of the
lesions affecting the vertebral column. Once in bone, the prostate carcinoma
cells induce an osteoblastic response that is responsible for debilitating bone
pain. Other frequent sites of metastasis include the lung (50%) and liver
(25%). Brain metastasis is rare (1-2%) but carries the worst prognosis with a
maximum life expectancy of 6 — 7 months.

1.2 Tumor Invasion and Metastasis

Aggressiveness of tumors is directly defined by their ability to invade
surrounding tissues and their ability to grow in ectopic environments. The
process of invasion is a highly coordinated one (7). As compared to normal
cells, tumor cells have an increased capability to loosen their connections to
the substratum and break cell-cell adhesions. Integrin receptors that mediate
the cell-substratum adhesion and cadherins that mediate cell-cell cohesion,
are of pivotal in this behavior. Integrins serve a double role, as they interact
as adhesion receptors with the substratum during tumor cell migration.
Migration through the extracellular matrix (ECM) barriers, while mainly
occuring via natural cleavage planes, also requires matrix remodeling
accomplished by various proteases including matrix metalloproteinases. This
motile strategy is used both to invade local adnexia and gain access to
conduits for distant dissemination.

Prostate tumor cells disseminate mainly via bloodstream or lymphatics.
During this process, the tumor cells must survive the de-adhesion induced
anoikes either by cell intrinsic changes rendering them resistant or by
forming clumps to recreate the ‘attached’ cell signals. These individual cells
or clusters of cells reach target organs, extravasate, and migrate to
appropriate sites within the tissues. If the target tissue provides the missing
extrinsic signals, the cells will proliferate to form a metastasis; the exact
combination of signals required depends on the tumor cell intrinsic changes
that provide for site autonomous survival and growth (8). It is this final step
of cell proliferation that is the least efficient (9) and relates to the low rate of
metastatic foci despite significant extravasation of many tumors (9). Still,
any of these individual steps may be rate-limiting and represent a potential
therapeutic target. Both local invasion and metastasis are significant issues in
the early dissemination of prostate carcinoma, as opposed to breast cancer in
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which invasiveness is a later event or ovarian carcinoma in which peritoneal
spread predates demonstrable metastases. Thus, maximum benefit may
accrue from deciphering and targeting a tumor cell acquired property that is
critical for both, such as motility.

Recent research in tumor biology has bolstered the concept that tumor
invasion is the net result of dysregulated cell motility (10). Invasiveness of
tumors can directly be attributed to their migratory potential along with their
ability to penetrate and remodel the stroma. Inhibiting the motility of tumor
cells decreases their invasiveness (11-13).

2. FOUNDATIONAL MODEL FOR CELL
MOTILITY

Cell migration is highly orchestrated and comprises many ‘“sub-
processes” that are carefully organized temporally to achieve the net
response of cell locomotion (14) (Figure 1).

Cytoskeletal

Contraction reorganization
3 f < PLCy, i
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PKCS Actin modifying Protrusi
Rear MLC proteins rotrusion
membrane Acto-Myosin cded2
release Y rho, rac
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M-Calpain

Directionality
cde42 .

Figure 1. Various biophysical processes (underlined) during cell migration are elucidated.
These individual biophysical events during cell motility are controlled by underlying
biochemical signals. Adapted from (14).

In order for a cell to move, it first has to be polarized or attain a sense of

directionality. Various simplistic models for cell migration have now been
elucidated (15, 16). One of these proposes the polarized cell to have a tail or
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a rear end and a front end upon stimulation with a motogenic agent like
epidermal growth factor (EGF). Attainment of polarity is accompanied by
extension of dominant lamellipodia at the ‘front end’. This is followed by
detachment of the cell’s rear end and subsequent transcellular contractility
that provides the necessary force for locomotion. Each of these processes are
controlled by numerous intracellular signaling molecules, some of them
being involved in other cellular responses as well. Substantial evidence
suggests that disruption of these individual biophysical events like
lamellipodal protrusion or rear cell-membrane detachment by targeting the
underlying signaling switches offers a very promising approach to novel
anti-cancer drug discovery.

Upon stimulation with a motogenic agent like EGF, the first step towards
cell locomotion involves extensions of the cell membrane, as lamellipodia,
in the direction of movement. Lamellipodia are principally composed of
cytoskeletal elements like actin and myosin along with integrin receptors and
signaling molecules (17). Phospholipase C-y (PLCy) signaling pathway is
shown to be crucial in lamellipodial extension in fibroblasts and cancer cells
upon activation by growth factors, though it likely plays little if any role in
integrin-mediated extension (16). Phosphoinositide 3-OH kinase (PI3K) is
also active at the front of the cell during adhesion receptor-induced motility
and growth factor-induced motility but in epithelial and not fibroblastoid
cells (16, 18). Both of these enzymes alter the phosphoinositide face of the
inner membrane, with PI3K creating phosphoinositol 3,4,5-trisphosphate
(PIP3) and PLCy hydrolysing and removing the PIP2. This alters the docking
sites for a variety of molecules that impinge on the actin cytoskeleton. New
sites are created by PIP3 and the loss of PIP2, particularly by PLCy
hydrolysis which releases prebound molecules including vinculin, gelsolin,
cofilin and profilin. All of these molecules then act to disassemble focal
adhesions and accelerate actin polymerization, the details of which have
been ably reviewed elsewhere (19, 20), enabling protrusion of lamellipodia.

Emergence of a dominant lamellipod marks the state of polarity of the
cell (21). The small GTPase cdc4?2 is required to either establish or maintain
a persistent cell polarity and directionality that leads to productive
locomotion (22-24). This is tightly balanced in that either under- or over-
activation of cdc4?2 tips the balance and either no lamellipodia are formed or
none is established as dominant and the cell ‘dances’ in place (25). These
membrane extensions or lamellipodia are then stabilized by attachment of
the protruding lamellipodia to the substratum, thereby enabling new focal
contacts between cell and extracellular matrix. Thus, cell-substratum
adhesion is a crucial element for migration of tumor cells and is achieved
principally by the action of integrins and other adhesion receptors (14, 21).
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Sites of cell-substratum adhesion are not merely sites of passive contact
between the cell and the extracellular matrix but are active in cell signaling.
While this might seem obvious from adhesion receptor-mediated motility, all
migratory prostate carcinoma cells present autocrine growth factor signaling
systems, and thus one must examine adhesion signaling locally and not
globally. Focal adhesions are rich not only in cytoskeletal proteins, integrins,
other adhesion receptors and linker proteins, but also various signaling
kinases. The non-receptor tyrosine kinases focal adhesion kinase (FAK), src,
and integrin-linked kinase (ILK), all modulate cell-adhesion dependent
growth, survival and motility by activating numerous signaling pathways
(26). These have been shown to interact directly with the adhesion complex
and to be activated therein. Interestingly, level of FAK expression and
signaling has been correlated with higher invasive and migratory capacity of
prostate cancer (27, 28). These kinases are activated by integrin ligation to
substratum or even solubilized fragments (see Chapter 8). For instance,
within prostate cancer cells and various other cell lines, expression of ovp3
has been correlated with increased invasion and tumorigenicity by
modulating cell-adhesion and motility associated signaling pathways (29,
30) (and Chapter 8). Expression of awvf3 within prostate cancer cells results
in upregulation of cdc2 (cdkl), with colocalization of cdc2 and caldesmon
within the membrane ruffles of motile cells (29). Cell migration was
enhanced in cells expressing this integrin and limited upon inhibition of
Cdc2. Thus, the signals elicited within the contact complexes not only alter
the adhesivity of the site but also are transmitted to distal parts of the cells.

The cell then contracts and generates sufficient force needed for
translocation. Adhesion sites are vital as a fulcrum for mechanical forces.
Transcellular contractility is achieved via a consorted action of actin-myosin
cytoskeletal machinery. In fibroblasts and prostate cancer cells at least,
growth factors can activate the regulatory element myosin light chain (MLC)
proteins of myosin II via Protein kinase C3 (PKCd) (31). Such contractility
is needed by tumor cells for motility and by fibroblasts during contraction of
the wound edges during later stages of wound healing. Unpublished studies
from our laboratory have shown that invasion of DU145 and PC3 prostate
cancer cells through a thin layer of Matrigel is substantially reduced by
pharmacological and molecular inhibition of the PKCd > MLC signaling
pathway. Overall, the phosphorylation/activation state of MLC is controlled
by a balance between the activating MLC Kinase (MLCK) and deactivating
MLC Phosphatase (MLCP) enzymes. A second pathway regulating this
occurs via Rho Kinase directly activating MLCK and inhibiting MLCP,
thereby stimulating cell contractility and motility; this pathway is likely used
by adhesion receptor signaling (32, 33). Indeed, abrogation of Rho Kinase in
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PC3 prostate carcinoma cells substantially inhibited their migration and
invasion in vitro and in vivo (13).

Adhesion of the lamellipodia to the substratum at the front end is
accompanied by the detachment of the cell membrane at the rear that enables
the cell to move forwards. Rear detachment is both passive in response to
transcellular tension and active in that adhesion sites in the rear are
weakened through active signaling. Transcellular tension is sufficient only
under regimes of low adhesivity (34), under which overall locomotion of
fibroblasts is actually decreased (35). Active deadhesion is achieved largely
by the intracellular protease calpain, two isoforms of which are found within
motile fibroblasts and prostate cancer cells (12, 16, 36); Calpain-1 (u-
calpain) and calpain-II (M-calpain) activated in vitro by micromolar and
millimolar levels calcium respectively. Calpain II has been shown to be
activated by direct phosphorylation by ERK/MAP Kinase downstream of
signaling from EGFR and other receptor tyrosine kinases (37). In the
absence of receptor tyrosine kinase activity, it is possible that calpain I
subsumes this role being activated by calcium influx upon triggering stretch-
activated calcium channels (38). Calpain cleaves the cytoplasmic tails of
integrins and/or linker proteins such as talin, loosening the attachment to
substratum. Coupled with transcellular contractility this leads to membrane
de-adhesion at the rear end of the cell. The importance of this biochemical
event in prostate cancer progression was shown by abrogation of calpain
using molecular and pharmacological agents substantially inhibiting
migration and invasion of DU145 prostate cancer cells (12). In addition,
calpains may be involved in lessening the cell-cell adhesions required for
tumor cell dissemination from the primary localized mass by targeting E-
cadherins (39).

Productive locomotion of the cell involves repetitive cycling of these key
biophysical processes. However, although these biophysical processes are
described individually, they are tightly coordinated temporally, since each of
these is necessary for the others to be executed in an orderly manner. By
conceptually segregating these individual events, we can begin to understand
the key elements of cell motility that together dictate the final response. Each
of these individual events is controlled by numerous intracellular
biochemical signaling molecules, some of which are being explored as
operative targets in limiting cell motility in tumor invasion and metastasis.

3. PROSTATE TUMOR CELL MOTILITY

Most solid tumors possess multiple genetic perturbations that lead to
inactivation or downregulation of tumor suppressor genes and/or activation
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and amplification of proto-oncogenes. These are critical for initial
oncogenesis and may contribute to further progression. However, at least a
major part of the transition to progression appears to involve epigenetic
signaling. Interestingly, some of the epigenetic signaling pathways may be
linked to the initial genetic alterations but later induce additional cell
behaviors. Carcinomas of breast, lung, prostate and urinary bladder are
associated with upregulated activation of various growth factor receptors
including the Epidermal Growth Factor receptor (EGFR), Hepatocyte growth
factor receptor c-Met and many more. This ensues not only from increased
receptor expression but also ectopic autocrine signaling. Increased
expression of these receptors increases the efficiency of ligand capture at the
cell surface stimulating migratory and proliferation associated intracellular
signaling pathways. Reports suggest that invasive tumors secrete numerous
growth factors and chemokines; commonly implicated are the epidermal
growth factor (EGF), hepatocyte growth factor (HGF), fibroblast growth
factor-1 (FGF-1, aFGF), keratinocyte growth factor (KGF, FGF-7), insulin
like growth factor 1 (IGF1), interleukins (IL)-6, IL-8, and vascular
endothelial growth factor (VEGF). Such upregulation of receptors and
autonomous secretion of ligands create self-stimulatory autocrine signaling
loops. The increased intracellular signaling stimulates tumor cell migration
resulting in a more aggressive phenotype. Thus, growth factor receptors that
“drive” motility of tumor cells offer a unique therapeutic target in addition to
conventional surgical and endocrinological modalities.

There is an extensive list of growth factors receptors that have been
reported as altered in their expression levels and signaling characteristics in
at least some prostate cancers. Here, we will highlight signaling and describe
the signaling characteristics of the two most widely implicated in tumor cell
motility and invasion, the EGF receptor and HGF receptor (c-Met).

3.1 The Epidermal Growth Factor Receptor (EGFR)
Family

The type 1 growth factor receptor tyrosine kinase (RTK) family, also
known as erbB or HER (human epidermal growth factor receptor) family,
consists of four well characterised members (40). These include c-erbB1 (or
HER-1) or EGF receptor (EGFR), c-erbB2 (or HER-2/neu), c-erbB3 (HER-
3) and c-erbB4 (or HER-4). Several ligands have been identified for these
receptors except for HER-2, for which a ligand is yet to be found. However,
much of the signaling from this family of receptors involves cross activation
and hetero-aggregation of members. The amino acid homology between
these receptor subtypes is about 40-60 % in the extracellular domain and
about 60-80 % in the intracellular domain (most of the divergence is in the
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long, protein interactive tail). Specific ligands to EGFR (HER-1) include
epidermal growth factor, transforming growth factor-o, heparin-binding
EGF and amphiregulin; the high affnity ligands for HER-3 and HER-4 are
heregulins, with the first member also known as neu differentiation factor
(41). Upon binding of the ligand to the extracellular domain, these RTKs are
activated by homo- or hetero-dimerization thereby leading to tyrosine
phosphorylation at multiple residues within the long cytoplasmic tails. These
phosphotyrosine residues then serve as multiple docking sites for various
SH2- or PTB-containing adaptor proteins. Direct activation of these docking
proteins often by phosphorylation, or indirect activation of their downstream
effectors elicits the multiple cell responses.

EGFR was the first receptor identified as a proto-oncogene and, thus, the
first to be implicated by upregulation in numerous human cancers.
Interestingly, the level of EGFR activation correlated with tumor progression
and not carcinogenesis (7). Various genetic alterations such as gene
amplification or alternatively spliced variants have been found in
glioblastomas and other carcinomas. However, in prostate cancer the
relationship appears primarily epigenetic with a vigorous upregulation of
ligand production and autocrine stimulation (42).

ErbB2 was initially invoked as a proto-oncogene when a chemically-
induced tumor model system was found due to an activating mutation in the
transmembrane domain of this receptor (43). While this mutation has yet to
be defined in human carcinomas, increased levels of erbB2 have been noted
in many human carcinomas, breast cancer in particular. The upregulation of
erbB2 accentuates signaling from EGFR ligands as the heterodimer is less
efficiently attenuated by receptor internalization and degradation (44).
However, ErbB2 has been reported as upregulated only in a fraction of
prostate cancers and this correlates with aggressive and invasive nature of
the tumors (45, 46). Reportedly, erbB2 gene amplification seems to be very
uncommon in androgen independent prostate cancers (47).

The precise role of erbB3 and erbB4 in prostate cancer is still very
unclear. ErbB3 at least must function via transactivation and aggregation
with other members of the family, as it lacks intrinsic kinase activity.
Interestingly, it is the only member of the erbB family to possess canonical
PI3K phosphotyrosine docking sites, and thus involvement of this receptor
would be expected to enhance this particular signaling pathway (48).

The primary role of these receptors in cancer progression in general is
highlighted by the fact that two new therapies specifically target EGFR
(Iressa by AstraZeneca and Tarceva by OSI Pharmaceuticals) and erbB2
(Herceptin by Genentech). These are the first biologicals to target signaling
receptors and the first, along with Gleevec (anti-abl), to inhibit tyrosine
kinase function. While these therapies have been approved for other
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carcinomas, they are being explored in prostate carcinomas due to the
upregulation of the receptors in this cancer.

3.1.1 EGFR signaling in prostate cancer

EGFR signaling is upregulated in prostate cancers due to autocrine
production of activating ligands (42). In normal prostate functioning, EGFR
is presented on the basolateral surfaces of the prostate acinar cells to respond
to low levels of TGF-a produced by stromal cells. At the same time, these
acinar cells produce copious EGF secreted into the lumen, resulting in the
highest concentration of EGF in any body fluid. The function of this EGF
remains undetermined at present. During the epithelial dedifferentiation that
accompanies carcinogenic transformation, the physiologically tight cellular
asymmetry is lost secondary to cadherin downregulation and a potential
autocrine loop becomes an operative one. In many of these prostate
carcinoma cells, the ligand production switches from EGF to TGF-o.. While
the mechanism behind this is yet undefined, the outcome is stimulation by a
ligand  whose  receptor-binding  characteristics  spares  receptor
downregulation and maintains a higher level of signaling (49) (see Chapter
5).

That EGFR is involved in prostate tumor invasiveness has been shown in
cell systems. EGFR overexpression in DUI145 prostate tumor cells
substantially increases their invasive potential in vitro and in vivo (50, 51).
This increase in invasion was substantially ameliorated using a blocking
antibody against EGFR or inhibitor of EGFR kinase activity.

EGFR activation triggers a myriad of downstream signaling pathways
(Figure 2) that overlap in initiating diverse cell responses including cell
proliferation, survival, and migration. It appears that the cell chooses among
these sometimes mutually exclusive responses depending on the current cell
proteome, other signaling pathway extant, and the temporospatial aspects of
EGFR and secondary effector signaling. This systems biological issue is
poorly understood at present, but a flurry of investigations is likely to
provide insights in the near future.
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Figure 2. EGF receptor activation by its ligand results in stimulation of a plethora of
intracellular signaling cascades that participate in diverse cell responses like cell proliferation
and migration. EGFR induced motility associated signaling pathways are highlighted in red.
Pathways involved in cell responses other than migration are highlighted in blue. Of these,
PI3Kinase is involved in cell survival as well as motility. Similarly, sustained ERK activation
is involved in cell proliferation as well as migration.

Upon ligand occupancy, activated EGFR is proposed to undergo a
conformational change which leads to receptor dimerization and auto (cross)
phosphorylation of multiple tyrosine residues within the cytoplasmic
domains. Binding of multiple adapting molecules, including Grb2, Shc and
Sos, to these phosphotyrosine residues activates the well characterized Ras >
Raf > Mek signaling pathway that finally activates ERK/MAP Kinase
pathway. Sustained and tonic activation of ERK1 and 2 (p44/42) is required
for cell proliferation and gene expression, while transient and acute
activation leads to its membrane translocation that is required for cell
motility by causing membrane detachment at the rear end of the cell.

Another signaling pathway activated by EGFR that is by and large
specific for growth factor induced motility (and not for proliferation) is the
phospholipase C-y (PLCy) signaling pathway that ultimately leads to
reorganization of cellular cytoskeleton. EGFR also activates signal
transducer and activator of transcription (STAT) group of transcription
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factors, small GTPases including rac, rho, and cdc42, Phosphatidylinositol 3-
kinase (PI3K), certain Protein kinase C isoforms (PKC9) (31), and to a lesser
extent phospholipase D and tyrosine kinase Src (52). Thus it is evident, that
EGFR participates in diverse cell responses by activation of different
downstream signaling pathways in different cell types.

Specifically the PLCy, ERK/MAP Kinase, and PI3K pathways have been
well characterized to govern cell motility downstream of EGFR signaling
and these will be discussed in detail. In addition, the functional relevance
and role of these pathways will be discussed in the context of prostate tumor
cell migration and invasion.

3.1.1.1 Phospholipase C-y signaling pathway

Signaling through phospholipase C-y may be a rate-limiting step in EGF-
induced cell motility (16). Since EGF receptor activation stimulates
proliferation as well as migration, divergent signaling pathways are
identified immediately downstream of EGFR. While ERK1/2 activation is
required for EGF induced proliferation as well as motility, PLCy is motility
specific and is not required for proliferation (53). Such selective parsing of
signals offers novel signaling nodes for therapeutic purposes. Indeed, it has
been shown that pharmacological and genetic abrogation of PLCy signaling
pathway significantly decreased migration and invasion of EGFR expressing
DU145 and other prostate tumor cells both in vitro and in vivo (11).
Similarly, continual activation of PLCy signaling pathway via
overexpression of EGFR in prostate tumor cells was associated with their
significantly increased invasive capability as compared to nontransfected
cells (51). This would partly explain the increased motility of certain other
tumor cells that express high levels of EGFR on the cell surface.

The net effect of PLCy signaling is to reorganize the cellular cytoskeleton
and “prepare” the cells for movement. Activation of PLCy leads to
hydrolysis of membrane associated phospholipids, predominantly,
phosphoinositide 4,5-bisphosphate (PIP2) thereby yielding inositol 1,4,5-
triphosphate (IP3) and diacylglycerol (DAG). IP3 stimulates calcium release
from endoplasmic reticulum potentially activating classical protein kinase C
isoforms. However, the consequence of such PKC signaling has not been
demonstrated in terms of tumor progression or carcinogenesis. Interestingly,
more impact likely results from the hydrolysis of PIP2 substrate. PLCy
removal of this membrane docking site leads to mobilization of actin binding
proteins (ABP) like gelsolin, profilin and cofilin that help in actin
polymerization and cytoskeletal reorganization (54). These ABPs are bound
to membrane PIP2 in an ‘inactive’ status as they are removed from the actin
target. Upon hydrolysis by PLCy these ABPs shuttle from the plasma
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membrane to severe, cap, and polymerize actin molecules enabling that
submembrane cytoskeleton to participate in a new burst of polymerization
that characterizes the leading lamellipod.

A number of other PIP2 binding proteins have been implicated in cell
attachment to the substratum that needs to be loosened for forward
protrusion. Vinculin, talin and o-actinin can bind to membrane PIP2 and
serve as an anchoring bridge between focal adhesions and actin cytoskeleton.
These proteins can localize and sequester actin domains to sites of contact
upon PIP2 formation and release them upon PIP2 hydrolysis, thereby spatio-
temporally controlling the location of anchor points. Thus, activation of
PLCy pathway can not only disrupt preformed actin filaments to enable new
extensions but also loosen the underlying points of attachment for ruffling to
occur.

Cytoskeletal reorganization is central to cell motility. Along these lines,
some of ABP have been implicated in tumor cell invasion. Recent evidence
shows that profilin 1 (PFNT1), plays a tumor suppressive role in breast cancer
cells (55). Immunohistochemical analysis has revealed intermediate and low
levels of PFNI1 in different human breast cancers (55). Indeed
overexpression of PFN1 significantly reduced in vitro invasiveness of breast
cancer cells and increased cell-substratum adhesion via an increased tyrosine
phosphorylation of focal adhesion kinase (56). Mobilization of cofilin is
noted at the leading edge of extravasating breast carcinoma cells (18). This
promotes activation of the Arp2/3 complex to nucleate new actin branches
and generate the protrusive force in the lamellipod (19).

3.1.1.2 ERK/MAP Kinase signaling pathway

EGF is a robust activator of ERK/MAP Kinase (ERK) via the well-
described Ras > Raf > Mek signaling pathway. Growth factor receptors
exhibit their proliferative effects on tumor cells, at least in part, by activating
the ERK/MAP kinase signaling pathway (57, 58). In agreement with these
findings, inhibition of ERK signaling in prostate tumor cells leads to
apoptosis (59, 60) and growth cessation. Advanced stage prostate cancers
possess significantly higher levels of activated ERK 1/2 levels compared
with low grade prostate cancer (61). Other investigations have also focused
on the role of ERK 1/2 in tumor cell motility and invasion (62-64). One
study found that FGF-1 stimulation induced the expression of promatrilysin
via ERK/STAT 3 dependent manner thereby contributing to invasion of
prostate carcinoma cells (63). In another study, it was found that hypoxia of
prostate cancer cells, induced the expression of urokinase type plasminogen
activator (uPA) receptor (uUPAR) via ERK and p38 MAP Kinase pathways
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(62). These findings suggest downstream changes in the cell proteome
underlie the mode by which ERK increases tumor progression.

Epigenetic events might contribute to tumor progression also. ERK/MAP
Kinase is required for haptokinetic motility of fibroblasts as well as EGF-
induced motility. During haptokinesis, ERK1/2 is proposed to stimulate
MLC kinase to phosphorylate the regulatory myosin light chain (MLC)
protein (65). However, upon EGF stimulation, ERK1/2 signaling activates
the intracellular protease m-calpain by direct phosphorylation (37). Calpain
is required for tail de-adhesion during migration over moderately to highly
adhesive surfaces. To further extend these studies in cancer cells,
pharmacological or molecular inhibition of m-calpain significantly decreased
prostate tumor cell invasiveness (12). Thus, ERK signaling might play
multiple roles in immediate motility via m-calpain, supportive haptokinesis
signaled by adhesion receptors, and longer term upregulation of matrix
modifying enzymes for penetration through the ECM barriers.

3.1.1.3 Phosphatidylinositol 3-Kinase signaling pathway

The phosphatidylinositol 3-Kinase (PI3K) signaling pathway is likely as
contributory as Ras > ERK pathway to cell proliferation and survival. PI3
kinases comprise a family of three subclasses, of which the originally
defined class I has been implicated in oncogenesis and tumor progression
(66). Each enzyme molecule is a heterodimer consisting of a regulatory p85
subunit and a catalytic p110 subunit. The regulatory subunit is a direct
substrate of many receptor tyrosine kinases. Also, p85 can directly associate
with phosphotyrosine residues of activated growth factor receptors via its
paired SH2 domains, thereby leading to activation secondary to steric
changes. In addition, p110 subunit associates with Ras GTPase upon RTK
activation, directly activating the catalytic domain of the enzyme. These
many nodes of regulation highlight the central role of PI3K.

PI3K’s most evident action is to phosphorylate the 3° position of the
inositol ring, with preference for the membrane phospholipid PI(4,5)P2 to
produce  phosphatidylinositol ~ 3,4,5-  triphosphate  (PIP3). The
counterregulatory tumor suppressor PTEN antagonizes PI3K actions by
removing this modification. PTEN is downregulated in many prostate
tumors, presumably leading to unopposed PI3K actions and high levels of
PIP3. The production of PIP3 leads to activation of Akt/Protein Kinase B via
intermediary kinase(s) PDK1 (and possibly PDK2). Akt signaling strongly
promotes cell survival and proliferation.

PI3K activity has also been linked to increased migration, matrix
metalloproteinase production and stromal invasion of certain tumors (67,
68), with some of this occuring through activation of Aktl (69, 70).
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Similarly, overexpression of Akt2/ Protein kinase Bf, increases invasion of
breast and ovarian cancer cells via upregulation of B1 integrins (71). EGFR
activation has been shown to increase migration and invasion of breast
cancer cells via activation of PI3K and PLC signaling pathways (72).
Integrins also activate PI3K, with the PI3Kinase pathway being required for
ovPB3 mediated migration of highly invasive PC3 cells (30, 73).

How PI3K (or reduced PTEN) may promote cell motility, independent of
gene transcription, relates the creation of unique PH (plekstrin homology)
domain docking sites on the membrane. This has been best described in
Dictyostelium in which chemotactic G protein coupled receptors recruit
PI3K to the front lamellipod (74, 75). Breast carcinoma cells chemotaxing to
EGF display similar frontal recruitment of PI3K promoting actin nucleation
of this site (76). Thus, while PLCy removes PIP2 docking sites from the
front of the cell, PI3K both removes these sites and creates new ones in
PIP3. As such, these two molecules may reinforce the actions of the others,
at least in this biochemical event.

3.1.14 Signal Transducer and activator of transcription (STAT)
proteins

EGFR dependent activation of STATs, especially 1, 3, and 5, is an
independent signaling mechanism downstream of EGFR activation, and does
not require activation of intermediate tyrosine kinases (77). STATs are
constitutively activated in squamous carcinoma cells which express high
levels of EGFR on the surface and have increased autocrine signaling (78-
80). This signaling nexus is required for EGFR dependent proliferation of
prostate carcinoma cells (81-84). Unpublished reports from our laboratory
have shown that EGFR mediated cell motility can be abrogated using genetic
interventions against STATSs in both fibroblasts and prostate cancer cells.

3.1.2 Ligand-receptor interactions in modulating EGFR signaling

Upon binding the known, high affinity ligands, EGF receptors undergo
internalization and subsequent degradation within the endosomes (52). This
serves primarily as an attenuation mechanism (85). However, internalized
EGF-EGFR complexes still activate certain signaling pathways that are
crucial in cell proliferation and gene expression (86, 87). Once internalized,
EGFR occupancy determines receptor and ligand fate. EGF remains tightly
bound to the receptor driving both ligand and receptor to degradation. TGF-
o, which does not signal from the endosomes since the endosomal acidic pH
leads to dissociation of TGF-EGFR complex, results in EGFR recycling,
while ligand sorts with the fluid phase in that 2/3 is shunted to the lysosome.
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Interestingly, when ligand is replenished in an autocrine fashion, TGF-o
produces more prolonged EGFR signaling as the receptor is ‘spared’
compared to EGF autocrine production (49). Thus, the specific ligand
present during autocrine stimulation of prostate carcinomas, predominantly
being TGF-a, dictates EGFR signaling in a temporal and spatial manner.

Co-expression of high levels of erbB2 (HER2, c-neu) limits EGFR
degradation by retarding the internalization step (88). This results in a
perceived more robust EGFR signaling and likely underlies the mechanism
by which erbB2 promotes tumor progression.

A second mode of EGFR activation that also limits EGFR degradative
attenuation involves transient binding by ultra-low affinity ligands (89, 90).
Some of the EGF-like repeats in the ECM components tenascin-C, laminin,
and decorin bind to EGFR but in a manner that is sufficiently transient so as
not to drive internalization (89-91). This restricts signaling from EGFR to
the plasma membrane, and under this restriction motility appears preferential
to proliferation at limiting levels of ligand (unpublished observations). These
low affinity EGFR ligands can be liberated or unmasked from the
extracellular matrix via the action of matrix metalloproteinases during
conditions of organogenesis, matrix remodeling or tumor invasion (89). The
fact that many of the ECM proteins, tenascin-C in particular, are upregulated
(or dysregulated) in solid tumors strengthens the observation that cell-ECM
interactions or “sensing of the stroma” by the cell is a vital element during
tumor invasion. Also, since these ECM-embedded ligands cannot be
internalized, they can stimulate EGFR dependent motility thereby enhancing
invasiveness of tumor cells. Elucidation of the role of such “cryptic” ligands
in the ECM offers a new avenue for further intensive research in
extracellular matrix biology.

3.2 Hepatocyte Growth Factor and c-Met Signaling
System

Hepatocyte growth factor (HGF) was initially shown to cause
“scattering” of epithelial cells in culture, hence alternative name scatter
factor (SF) (92). HGF binds to its receptor, c-Met, a proto-oncogene and
receptor tyrosine kinase, with resultant tyrosine autophosphorylation (93).
HGF and c-Met activities have been linked to the genesis of various
physiological responses like morphogenesis and mitogenesis as well as
pathological ones like tumor adhesion and growth, angiogenesis, tumor
invasion and metastasis (94-96).

HGF and c-Met play a crucial role in prostate cancer progression and
metastasis especially to the bone (97-99). HGF/SF is overexpressed in
human prostate adenocarcinomas as compared to normal prostatic tissue

316



(98). In established prostate cancer cell lines, highly invasive and androgen-
independent DU145 and PC3 cells showed significantly higher expression of
c-Met as compared to minimal levels seen in non-invasive androgen-
dependent LNCaP cells (100). Increasing HGF levels increases the invasive
potential of prostate cancer cells (100). HGF production is likely controlled
by other RTK systems as EGFR signaling induces this other ligand (101).
That the signaling system is critical is shown by similar findings concerning
the overexpression of the receptor, c-Met (98). c-Met overexpression is
highly associated with bone and lymph node metastasis, as well as increased
proliferative potential of prostate tumors (97). Conversely, ribozyme-
mediated reduction of c-Met expression inhibited tumorigenic growth and
lymph node metastases of PC3-LN4 prostate tumor cells in an orthotopic
nude mouse model (102).

The underlying cell behavior promoted by increased c-Met signaling is
likely greater migration, as HGF increases haptokinetic migration and
invasion of DU145 and PC3 prostate cancer cells through Matrigel. This
occurs in conjunction with upregulation of urokinase plasminogen activator
(uPA) and its receptor (uUPAR); in addition, matrix metalloproteinases
(MMP-1 and MMP-9) expression is increased (100, 103, 104).

3.2.1 HGF/SF and cell-cell adhesion

Stable adhesions between normal epithelial cells are maintained by
cadherin molecules at adherens junctions. Cadherins comprise a family of
transmembrane cell surface glycoproteins that mediate calcium-dependent,
homotypic cell-cell interactions through their extracellular domains, and
regulate a variety of biological processes during development,
morphogenesis, and tumor metastasis (105, 106). E-cadherin’s function in
cell-cell adhesion critically depends on its ability to interact through its
cytoplasmic domain with catenin proteins. A diverse collection of defects
alter cadherin-catenin function in cancer cells, including loss-of-function
mutations and defects in the expression of E-cadherin and certain catenins,
such as a-catenin (107). During prostate cancer progression, epithelial cells
transition into a mesenchymal-like phenotype (epithelial-mesenchymal
transition or EMT) (108) that facilitates their dissemination and during this
process, E-cadherin expression is frequently downregulated or even
undetectable (109-111). Abberantly low levels of E-cadherin and o-catenin
are associated with poor survival of patients with prostate cancer (112).

Decreased cell-cell adhesion may not be cell autonomous but actually a
response to RTK signaling. Both autocrine EGFR signaling and activation of
c-Met receptor by HGF downregulate E-cadherin expression with
subsequent increased cell proliferation, dedifferentiation, and induction of
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cell motility (113). EGFR mediated downregulation of E-cadherin has been
suggested in the progression of breast carcinoma cells to a more invasive
phenotype (113). In fact, blocking autocrine EGFR activation upregulates E-
cadherin and catenin levels in prostate cancer cells limiting their migration
and invasion [Yates,C; Wells, A; Turner, T; Luteinizing hormone releasing
hormone (LHRH) analog reverses the cell adhesion profile of DU145 human
prostate carcinoma (submitted)].

Concomitant with the loss of E-cadherin, N-cadherin levels increase
during the EMT noted in carcinomas. In line with this, the expression of N-
cadherin is increased in invasive prostate cancer cell lines (186). Although
not fully characterized in prostate cancer cells, the switch from E-cadherin
expression to N-cadherin expression would support an increased metastatic
ability of disseminated tumor cells by enabling circulating tumor cells to
associate with the stroma and the endothelium at distant sites (108, 114-116).

The cellular basis of the tumor progression is now being deciphered.
First, the decreased E-cadherin levels compromise the tight junctions and
enable apically-secreted EGF to establish an autocrine loop with the
basolaterally sequestered EGFR (42). This further depresses E-cadherin
levels and promotes HGF production, in a reinforcing cycle. In addition to
disrupting the cell-cell junctions, and enabling a more migratory phenotype
(117), HGF/SF upregulates secretion of matrix metalloproteinases that
degrade the extracellular matrix aiding in tumor dissemination. HGF
upregulates matrilysin (MMP-7) that mediates extracellular cleavage of E-
cadherin, thereby further disrupting cell-cell cohesion and switching of
prostate cells from a lesser to a highly invasive phenotype (93). Other studies
have also confirmed the role of matrilysin in potentiating invasive property
of DU145 prostate cancer cells (118). The increase in N-cadherin promotes
interactions with endothelial cells needed for extravasation and intravasation
during metastases (116). Thus, the EMT conspires to enhance tumor
dissemination.

33 Urokinase Plasminogen Activator Receptor (uPAR)
System

Autocrine growth factor signaling in prostate carcinoma cells is reflected
by an altered proteome. Two proteins upregulated to a great degree are the
urokinase type plasminogen activator (uPA) and its receptor (uPAR) (119,
120). This is intriguing for a number of reasons. First, the tumor cell-
associated urokinase-type plasminogen activator system, consisting of the
serine protease uPA, its substrate plasminogen, its membrane-bound receptor
uPAR, as well as its inhibitors PAI-1 and PAI-2, plays an important role in
the pericellular processes relating to matrix remodeling (121). Plasmin is a
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serine proteinase generated in vivo from the zymogen plasminogen by the
action of uPA and tissue plasminogen activator (tPA). Plasmin facilitates
activation of metalloproteinases, like MMP-7 and MMP-2 (122, 123).
Recent studies demonstrate that cell-associated uPA plays a critical role in
regulating the amount of plasmin present at the surface of prostatic
carcinoma cells and that differential production of uPA directly correlates
with the capacity to bind and activate plasminogen (123). In other words,
presence of uPA-uPAR complex on the cell surface characterizes the
capacity of prostate cells to activate plasmin and remodel matrix. The uPA-
uPAR system has also been shown to be active in other solid tumors like
those of breast, brain and urinary bladder (124, 125). Second, uPAR acts as a
motogenic receptor though whether the actual cell signaling events occur
directly from uPAR or through the EGFR or integrins is still unsettled (126,
127). Third, uPA, bound to uPAR, cleaves pro-HGF generating active ligand
that would then trigger HGF receptors on the cell (128, 129). Thus,
uPA/uPAR would promote carcinoma progression by inducing multiple cell
properties.

This potential role has been confirmed at least in principle.
Pharmacological inhibitors, blocking antibodies, and molecular decoys to
uPA decrease in vitro invasion of DU145 and PC3 prostate tumor cells along
with a subsequent inhibition of cell proliferation (123, 126). Molecular
downregulation of uPAR wusing specific antisense oligonucleotides also
decreases prostate tumor invasion, thereby fortifying one of the growing
concepts in tumor biology that upregulation of growth factors in tumor cells
facilitates tumor invasion by upregulating genes that encode for proteins
required for increased cell motility as well as those involved in ECM
remodeling. Concurrently, other serine proteases have also been implicated
in prostate tumor invasion by mediating ECM degradation. Specifically,
Hepsin, has been shown to be upregulated in almost 90% of prostate cancers,
and is expressed almost exclusively by tumor cells. Overexpression of
Hepsin was shown to modulate basement membrane disorganization of
prostate epithelial cells and promote prostate tumor invasion and metastasis
to lung, liver and bone in a non-metastasizing mouse model of prostate
cancer (187).

34 Adhesion Receptors

Cell locomotion requires adhesion receptors to provide the interface with
the surfaces. These adhesion receptors actively signal during this process,
enabling or preventing the RTK-mediated responses, or even, themselves,
driving the motility. Extensive evidence suggests that unregulated growth
and migration of tumor cells is due in part to alterations of integrin
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expression accompanied with a loss of cell-cell adhesion molecules. In order
for the tumor cells to invade through the stroma, the cells need to
“understand” the cues from the extracellular matrix. Integrins, a family of
transmembrane receptors composed of heterodimers of one alpha (o) and
one beta () subunit, are of primal importance in their ability to transmit
signals from the remodeled ECM and mediate cell-cytoskeletal-ECM
attachments needed for cell migration. In addition, changes in integrin
receptor expression alter the intracellular signaling through various signal
transduction pathways including the above-described PI3K and ERK
pathways. It must be noted that while the intracellular signaling cascades
activated might share the same molecular members as those derived from
RTK, the temporospatial aspects of signaling are quantitatively and likely
qualitatively different, and thus drive distinct cell behaviors.

As prostate cancer progresses, the repertoire of integrin subunit
expression is altered, along with the surrounding ECM. The most notable
switch of integrins in normal prostate tissue to prostate cancer tissue as
determined by immunohistochemistry is the switch from o6p4 to a3f1
and/or a6P1 (130, 131). Changes like these have been correlated with
progression from carcinoma in sifu to invasive prostate carcinoma (132,
133). In some other studies, however, the a6P4 has been shown to be
responsible for the highly invasive phenotypic behavior of PC3 prostate
carcinoma cells (134). Thus, the localization and function of the a6B4
integrin changes with the carcinoma progression (see Chapter 8).

It is reasonable to contend that tumor cells utilize different integrin
receptor complexes depending on the cell type and the site of metastasis. It
has been reported that well established prostate cancer cells LNCaP (lymph
node metastasis) and PC3 prostate cells (bone marrow metastasis) express
different integrins at the metastastic organ, respectively. LNCaP cells
express 0634 and do not migrate on vitronectin (VN) while highly invasive
PC3 cells primarily present orvB3 and migrate on VN which is expressed in
the mature bone marrow matrix (135, 136). Integrin owv33 was present only
on primary prostatic adenocarcinoma cells, but not on cells obtained from
normal prostate tissue. Forced expression of aov33 in LNCaP cells increased
their migratory property and mediated attachment to VN (135). In prostate
cancer a novel form of the a6 integrin, which lacks a large portion of
extracellular domain (06p), is found paired with B1 (137). This altered
integrin heterodimer (o6pP1) maintains cell-cytoskeletal linkages whereas
altering cell-matrix adhesion, giving tumor cells selective advantages for
metastases. Other studies have shown that oll(b)B3 plays a crucial role in
invasiveness of DU145 prostate tumor cells in SCID mice; a monoclonal
antibody against oll(b)P3 inhibited the metastasis of these cells to the lungs
(138). Multiple integrins are likely involved in that DU145 also express
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06B1 and ovB3 (139).The selection against the o4 subunit and the
persistence of the B1 subunit are a result of the EMT evident in prostate
cancer cells, thus providing increased potential for tumor cells to invade and
migrate.

The altered expression of integrins mediates migratory properties of
tumor cells at least in part by altering intracellular signaling from the ECM
in addition to modulating cell-matrix adhesive properties. In this regard,
FAK has been shown to mediate orv3 triggered migration of prostate cancer
cells (135). Signaling from ERK and PI3K pathways downstream of
integrins also affects tumor cell motility, cell adhesion, proliferation, and
survival (140, 141). It is sufficient to say that altered expression of integrin
receptors on the cell surface is a crucial element for the tumor cells to
“understand” the cues from the remodeled extracellular matrix through
which the tumor cells invade. For a detailed description of the role of
adhesion receptors in prostate tumor metastases, the reader is referred to
other excellent reviews (141) (see Chapter 10).

3.5 Rho GTPases and cytoskeletal reorganization

Rho GTPases are members of the Ras superfamily of monomeric 20-30
kDa GTP-binding proteins that act as molecular switches by alternating
between active GTP-bound and inactive GDP-bound forms (142) (see
Chapter 9). Dysregulated Rho GTPases have been discovered in many
human tumors, including colon, breast, lung, prostate and head and neck
squamous-cell carcinoma (143). The members of this large family of
proteins most often associated with carcinogenesis are RhoA, Cdc42 and
Racl. These GTPases are characterized for their role in cytokinesis via
cellular cytoskeletal modulation (144), cell contraction and spreading (145),
cell-substratum adhesion, etc. That Rho GTPases have also been implicated
in modulating prostate cancer invasiveness by driving cell motility is not
unexpected (13, 143).

Integrin ligation and RTK signaling both lead to activation of these
GTPases. RhoA is involved in maintaining actin stress fibers, cell adhesion
and cell spreading on ECM. Abrogation of RhoA using pharmacological
inhibitors have shown to substantially decrease invasion of PC3 prostate
cancer cells in vivo and in vitro (13). In addition, Rho GTPases have shown
to be involved in upregulating the transcription of certain genes including
uPAR (146) and NFxB (147), both of which have been implicated in
prostate cancer cell metastasis. Activity of RhoA was shown to be necessary
and sufficient for NFkB mediated invasion and migration of PC3 cells (148).

Cdc42 and Racl are crucial in maintaining cell polarity, asymmetry,
cytoskeletal remodeling and actin dynamics at the leading edge of the
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moving cell. Specific pharmacological inhibitor of Racl blocked anchorage-
independent growth and invasiveness of PC3 prostate cancer cells (149).
These proteins act via numerous downstream effectors; e.g. Cdc42 can
inhibit MLC phosphorylation by inhibiting MLCK via p21-activated kinase
(PAK) (150) thereby affecting transcellular contractility. Also, PAK has
shown to activate LIM-kinase which has been shown to be overexpressed in
cancers of prostate and breast and is proposed to modulate growth, cell shape
and motility of these cancer cells (151, 152). Accordingly, expression of
dominant negative LIM-kinase in these cells was shown to decrease their
invasion through matrigel (152). Thus, substantial and inundating crosstalk
is evident between multiple signaling molecules that modulate various
cellular biophysical events during cell motility, thereby highlighting
different nodes that control and manipulate this highly orchestrated process.

3.6 CXC Chemokines Receptor Systems

Any discussion of prostate cancer migration would not be complete
without a mention of the role of chemokines in invasive cancers. One class
of chemokines that has been implicated is the CXC chemokines that are
classified into two groups based on the presence or absence of the ‘ELR’
motif (Glu-Leu-Arg) preceding the first conserved cysteine amino acid in the
NH2 terminus. The first group of CXC chemokines contains the ELR motif
and is angiogenic and the most important member being studied in context
of prostate cancer is Interleukin-8 (IL-8). The second group of CXC
chemokines, which lack the ELR motif, include interferon- y -inducible
protein (IP-10), monokine induced by y-interferon (MIG), platelet factor 4
(PF4), and stromal derived factor (SDF-1). Chemokines activate receptors
that are members of the large family of seven-transmembrane domain
spanning G protein-coupled receptors and activate adenylate cyclase and/or
phospholipase C-3 to accomplish the bulk of their signaling.

Clear involvement of (SDF-1 or CXCL12) and it’s receptor CXCR4 in
invasive cancers have been recently demonstrated (153-155). Using high
density tissue microarrays it was shown that the chemokine SDF-1 (or
CXCL12) and its receptor (CXCR4) are expressed in highly metastatic
prostate cancer (155). The importance of CXCR4 is highlighted in its
putative role in “homing” of the prostate cancer cells in bone during
metastasis (155). Antibody against CXCL12 inhibited growth and
proliferation of bone homing LNCaP, PC3 and C4-2B metastatic prostate
cancer cells. Upon SDF-1 stimulation alterations in adherence, migration,
and invasion of human prostate cancer cell lines have been observed (156).
Further emphazing the importance of chemokines in migration there have
been preliminary reports that CX3CR1 and CXCR2 receptors and their

322



ligands, fractalkine and IL-8 promote prostate carcinoma cell migration
(157, 158). Adhesion of prostate cancer cells to human bone marrow
endothelial cells in flow conditions was significantly reduced by a
neutralizing antibody against fractalkine, and they migrate toward a medium
conditioned by osteoblast, which secrete the soluble form of the chemokine
(158). Also an antibody to IL-8, the secretion of which has been shown to be
upregulated during prostate cancer progression (159), limited migration of
prostate carcinoma cells (157). It is likely that the CXCR3 ligands will also
modulate invasiveness as they regulate cell migration in endothelial cells,
fibroblasts, and keratinocytes. Chemokine receptor intervention is an
emerging target for therapeutics in the progression of cancer, however more
studies are needed to fully characterize the pathways these receptors elicit
during their role in overt metastasis.

3.7 Sex Hormone Endocrine Factors Governing Prostate
Cancer Progression

3.71 Androgens and androgen receptor

Prostate epithelial cells, both normal and cancerous, depend on
androgens for survival and normal differentiation (160). This is the basis of
significant advances and alternatives in managing advanced cases of prostate
cancer using chemical (via Leutinizing hormone releasing hormone or
LHRH agonists) or surgical castration often combined with peripheral
blockade of androgen action. However, in most cases, androgen deprivation
therapy is associated with only a transient regression of prostate cancer
growth extending survival only by about 10 %, as it is followed by a relapse
and progression to an androgen-independent state. There is little current
therapy for these advanced, aggressive carcinomas.

The molecular bases of progression from an androgen-sensitive to an
androgen-independent phenotype are largely unclear. Some studies suggest
that the androgen-independent state is actually just a very low dependency.
Recurrent or secondary tumors frequently exhibit overamplified androgen
receptor (AR) that can lead to metastatic tumor proliferation despite very
low levels of circulating androgens in plasma (161-163). In corroboration
with this observation, overexpression of androgen receptor is associated with
aggressive clinicopathologic features and decreased biochemical recurrence-
free survival in prostate cancer patients treated with radical prostatectomy
(164). Few secondary tumors, but not primary prostate cancers, also express
androgen receptor gene mutations that can affect receptor-ligand binding
affinity, androgen insensitivity and altered expression levels (165, 166).
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A second mechanism for escaping androgen-dependency likely utilizes
autocrine RTK stimulation. Actually, the autonomous and uncontrolled
proliferation of androgen-independent prostate carcinoma cells occurs via
secretion of growth factors like EGF and TGF-a in the medium and is not
dependent on androgen (167). Androgen independent cell lines like PC3 and
DU145, express higher levels of EGF receptor (autocrine) phosphorylation
as compared to the androgen responsive LNCaP cells (168). Some of these
signaling might feed back into androgen functioning as ligand independent
activation of androgen receptor has also been shown to be mediated via
growth factor receptors like EGFR, IGFR-1, etc. in prostate tumor cells (169,
170). Treatment of androgen receptor expressing PC3 cells with
dihydrotestosterone has shown to upregulate EGF receptor expression and its
binding affinity for EGF, thereby enhancing the mitogenic properties of EGF
(171). A small subset of clinical prostate cancer specimens has also
demonstrated Her2/Neu overexpression but the clinical activity of an
antibody treatment directed against Her2/Neu receptor as a single agent has
been disappointing (172). These studies point towards substantial crosstalk
between androgen receptor and growth factor receptors in prostate tumor
progression. An emerging concept is that after therapeutic androgen ablation,
a relapse of prostate cancer is characterized by the ability of tumor cells to
overcome their androgen dependence and exhibit autonomous growth via
secretion of exogenous growth factors. This addresses an interesting
possibility of a new therapeutic approach of utilizing growth factor receptor
blockade in addition to conventional therapies in treating prostate cancer.

While the above studies point to a detrimental effect of AR expression on
prostate tumor cell behavior, some studies have shown that androgen
responsiveness is associated with lower recurrence after therapy and lower
metastatic potential. Introduction of human AR into the invasive human
prostate cancer ARCaP cell line restored its androgen-regulated cell growth,
decreased the rate of tumor growth, and selectively activated AR target gene
expression (173). Similarly, androgens have also shown to modulate
selective integrin expression on cell surface. Increased AR expression in
highly invasive PC3 cells resulted in downregulation of o634 integrin
expression, reduced adhesion on laminin and decreased Matrigel invasion in
vitro (134).

3.7.2 Estrogens and estrogen receptors
After the discovery of dependence of prostate cancer on androgens but
before the advent of LHRH agonists, diethylstilbestrol (DES) emerged as a

sound alternative to androgen deprivation in treatment of prostate cancer,
although not entirely free of adverse effects. Estrogen acts via two receptors,
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namely the classical and well characterized o receptor (ER-ot) and the novel
B receptor (ER-B), both of which are abundantly expressed in normal
prostate tissue. ER-B is known to regulate the growth of normal prostate
epithelial cells as well as protect these cells from oxidative stress induced
neoplastic transformation.

Estrogen receptor B (ER-P) is frequently lost in prostate cancer as the
stage advances, but frequently reappears within bone marrow and lymph
node metastatic foci (174). Adenovirus mediated restoration of ER-B
expression in DU145 prostate cancer cells inhibited their proliferation and in
vitro invasion through Matrigel, and induced apoptosis (175), thereby
suggesting a possible role of ER-B in tumor suppression. However, the
reappearance of ER-f in metastatic tumor foci is shown not to impair the
prostate cancer growth at such ectopic sites, and possibly even confers a
survival advantage to these tumor cells. In contrast to the proposed tumor
suppressive role of ER-P, ER-a activation has been proposed to play a role
in tumorigenesis (176). It is possible that estrogens alone, or in synergy with
an androgen, induce aberrant growth and neoplastic transformation in the
prostate, probably via their action on ER-o. In agreement with this
contention, the selective estrogen receptor modulator, Trioxifene, was shown
to inhibit metastasis and extend survival in the PAIII rat prostatic carcinoma
model (177).

In addition to genetic instability, epigenetic stability too is a hallmark of
malignant cells. With the help of epigenetic manipulations, the tumor cell is
able to control specific gene expression patterns and express proteins that are
required at specific stages in tumor progression. Evidence suggests that ER-
B gene is subject to DNA methylation and thereby gene silencing as the
prostate cancer progresses (178). Interestingly, treatment of both prostate
and breast carcinoma cells with the DNA methyltransferase inhibitor 5-aza-
2'deoxycytidine (5-aza-dC) led to reactivation of silenced ER-o and in some
cases ER-B gene, further providing evidence that the ER-B gene, similar to
the ER-ol gene, may be subject to regulation by DNA methylation in these
solid tumors. In addition to estrogen receptors, the progesterone receptor has
also shown to be upregulated in later stages of the androgen independent
prostate cancer tissue specimens, along with a corresponding increase in ER-
o mRNA levels (176, 179). Although the precise implication of such a
finding is open to further investigations, it is possible that at later stages of
tumor progression, androgen-independent prostate cancer cells utilize
estrogen dependent signaling pathways for growth and/or metastases. As
growth factor receptor overexpression also leads to substantial genetic and
epigenetic variations in tumor cells, such research questions aimed at
elucidation of the precise role of the two estrogen receptors and their
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crosstalk with other growth factor receptors during prostate cancer
progression offers a fertile ground for future research.

4. CELL MOTILITY ASANOVEL THERAPEUTIC
TARGET IN LIMITING PROSTATE TUMOR
PROGRESSION

Aims to curb and cure prostate cancer have been only partially
successful. Mortality due to prostate cancer, once it has escaped from the
confines of the prostate capsule, remains high. Thus, limiting tumor invasion
and metastasis provides a strong rationale in novel cancer therapeutics in that
tumors can be rendered less invasive and more amenable for surgical
resection with a lower probability of recurrence at best, or slowed in their
further dissemination. Targeting tumor invasion needs a precise and detailed
knowledge of different underlying phenotypic characteristics that a tumor
cell acquires during the process of metastasis. The current knowledge of this
comprises this chapter.

Cell motility, specifically, as a critical requirement for tumor invasion,
affords an attractive target that can be explored in therapy of advanced and
aggressive prostate cancers. Segregation of individual biophysical events of
cell motility have elucidated the detailed kinetics of this complicated and
well orchestrated cellular process. Laboratory based experiments in tumor
biology aimed at disrupting these biophysical events have shown promising
results, e.g. inhibition of rear cell membrane detachment by targeting calpain
using a specific calpain inhibitor ALLN, decreased invasion of DU145
prostate tumor cells across Matrigel and limited dissemination in a murine
xenograft model of prostate cancer progression (12). Similarly, abrogation of
PLCy signal transduction pathway that is crucial in lamellipodal protrusion
of migrating tumor cell using a specific pharmacological or molecular agent
inhibited migration and invasion of prostate carcinoma cells in vitro and in
vivo (11). Preliminary data from our laboratory suggest that PLCy targeting
also reduced the metastases and invasiveness of in sifu occuring prostate and
breast cancers in transgenic mice. Interestingly, none of the agents used in
these studies affected the proliferation of these tumor cells. Myosin II also
has been a target to limit prostate tumor invasion (13). In addition,
investigators have focused on targeting cell adhesion molecules (CAMs)
such as integrin receptors in limiting tumor cell motility. Current anti-
adhesion molecule cancer therapy is dominated by the use of neutralizing
antibodies, immunotoxins, and soluble proteins (180, 181); e.g.Vitaxin, a
humanized antibody, and cilengitide, a cyclic peptide mimicking the RGD
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(Arg-Gly-Asp) ligand recognition peptidic domain common to alpha v
integrin ligands, are in phase II clinical trials (181). Thus targeting key
underlying biochemical molecules that control individual as well as
integrated biophysical processes of cell migration offer a very promising
avenue in cancer therapeutics.

Lamellipod protrusion
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Figure 3. Epidermal growth factor induced motility of tumor cells can be abrogated at
multiple signaling nodes that control different biophysical processes. Different commercially
available chemical compounds that abrogate specific intracellular signaling cascades in vitro
are shown; e.g. inhibition of PLCy signaling pathway via U73122 can disrupt lamellipodal
protrusion as well as cytoskeletal reorganization. Similarly cell contractility can be limited by
inhibition of PKCd by Rottlerin as well as limiting myosin light chain phosphorylation by
ML-7. Finally, rear membrane detachment can be inhibited by targeting ERK (by U0126) and
limiting calpain activity using specific inhibitors like Calpain inhibitor — I (or CI-I) and
ALLN. These compounds can be further explored as potential drugs in the treatment of
invasive and metastatic prostate cancers.

This is indeed an era of “biological therapy”. Relentless and inundating
research investigations in the field of tumor biology have unraveled the roles
of countless biologically active molecules and signal transduction pathways
in dictating key cellular responses like proliferation, evasion of apoptosis
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and migration. Indeed, with availability of highly specific and effective tools
for genetic interventions like short interfering RNA (siRNA), the prospects
of “downregulating” oncogenic proteins / receptors posit a challenging and
exciting avenue for cancer researchers. The past few years have seen the
clinical use of monoclonal antibodies and specific drugs against growth
factor receptors like EGFR, HER-2 and Platelet derived growth factor
receptor (PDGFR)/c-kit that are aimed at abrogating tumor proliferation and
motility especially in breast, ovarian and lung cancers (182, 183).
Pharmacological agents against matrix metalloproteinases (like Batimastat
and Marimastat) and the uPA-uPAR system are being exploited for their
effectiveness in treating invasive tumors (184, 185). In addition, signal
transduction pathways like those of ERK/MAP Kinase and PI3Kinase /Akt
pathway that regulate tumor cell proliferation and survival offer new
potential targets in anti-cancer drug discovery. Thus anti-cancer therapy
aimed at inhibition of these vital signaling molecules and the key biophysical
events they control, holds a promise in the management of this deadly
disease.
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COLOR PLATES

CHAPTER 2

Q /-—--..v..-—e
' type IV collagen

Figure 1. The complicated inter-relationships of the major components of the basement
membrane are shown in a diagram to scale based on detailed analyses of molecular
interactions by Dr. Peter D. Yurchenco. In the diagram, Collagen Type IV (Col-IV) forms one
network. Laminin (Lm) forms another. Entactin (En) and Perlecan (Perl) interact with the two
networks. HS is the heparan sulfate glycosaminoglycans linked to the perlecan core protein.
(16 adapted with permission).
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CHAPTER 3

Figure 1. Single photon imaging of a tumor formed by MTLn3 cells expressing GFP and a
blood vessel visualized using thodamine dextran. From (1).

Figure 3. ECM fibres converge on blood vessels in mammary tumours. Multiphoton
microscopy shows that carcinoma cells (green) move on extracellular-matrix fibres (purple),
some of which converge on blood vessels (arrow). From (18).
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Figure 4. Blood vessel structure determined by multiphoton microscopy. Animals were
injected with Texas Red dextran (70,000 MW) and then the tumors were imaged taking a slice

every 5 microns. The z series were then projected to generate a stereo image showing blood
vessels (top and red) and tumor cells (middle and green).
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Figure 5. Movement of macrophages in tumors. A knockin of GFP at the lys promoter
(courtesy of Dr. T. Graf) (34) was crossed with the MMTV-PyMT strain to generate tumors
containing GFP labeled macrophages. The tumors were imaged for GFP (green) and matrix
fibers (2nd harmonic, blue). Three frames from a time-lapse sequence are shown,
demonstrating the high motility of the GFP labeled cells.

Figure 6. Movement of macrophages and carcinoma cells into collection needles in response
to growth factors. A, Model shows how the experiment is performed. The primary tumor in
the right number 5 mammary gland is selected to minimize breathing motion, and the position
of the collection needle is controlled with a micromanipulator (not shown). B, movement of
fluorescent carcinoma cells (top, WAP-Cre/CAG-CAT-EGFP/MMTV-PyMT tumor) and
macrophages (bottom, MMTV-PyMT/lys-GFPKi tumor) toward EGF-containing collecting
needles. The approximate opening of the collection needle is shown in each field. Each image
is a 50-um z-projection and is from a time-lapse series. Images on the right were recorded 90
minutes after images on the left; bar, 25 um. From (36).
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Figure 7. Example of terminal end bud imaging from Mac green female showing green
fluorescent macrophages and collagen structures surrounding a terminal end bud (stained with
propidium iodide, red). Macrophages (green) and collagen (blue) appear to be co-localized.

100 pm

Figure 8. Example of 3-dimensional imaging of terminal end bud in op/+ mice. Fixed whole
mounts were imaged with a red filter (A) for propidium iodide staining, and a blue filter (B)
for collagen matrix by second harmonic generation, and merged using Image J software (C).
These images are 22 um stacks through the largest part of the terminal end bud. The images
were resliced in 2 um steps from left to right (D) and top to bottom (E) to produce images
showing the length and height, and width and height respectively.
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CHAPTER 4
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Figure 2. Photo of the silicon-chip scaffold (lower left) and polycarbonate microreactor
housing that holds the scaffold and provides four ports for continuous flow of culture medium
across the top of the scaffold and through the tissue mass held within the scaffold. An optical
window at the top allows in-situ observation of the tissues by two-photon microscopy. Right:
Schematic of scaffold and reactor housing shown in cross-section, indicating the connections
to recirculation loop and observation window. The main flow of culture medium is across the
top of the chip in the upper chamber (pump 1). Flow through the tissue mass in the chip is
maintained at a constant rate by either pulling medium through or pumping medium in reverse
flow through with the second pump.

CHAPTER 5
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Figure 1. lllustration of autocrine vs. paracrine signaling. The green circle represents a cell
that produces a ligand and expresses the receptor for the ligand. The blue circles are
neighboring cells that also express the receptor. Red receptors are occupied by ligand, which
leads to intracellular signling. (Left) Case of autocrine operation, essentially all of the ligand
produced is captured locally. (Right) Case of paracrine operation, with very little ligand
captured by the producing cell. (Adapted from DeWitt et al., 2002).
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No exogenous EGF w/ exogenous EGF (2 nM)

® Parentals

Figure 2. Autocrine producing EGF-Ct cells do not stimulate migration of neighboring
parental hMEC cells. The initial location of EGF-Ct (orange) and parental hMEC (green)
cells and their subsequent cell paths are shown in the absence (left, Control) and presence
(right, +EGF) of 2 nM exogenous EGF. (Adapted from Maheshwari et al., 2001).
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