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Preface

In metastasis, tumor cells disseminate from the primary
lesion and home to secondary organs where they may remain
dormant for a long time. Metastasis formation is still the most
feared manifestation for tumor patients and clinicians.
Although improvements have been made concerning earlier
detection and specific therapy, most of the cancer patients
still die of distant metastases. The purpose of these three
volumes is to review the recent progress in molecular metas-
tasis research and to attempt to further understand the biol-
ogy of this multifocal process.

With respect to present day molecular biology, the pioneers of
metastasis research established the basic concepts of metasta-
sis formation in the 1970s and 1980s, namely, clonal selection of
metastatic cells, heterogeneity of metastatic subpopulations,
organ specificity of metastasis and the importance of angio-
genesis (Fidler, Kripke, Nicolson, Folkman and others). In the
1980s and 1990s, several of the molecules involved were
identified and their network interactions elucidated. These
three volumes of Current Topics in Microbiology and Immuno-
logy compile the most recent developments on these meta-
stasis-related molecules; their interactions, regulation, and
ways to interfere with their action. It became evident that
metastasis-related molecules are confined to distinct cellular
compartments, such as the extracellular space, the cell
membrane, the cytoplasmic signalling network, and the nuclear
regulatory system.

For the complex metastatic cascade, proteolysis and
alterations in adhesive functions are the most obvious and
thus one of the most thoroughly investigated processes.
Various proteases and precursors (metalloproteinases and
serine proteases) and their inhibitors (tissue inhibitors of
metalloproteases, plasminogen activator inhibitors and serpins)
exhibit a sensitive complex of interplay — we are particularly
fascinated by their highly regulated nature. Not only the
proteases and their inhibitors are important in all the different
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stages of metastasis formation, but also to the same extent
adhesive and ‘"de-adhesive" interactions: metastatic cells
must constantly detach themselves from their old partners
and reattach to new ones, as mainly outlined in the first
volume and partly in the second volume. Among the wide-
spread members of the adhesion molecule families, certain
immunoglobulins, integrins, cadherins, selectins, and hyaluro-
nic acid receptors as well as their ligands are implicated in the
spread of metastatic cells. The control of the metastatic
cascade by these extracellularly acting molecules is
delicately balanced, and slight changes could affect the
establishment of the normal cellular organization and conse-
guently promote metastasis formation. Strikingly, some
genes of adhesion molecules have recently been identified as
tumor suppressor genes in model organisms (e.g. Drosophila)
and are in fact mutated in metastasizing human tumors.

Growth of primary tumors and metastases is strictly depen-
dent on angiogenesis, the formation of new blood vessels. How
this process is regulated by cytokines is another topic of the
second volume. Cytokines are not only important in angio-
genesis but are essential for the direct migration of metastatic
cells. Cytokines act through specific receptors which mediate
signals by different means, e.g., tyrosine phosphorylation. A
recent discovery is that cytoplasmic signal transduction
components, transcription factors, and cell cycle regulators
are also metastasis-related. Many of the presently described
genes in metastasis were known as activated oncogenes for
several years, but apparently the encoded gene products have
a broader spectrum of action than was originally assumed.

We have recently learned that the spread of metastatic
cells, especially of micrometastases, is far more extensive
than previously expected. A successful antimetastatic therapy
therefore requires new strategies: for this reason the third
volume comprises novel approaches such as immuno-
therapy, transfer of tumor-inhibiting genes and anti-sense
constructs, as well as interference with signal transduction
pathways. Promising new therapeutic approaches also
involve the use of anti-angiogenic factors or of recombinant
soluble metastasis-related molecules which interfere with
ligand interactions.

As the process of metastatic spread is presently regarded
as a‘multifactor event which is yet to be sufficiently understood
in the multitude of its aspects, approaches to clinical treatment
have to be polypragmatic. Methods of treatment are based on
chemotherapy and radiotherapy, refined and adapted to the
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type of tumor pertaining and the pattern of metastatic spread.
Increasingly, therapies which incorporate new insights from
immunology and molecular biology are adopted for clinical
use. To present a rounded scope of the topic, these current
strategies are covered by the third volume in particular.
Surgical treatment options are indicated in cases where a
curative intervention is feasible e.g. in solitary metastases of
colorectal carcinoma, soft tissue, and kidney tumors.

We hope that the reader of these volumes is impressed
by the quality of the contents. Metastasis has obviously
emerged as a serious discipline of natural sciences due to the
fact that the molecular biology of various metastasis-related
molecules and their complex interplay became transparent.
We are, nevertheless, still in the beginning phase and await
further progress from which patients will finally benefit.

Most, if not all of the metastasis-specific processes des-
cribed are also known to be involved in embryonic development
and pattern formation, as well as in leukocyte biology. The
disciplines of metastasis research, developmental biology,
and immunology can, therefore, profit from and stimulate
each other. The genetic analysis of candidate molecules and
their interplays in transgenic mice will certainly further broaden
our understanding of the molecular basis of metastasis
formation.

We would like to thank the authors who have spent their
valuable time in writing a chapter for this series. Without their
expertise and cooperation, this compilation of newest
developments in metastasis research would not have been
attainable. Leslie Nicklin (Basel) assisted the edition of this
series with her competent skills; we are most grateful for her
contribution.

Basel UrsuLa GUNTHERT
Berlin WALTER BIRCHMEIER
Berlin PeTER M.ScHLAG



List of Contents

W.C. PoweLL and L.M. MATRISIAN
Complex Roles of Matrix Metalloproteinases

in Tumor Progression .. ........................ 1
M. Sei

Membrane Type-Matrix Metalloproteinase

and Tumorinvasion. . ........... ... ... ........ 23

P. MienatTi and D.B. RiFkiN
Plasminogen Activators and Angiogenesis .. ........ 33

R. Sacer, S. SHeng, P. PemserTon, and M.J.C. HeNDRIX

Maspin: A Tumor Supressing Serpin. . ............. 51
B.M. MUELLER

Different Roles for Plasminogen Activators

and Metalloproteinases in Melanoma Metastasis. . . . . 65

M.J. Reep and E.H. SaAce
SPARC and the Extracellular Matrix:
Implications for Cancer and Wound Repair. . ... ... .. 81

J.P. JoHnson, M.M. RumMmEL, U. ROTHBACHER,
and C. Sers

MUC18: A Cell Adhesion Molecule

with a Potential Role in Tumor Growth

and Tumor Cell Dissemination. ... ............... 95
R.C. EweLE and B.U. Pauu
Lu-ECAM-1 and DPP IV in Lung Metastasis ......... 107

M.E. Brackg, F.M. Van Rov, and M.M. MAaREEL
The E-cadherin/Catenin Complex in Invasion
and Metastasis. . .......... ... . . ... .. 123

S. Braun and K. PANTEL

Biological Characteristics

of Micrometastatic Carcinoma Cells

in Bone Marrow . ....... ... .. .. . ... 163



X List of Contents

B. Bover, A.M. VaLLEs, and J.P. THIERY
Model Systems of Carcinoma Cell Dispersion ... ...

B.A. ImHoF, L. PiaL, R.H. Gister, and D. DunoN
Involvement of a6 and av Integrins in Metastasis. . .

N. Montuorl and M.E. SogeL
The 67-kDa Laminin Receptor and Tumor Progression .

M. ZOLLER
Joint Features of Metastasis Formation
and Lymphocyte Maturation and Activation ... ... ..

L. SHERMAN, J. Steeman, P. DaLL, A. HekeLg, J. MoLt,

H. PonTa, and P. HERRLICH

The CD44 Proteins in Embryonic Development

andin Cancer ............ .. ... ... ...

U. GUNTHERT

CD44 in Malignant Disorders .. .................. |

Subject Index ........ .. ... .. ...

179

195

205

215

249

271
287



List of Contents
of Companion Volume 213/Il

R.K. SingH and |.J. FiDLER
Regulation of Tumor Angiogenesis
by Organ-Specific Cytokines

R. Giavazzi
Cytokine-Mediated Tumor-Endothelial Cell Interaction
in Metastasis

M.S. PeppERr, S.J. MaNDRrIOTA, J.-D. VassaLu, L. Orgl,
and R. MoONTESANO
Angiocgenesis-Regulating Cytokines: Activities and Interactions

D.G. Tang and K.V. Honn
Adhesion Molecules and Tumor Cell-Vasculature Interactions:
Modulation by Bioactive Lipid Molecules

G.L. NicoLson, D.G. MENTER, J.L. HERRMANN, Z. YUN,

P. CavanaugH, and D. MARCHETTI

Brain Metastasis: Role of Trophic, Autocrine,

and Paracrine Factors in Tumor Invasion and Colonization
of the Central Nervous System

W. BIRCHMEIER, J. BEHRENS, K.M. WEIDNER, J. HULSKEN,
and C. BIRCHMEIER

Epithelial Differentiation and the Control of Metastasis
in Carcinomas

S. Sitetm and A. Raz
Regulation of Autocrine Motility Factor
Receptor Expression in Tumor Cell Locomotion and Metastasis

E.M. LukanipbIN and G.P. GEoRGIEV
Metastasis-Related mts 7 Gene

R.J. MuscHeL and W.G. McKEeNNA

Alterations in Cell Cycle Control During Tumor Progression:
Effects on Apoptosis and the Response

to Therapeutic Agents



Xil List of Contents of Companion Volume 213/l

J.M.P. Frewg, N.J. MacDonaLb, and P.S. STeec
Differential Gene Expression in Tumor Metastasis: Nm23

E.H. PosTEL
NM23/Nucleoside Diphosphate Kinase
as a Transcriptional Activator of c-myc

J.G. CoLarp, G.G.M. HaBets, F. MicHIELS, J. STAMm,
R.A. van DErR KamMEN and F. vaN LEEUWEN
Role of Tiam 1 in Rac-Mediated Signal Transduction Pathways

P.H. Watson, R. SingH, and A.K. HoLe
Influence of c-myc on the Progression
of Human Breast Cancer

Subject Index



List of Contents
of Companion Volume 213/l

K. PanTeL and G. RIETHMULLER
Micrometastasis Detection and Treatment
with Monoclonal Antibodies

I.R. HarT
Transcriptionally Targeted Gene Therapy

R.A. Reisreld and S.D. GILLIES
Recombinant Antibody Fusion Proteins
for Cancer Immunotherapy

Z. Qin and T. BLANKENSTEIN

Influence of Local Cytokines on Tumor Metastasis:
Using Cytokine Gene-Transfected Tumor Cells
as Experimental Models

J.A. Henpbrzak and M.J. BRunpa
Antitumor and Antimetastatic Activity of Interleukin-12

L. EISENBACH
Curing Metastases? Gene and Peptide Therapy

L. Ossowski
Effect of Antisense Inhibition of Urokinase Receptor
on Malignancy

W. WELs, B. Groner, and N.E. HyNES

Intervention in Receptor Tyrosine Kinase-Mediated
Pathways: Recombinant Antibody Fusion Proteins
Targeted to ErbB2

M.-S. Sy, D. L, R. ScHiavong, J. Ma, H. Mor,, and Y. Guo
Interactions Between CD44 and Hyaluronic Acid:
Their Role in Tumor Growth and Metastasis

R. Ristamaki, H. JoENsuu, and S. JALKANEN
Does Soluble CD44 Reflect the Clinical Behavior
of Human Cancer?



XV List of Contents of Companion Volume 213/l

R. ALessanpro, J. SpoonsTeRr, R.P. WERsTo, and E.C. KoHN
Signal Transduction as a Therapeutic Target

V. SCHIRRMACHER, V. UmMaNsky, and M. RocHa
Immunotherapy of Metastases

R.U. HiLgenreLd and E.-D. KREUSER
Immunological and Biochemical Modulation

in the Treatment of Advanced Colorectal Cancer:
Update and Future Directions

P.M. ScHiag, M. HUNERBEIN, and P. HOHENBERGER
Surgical and Multimodality Approaches to Liver Metastases

Subject Index



List of Contributors

(Their addresses can be found at the beginning of their respec

tive chapters.)

Bover, B. 179
Bracke, M.E. 123
Braun, S. 163
Daw, P. 249
Dunon, D. 195
ElBLE, R.C. 107
Gister, R.H. 1956
GONTHERT, U, 271
HekeLe, A. 249
Henorix, M.J.C. 51
HERRLICH, P. 249
ImHoF, B.A. 195
JoHnson, J.P. 95
MaRreeL, M.M. 123
MaTrisian, L.M. 1
MignaTTl, P, 33
MoLt, J. 249
MonTuori, N. 205
MUELLER, B.M. 65
PanTeL, K. 163
Pauu, B.U. 107

PEMBERTON, P. 51
Piau, L. 195
Ponta, H. 249
PoweLL, W.C. 1
Reep, M.J. 81
Rirkin, D.B. 33
ROTHBACHER, U. 95
RummeL, M.M. 95
Sace, EH 81
Sacer, R. 51

Seki, M. 23
Sers, C. 95
SHENG, S. 51
SHERMAN, L. 249
SLEEMAN, J. 249
SoseL, M.E. 205
Thiery, J.P. 179
VaLLes, AM. 179
VaN Rov, F.M. 123
Z06LLER, M. 215
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1 Introduction

The local invasion and metastatic spread of tumor cells throughout the body is one
of the primary concerns of the oncologist. If all tumors were confined within a
defined space, most neoplasms could be removed and subsequently cured with
the surgeon's scalpel. However, this is not the case within the scope of cancer
biology. Some neoplasms are highly metastatic {melanoma), while others are
rarely metastatic (brain tumors), but given enough time and/or negligence
most tumors will spread to distant sites. The intent of this series is to understand
the mechanisms that tumor cells use to invade, disseminate and form viable
metastatic colonies as well as discuss potential therapies for metastatic disease.
This chapter will address the role of the matrix metalloproteinases (MMPs) and
their inhibitors in the process of tumor progression, invasion, and metastasis.

1.1 The Matrix Metalloproteinase Multigene Family
The metalloproteinase multigene family is a continually growing group of

enzymes that have links to both normal cellular processes, for example the
menstrual cycle (Robcers et al. 1994), and neoplastic invasion and metastasis.

Department of Cell Biology, Vanderbilt University School of Medicine, Nashville, TN 37232, USA
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The proteinases that comprise the MMP family have several distinguishing
characteristics:

1. The proteins have a characteristic pattern of conserved domains.

2. The substrates for these enzymes are the proteins that make up the
extracellular matrix (ECM) and basal lamina (BL).

3. Proteolytic activity is inhibited by tissue inhibitors of metalloproteinases
(TIMPs).

4. The enzymes are either secreted or transmembrane pro-enzymes that
require activation to exert their matrix degrading activity.

5. The active site contains a zinc ion and requires a second metal cofactor
such as calcium.

6. Enzymatic activity is optimal in the physiological pH range.

In the past, the MMP family has been frequently divided into three classes
based on their substrate specificity: (1) the collagenases degrade fibrillar
collagens: (2) the gelatinases degrade denatured and basement membrane
collagens, and (3) the stromelysins degrade proteoglycans and glycoproteins.
This classification scheme becomes problematic when new MMPs are cloned
or new substrates are identified for an enzyme and has resulted in the need to
place some enzymes in an "other" category until sufficient information is
available. We propose a methodology for classifying MMPs based primarily on
the protein domain structure. This approach has been used to subdivide other
protein families, for example the growth factor receptor/kinase family of
proteins. This classification reduces the variability associated with substrate
specificity being the determining factor for classification, since not all en-
zymes have been tested on all ECM and BL proteins and allows for a more
rapid and unbiased classification of new MMP family members.

1.2 Matrix Metalloproteinase Protein Structure

The MMP family members share several conserved and easily recognizable
protein domains. Under the proposed classification system, the enzymes are
categorized based on the number and characteristics of specific protein
domains (Fig. 1). The minimal domain enzyme, matrilysin, contains three
domains that are present in all MMPs and make up the structural basis for the
entire family. The signal sequence or-"pre" domain contains a series of hydro-
phobic amino acids that direct the protein for export but are rapidly removed
prior to secretion. The propeptide domain contain a highly conserved segment
of eight amino acids, PRCGVPDV, with an unpaired cysteine that interacts
with the zinc ion in the active site. This model, termed the "cysteine switch"
mechanism of MMP activation (Park et al. 1991; SpringmaN et al. 1990; VaN
WarT and BirkepaAL-Hansen 1990), was based on the ability of various com-
pounds that activate MMPs to disrupt the interaction between the zinc and the
conserved cysteine either directly or by altering the protein conformation of the
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prodomain. This event allows a water molecule to be the fourth zinc ligand,
thus displacing the cysteine (BIRKEDAL-HANSEN et al. 1993). The release of the
prodomain from the active site zinc leads to the removal of the prodomain via
an autocatalytic mechanism to produce the mature enzymatic form. The
catalytic domain contains three conserved histidines in the peptide sequence
HEXGHXXGXXHS. These histidines are required for ligation of the zinc ion and
the activity of the MMP (Winpsor et al. 1994 and references therein). The
catalytic domain of human collagenase has been crystallized and the structure
solved to a 2.0.A resolution (Bope et al. 1994; LoveJov et al. 1994). This work
verified that the zinc contained in the catalytic site is coordinated by the three
histidines of the conserved catalytic domain and that the protein contained a
second 'structural' zinc. The authors indicated that the structure of the cata-
lytic domain should hold true for the other members of the MMP family with
the exception of gelatinases A and B, which contain a 182 amino acid insertion
(the fibronectin domain, see below) in the catalytic domain.

Matrilysin is the only family member to date that does not contain a
COOH- terminal domain that has homology to a heme binding protein (hemo-
pexin) and the ECM component vitronectin. In this classification scheme, the
addition of this domain distinguishes the "hemopexin domain" MMPs from
matrilysin (Fig. 1). Several functions have been assigned to this domain in
different MMP family members. The hemopexin domains in progelatinase A
and B have been associated with interactions with the inhibitors TIMP-2 and
TIMP-1, respectively (Baraai et al. 1994; Howarp and Banpa 1991; Howarp et al.
1991a; MurpHy et al. 1992). In interstitial and neutrophil collagenase, the
hemopexin domain is associated with substrate and inhibitor binding (Bica
et al. 1994; SancHEz-Lorez et al. 1993; ScHNIERER et al. 1993). The hemopexin
domain of gelatinase A is required for cell surface activation (MuRrpPHY et al.
1992; WaRD et al. 1994).

The hemopexin domain and the catalytic domain are linked by a "hinge
region” that is of variable length and composition (BIrRkebaL-HANSEN et al. 1993).
Interestingly, this hinge region has a conserved size and peptide sequence in
MMPs that are able to degrade fibrillar collagen, and this sequence has been
shown to be important in conferring the ability of collagenases to degrade
fibrillar collagen (Hirose et al. 1993). This structural difference in the hinge
region allows for a subclassification within the hemopexin domain enzymes
that differentiates the collagenases from the stromelysins and other MMPs
that have similar structures but different substrates.

The most recently described members of the MMP family contain a
domain that is common to many proteins but is newly characterized in the
MMPs. Membrane-type MMP-1 (MT-MMP-1) has the domain structure found
in the hemopexin MMPs with the addition of a membrane spanning domain.
The'transmembrane domain of MT-MMP-1 has been verified by deletion and
translocation analysis (Cao et al. 1995). Membrane localization is required for
its only known activity, activating gelatinase A on cell membrane surfaces
(Cao et al. 1995). Recently, MT-MMP-2 and MT-MMP-3 have been cloned and
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their domain structure is very similar to MT-MMP-1 (WiLL et al. 1995; TAkINO
etal. 1995).The recent cloning of MT-MMP-1 has indicated a second potential
new domain, one they share with stromelysin-3. This domain is a ten amino
acid insertion following the PRCGVPDV sequence that contains the consensus
sequence RXKR, which is a recognition site for furin-like enzymes (Roesroek
et al. 1994). The furin-like enzymes function in protein processing and have
been shown to function in a number of protein maturation pathways (BRESNAHAN
et al. 1990). Recently, stromelysin-3 has been shown to be activated intra-
cellularly by furin in COS cells and, furthermore, the transfer of the ten amino
acid sequence to interstitial collagenase causes intracellular activation (Pl
and WEeiss 1995). MT-MMP-1 and stromelysin-3 share another characteristic in
that neither enzyme appears to efficiently degrade ECM proteins. Stromelysin-3
requires a COOH-terminal cleavage as a second activation step and still has
very low activity against ECM substrates (MurpHY et al. 1993), and the only
described substrate for MT-MMP-1 is gelatinase A (SaTo et al. 1994). These
observations suggest the possibility that the mechanism of activation may
affect substrate recognition, or that there maybe other functions associated
with MMPs other than degrading ECM and BL proteins directly.

The last subclass of MMPs is based on the presence of the fibronectin
domain. Both gelatinase A and B contain a domain that is homologous to the
collagen binding region of fibronectin (CoLLEr et al. 1988; WiLHELM et al. 1989).
This region has been shown to be required for gelatinase activity as well as
collagen binding of gelatinase A (MureHy et al. 1994). A separate study
indicates that the fibronectin domain, when expressed by itself, had a high
affinity for gelatin and could displace native fibronectin from gelatin (Banval
et al. 1994). Gelatinase B is the only MMP to contain a sequence similar to the
o, chain of type V collagen in the hinge region but the functional significance of
this insertion is unclear.

We have proposed a new classification system for the MMP family based
on protein domain structure. This system allows for faster classification of
newly cloned genes and eliminates many of the discrepancies that arose from
the substrate specificity-based system. Like their ECM substrates, it is now
recognized that the MMPs are a large family of highly modular proteins and
that the combination of specific domains relates to the functional characteris-
tics of the individual enzyme.

1.3 Matrix Metalloproteinase Activation

It is generally accepted that degradation of the BL or ECM is the end result of
a proteolytic cascade involving members of both the serine and metallopro-
teinase families (LioTra et al. 1991; Matrisian 1992; Nacase et al. 1990; Suzuki
et al. 1990; Woessner 1991). These models are based on data showing that
in vitro, both MMPs and serine proteinases can act on the proforms of one
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another, and on inhibitor studies that demonstrate that both MMPs and
serine proteinases are necessary for invasion of tumor and endothelial cells
through BL components (MiGNATTI et al. 1986). Plasmin has been shown to
activate most of the MMPs by making one cleavage in the prodomain which
initiates the autoactivation of the MMP (EeckHouT and Vaes 1977; SANTIBANEZ
and MarTiNnez 1993). The MMP matrilysin can act on urokinase to liberate the
NH,-terminal fragment containing the receptor binding domain from high
molecular weight prourokinase (Marcotre et al. 1992), which could affect
subsequent cell surface activation of urokinase. These activations have been
shown to occur in tissue culture (HE et al. 1989; MarcoTte et al. 1992), but
there is little direct evidence that these types of activations occur in vivo.
One of the recently discovered MMPs, MT-MMP, has been shown to be
responsible for the membrane localized activation of gelatinase A in tumor
cells (Sato et al. 1994). The concept of a proteolytic cascade formed co-
operatively by different cell types is a subject of considerable interest that
requires further investigation.

1.4 Tissue Inhibitors of Metalloproteinases

The activated form of these MMPs can be inhibited by a family of secreted
proteins known as tissue inhibitors of metalloproteinases. Currently there are
three known TIMPs; TIMP-1, TIMP-2 and TIMP-3. The TIMPs are highly
structured proteins that contain 12 conserved cysteines that form six disulfide
bridges between protein segments (WiLLiamson et al. 1990). The TIMPs are
expressed in most tissues and can be coregulated or differentially regulated
with the MMPs depending on the tissue or cell type. TIMP-1 inhibits all of the
MMPs but preferentially binds progelatinase A and inhibits other members of
the MMP family (HowarD et al. 1991 a,b). The most recently discovered TIMP,
TIMP-3, has been shown to be expressed in a broad range of tissues, as was
found with TIMPs 1 and 2 (ArTe et al. 1994; Leco et al. 1994; SiLBIGER et al.
1994). The biochemistry of TIMP-3 interactions with the MMP family mem-
bers has yet to be addressed. Currently TIMP-2 is being tested for clinical
efficacy in treating human cancers that exhibit high rates of metastatic spread
(Parkins 1994). Thus TIMPs represent a growing family of broad spectrum
MMP inhibitors that play a critical role in the regulation of ECM degradation/
remodeling. ‘
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2 Matrix Metalloproteinases and Cancer

2.1 Matrix Metalloproteinase Expression in Neoplasia

The MMPs have long been associated with malignant transformation. Stro-
melysin-1 and gelatinase A were originally cloned from viral or oncogene
transformed cells (CoLuER et al. 1988; MaTrisiaN et al. 1985). Many oncogenes
have been shown to regulate MMP levels, and to date all but one MMP family
member has been shown to have an AP-1 transcription element in their
promoter (Gaire et al. 1994 and references within) which has been shown in
several cases to be involved in mediating this response (GutManN and WasyLyk
1990 for review). MMPs can also be induced by many growth factors and
cytokines in cultured cells, including epidermal growth factor, (EGF) platelet-
derived growth factor, (PDGF) tumor necrosis factor-o (TNFa) and transforming
growth factor-o. (TGF)a (for review see MaTrisiaN and Hogan 1990). Although
MMPs are induced by oncogenes in several cell typ€s,-in situ hybridization
studies have demonstrated that most MMPs are produced by normal stromal
cells surrounding the tumor (BasseT et al. 1990; NewelL et al. 1994, for
example), suggesting that tumor produced growth factors may be involved in
MMP induction in vivo. Matrilysin is unusual among the MMPs in that it is
primarily expressed by epithelial cells and tumor cells of epithelial origin
(McDonNELL et al. 1991; Pasoud et al. 1991; Robpcers et al. 1993). In early
neoplastic events this segregation of MMP production appears to remain intact,
i.e. glandular epithelial derived carcinoma cells express matrilysin while several
other MMPs are expressed in the surrounding connective tissue cells (NEwELL
et al. 1994, for example). However, in some late stage squamous cell carcino-
mas stromelysin-1 and collagenase can be expressed by epithelial derived
tumor cells (WRIGHT et al. 1994 and unpublished data), potentially reflecting the
epithelial/stromal conversion that occurs frequently in late-stage carcinogenesis.

2.2 Tumor Growth, Invasion and Metastasis

The process by which neoplasms metastasize is composed of a complex
series of events (FiDLER 1991; KHokHA et al. 1989; LioTta et al. 1991, NicoLsoN
1989). Liotta has proposed a three step model of tumor cell invasion: (1) tumor
cell attachment to the BL, (2) localized proteolysis of the BL, and (3) migration
through the BL and stroma (LioTta 1986). In the case of glandular epithelia,
many tissues contain a basal cell layer next to the BL. As carcinoma in situ
develops, these basal cells are displaced and the carcinoma cells come in
contact with and attach to the BL. The degradation of the BL through the
secretion of proteinases can be mediated by not only metalloproteinases and
serine proteinases, as described previously, but lysosomal cathepsins of both
the cysteine and aspartyl class can also be secreted by tumor cells and
degrade components of the BL (Kane and GottesmaN 1990; RocHEFORT et al.
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1990). Finally the tumor cells migrate through the digested BL and into the
ECM with subsequent access to the microvasculature and lymph systems.
This three step process of tumor cell invasion is one critical portion of the larger
process of metastasis which includes cell motility, intravasation, immune
system evasion, extravasation and tumor colony formation (LioTTA et al. 1991;
NicoLsoN 1991).

The evidence of MMP involvement in invasion and metastasis comes
from three main sources: correlative evidence demonstrating the expression
of MMPs in advanced-stage tumors (discussed in detail below), in vitro
models of invasion, and in vivo models of invasion and metastasis. The best
evidence of the role MMPs perform in invasion and metastasis have come
from studies using the TIMPs as a method of inhibiting all MMP family
members. Using in vitro models of invasion with modified Boyden chambers
and a membranous barrier of human amnion, reconstituted BL (matrigel), or
smooth muscle cells, TIMP-1 (DeCLerck et al. 1991, for example) has been
shown to inhibit tumor cells from entering or crossing the membrane. When
TIMP-1 levels in a nontumorigenic fibroblast cell line were reduced by
antisense RNA, the resulting cells were tumorigenic and were able to form
distant metastases when injected subcutaneously into mice (KHokHa et al.
1989). Mice that were treated i.p. with TIMP-1 every 12 h and injected i.v. with
B16-F10 melanoma cells had fewer experimental metastases (ScHuLTz et al.
1988). TIMP-2 overexpression in metastatic H-ras transformed rat embryo
cells inhibited their ability to invade the surrounding tissue and partially
inhibited experimental metastasis (DECLERck et al. 1992).

Although the effect of MMPs and TIMPs on tumor metastasis has been
presumed to be related to the ability of the cell to degrade microvascular
basement membranes and extravasate, recent evidence points to a role in
tumor growth. Using intravital microscopy, B16-F10 cells transfected with
TIM-1 have been shown to extravasate as efficiently as controls; however,
they have a decreased growth potential at the new site and form fewer metastatic
tumors in a chick embryo assay (KHokHA et al. 1992; Koor et al
1994). Another highly metastatic melanoma cell line, M24met, that expresses
collagenase and gelatinases A and B has been transfected with TIMP-2
(MonTGoMERY et al. 1994). These cells have reduced growth potential in vivo and
in in vitro collagen gels, but their metastatic ability remains the same.
Transfection based expression of matrilysin in SW480 colon cancer cells
increased the cells tumorgenicity when implanted into the cecum of nude
mice, whereas in SW620 cells, antisense ablation of endogenous matrilysin
MmRBNA expression decreases tumorgenicity compared to parental cell line
controls (WiTTy et al. 1994). The mechanism underlying the growth effects of
MMPs is unclear; it may be an indirect effect through alterations in cellular
morphology, or degradation of ECM and BL proteins by MMPs may release
growth factors that have been sequestered in the matrix. A number of groups
have shown that fragments of matrix proteins can alter gene transcription via
interaction with the integrin family of cell surface receptors (Damsky and VWERs
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1992; TremsLE et al. 1992; YamamoTo et al. 1994) and similar signal transduction
mechanisms could stimulate proliferation. Thus MMP expression may play a
number of roles in the production, proliferation and metastatic spread of
neoplastic cells.

The role of MMPs in metastasis has been more difficult to verify when the
system is reduced to altering the expression of a single MMP. The redundancy
in number and overlapping substrate specificity of the MMPs has been
problematic in the determination of the function of a specific MMP during the
metastatic process. Transgenic mice with stromelysin-1 under the control of
either the mouse mammary tumor virus (MMTV) promoter or the whey acidic
protein promoter show an altered branching phenotype during mouse mam-
mary gland development (Sympson et al. 1994; WiTTy et al. 1995a), but mam-
mary tumors induced in these mice do not appear to be significantly more
aggressive (WiTTy et al. 1995b). However, the expression of matrilysin in tumor
cells lacking this MMP has been shown to effect BL penetration (PoweLL et al.
1993) and tumorgenicity (WiTTy et al. 1994). Although studies with TIMP
suggest that the MMP family functions in invasion and metastasis, its
individual members alone may not be sufficient to alter the entire metastatic
phenotype in vivo. In tumors that express an MMP there tend to be several
MMPs that are up-regulated (BasseT et al. 1990; NeweLL et al. 1994; PaJouH et al.
1991 for example), so it may be the interaction of several MMPs that function
in increasing the metastatic ability of tumor cells.

2.3 Other Effects of Matrix Metalloproteinases
Influencing Tumorigenesis

Metalloproteinases also contribute to tumor progression by their involvement
in the process of angiogenesis. Most studies focusing on angiogenesis have
used TIMPs and/or synthetic MMP inhibitors to block angiogenesis in vitro and
in vivo. An in vitro angiogenesis model using umbilical vein endothelial cells
and type | collagen gels has shown that TIMP-1 and BB-94 (a synthetic MMP
inhibitor) can inhibit the phorbol ester induced formation of vascular-like
structures in these gels (FIsHER et al. 1994). A recent study investigated the
ability of TIMP-2 to inhibit Kaposi's sarcoma (KS) induced neovascularization
(AwsiINt et al. 1994). The study showed that TIMP-2 could inhibit vasculariation
of injected Matrigel combined with either conditioned media from KS cells or
basic-fibroblast growth factor (bFGF). The interaction of matrilysin and prouro-
kinase is of potential interest in relationship to angiogenesis. Matrilysin can
cleave prourokinase such that the NH,-terminal fragment (ATF) which binds
the urokinase cell surface receptor is released from high molecular weight
prourokinase (MARCOTTE et al. 1992). The ATF has had a number of activities
linked to it, including increasing cell motility and mitogenic stimulation. The
ability to increase chemotactic cell motility has been shown for epithelial cells
(DeL Rosso et al. 1993), endothelial cells (Opekon et al. 1992} and fibroblasts
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(ANICHINE et al. 1994). Thus the production of ATF by tumor cells could effect
tumor cell migration as well as neovascularization of the tumor mass.

MMPs have been linked to the process of apoptosis (programmed cell
death), which is an important developmental process that can be exploited
during the treatment of hormone dependent cancer. Prostate and mammary
glands undergo apoptotic cell death during castration induced involution and
postlactation involution, respectively (TEnNniswooD et al. 1992 for review). Matri-
lysin is expressed in the epithelial cells of prostatic ducts during the involution
of the rat ventral prostate (PowetL et al. 1995). In situ hybridization indicates
that matrilysin is not produced by the secretory epithelial cells undergoing
apoptosis, but rather is produced in the cuboidal epithelium that lines the
primary and secondary ducts leading to the urethra (unpublished data). There
are preliminary indications that the androgen responsive prostate cell line
LNCaP produces matrilysin in response to phorbol ester (TPA) induced
apoptosis (BowbeN, personal communication). In the involuting mammary
gland, stromelysin-3 is expressed by the fibroblasts surrounding the degener-
ating ducts (Leresvre et al. 1992). Two independent transgenic mouse models
of stromelysin-1 overexpression in mammary epithelial cells indicate that
degradation of the BL leads to an increase in epithelial cell apoptosis {Boubreau
et al. 1995; WitTy et al. 1995b). These studies suggest the possibility that,
during apoptosis, the MMPs degrade the BL and disrupt the interaction
between the epithelial cells and their normal substratum, potentially leading to
the degeneration of ductal structures and wide spread tissue remodelling.

2.4 Scope of Matrix Metalloproteinase Expression and Cancer

The expression of MMPs has been examined in numerous tumors by three
primary methods; northern blotting, in situ hybridization and zymographic analys sis.
Both northern analysis and in situ measure mRNA content; however, northern
analysis is more quantitative and in situ hybridization is used to localize the mRNA
to a particular cell type. Zymography uses a substrate impregnated SDS-PAGE gel
to assess protein level. Table 1 is a list of MMPs and the neo-plasms that have
been shown to express the indicated MMP by one of the previously described
methods. Breast, colon and prostate cancers are among the most completely
described systems and will be discussed in more detail below.

Breast cancer has been receiving more attention as of late due to a rising
incidence and increased public awareness (BorinGg et al. 1993). Metastatic
spread to the axillary lymph nodes is an important prognostic tool as the
number of lymph nodes that are positive for metastatic colonies is directly
related to the patient’s survival (Harris et al. 1993). A number of MMPs have
been associated with metastatic breast cancer; however, only stromelysin-3
has thus far been associated with grade/stage of the tumor. This MMP was
originally cloned from a mammary carcinoma and found to be expressed by
the stromal cells surrounding the tumor (BasseT et al. 1993). To date, stro-
melysin-3 has been found in virtually all metastatic beast cancers studied
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Table 1. Metalloproteinase expression in human tumors

11

Metalloproteinase Neoplasia Localization References
Matrilysin Prostate Tumor PAJOUH et al. 1991;
POWELL et al. 1993
Colon Tumor MCDONNELL et al. 1991;
NEWELL et al. 1994;
WITTY et al. 1994;
YAMAMOTO et al. 1994
Head and neck ND MULLER et al. 1991
Breast Tumor BASSET et al. 1990
Gastric Tumor MCDONNELL et al. 1991
Basal cell carcinoma Tumor KARELINA et al. 1994
Interstitial collagenase Gastrointestinal Stroma MCDONNELL et al. 1991
OkaDA et al. 1995
Head and neck Stroma/tumor OKaDA et al. 1995;
POLETTE et al. 1991
Breast Stroma OKADA et al. 1995
Collagenase-3 Breast Tumor FREIJE et al. 1994
Stromelysin-1 Colon Stroma NEWELL et al. 1994
SCC esophagus Tumor SHIMA et al. 1992
Basal cell carcinoma Stroma MAJMUDAR et al. 1994a
Head and neck ND MULLER et al. 1991
Brain ND NAKANO et al. 1993
Stromelysin-2 Head and neck Stroma/tumor MULLER et al. 1993;
POLETTE et al. 1991
Stromelysin-3 Breast Stroma BASSET et al. 1993;
ENGEL et al. 1994;
HAHNEL et al. 1993
Basal cell carcinoma Stroma MAJMUDAR et al. 1994b;
WAGNER et al. 1992;
WOLF et al. 1992
Head and neck Stroma MULLER et al. 1993;
OkaDA et al. 1995
Colon Stroma NEWELL et al. 1994,
OkADA et al. 1995
Lung ND URBANSKI et al. 1992
MT-MMP-1 Breast Stroma OkaDA et al. 1995
Colon Stroma OKADA et al. 1995
Head and neck Stroma OKADA et al. 1995
Gelatinase A Cervix Stromal/tumor Nuovo et al. 1995
Colon Stroma NEWELL et al. 1994
SCC esophagus Tumor SHIMA et al. 1992
Lung Stroma/tumor BROWN et al. 1993;
NAKAGAWA and
YAGIHASHI 1994
Prostate ND PAJOUH et al. 1991
Thyroid Tumor CAMPO et al. 1992
Breast Stroma OkaDA et al. 1995
Gelatinase B Cervix Stroma/tumor Nuovo et al. 1995
Lymphoma Tumor/macro- KOSSAKOWSKA et al.
phage 1993
Prostate ND HAMDY et al. 1994
Brain ND RAO et al. 1993
Lung Stroma/tumor URBANSKI et al. 1992

ND, not determined; SCC, squamous cell carcinoma; MMP, matrix metalloproteinase
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(95%—-97%) (BasseT et al. 1994; Kawami et al. 1993). When stromelysin-3
expression by in situ hybridization was compared to patient survival a
significant positive correlation was found with fatal metastatic disease {ENGEL
et al. 1994). The question arises, if ECM proteins are poor substrates for
stromelysin-3 then what effect does stromelysin-3 have on tumor cell invasion
and metastasis? The answer may not be in the ECM substrates but in other
proteins that function in the metastatic process. Stromelysin-3 has been
shown to proteolytically inactivate ou1-proteinase inhibitor, a serine proteinase
inhibitor (Pel et al. 1994). This activity fits with the previously discussed role for
both stromelysin-3 and MT-MMP in not degrading the matrix, but to aid the
invasive phenotype by activating other proteinases or inactivating inhibitors of
proteinases involved in invasion. Further evidence that activation of MMPs is
an important step in breast cancer is provided by a number of in vitro and in
vivo studies showing activation of gelatinase A in breast cancer (Azzam et al.
1993; Brown et al. 1993a,b; NokL et al. 1994; THompsoN et al. 1994). It is known
that normal mammary epithelial cells are highly dependent on interactions
with the BL and myoepithelial cells for maintaining -normal mammary func:
tions and morphology (Sympson et al. 1993; TaLHouk et al. 1992). Conseguently,
neoplastic transformation of mammary epithelial cells and expression of
MMPs by both the tumor and stromal cells may aid in the further phenotypic
changes associated with mammary cancer.

Colon cancer has been one of the most studied neoplasms, and as a
consequence a very defined set of genetic alterations have been shown during
the progression from normal mucosa to malignant colon cancer (FEaRON and
VoGeLsTEIN 1990). McDonnELL et al. (1991) examined the expression of MMPs by
northern analysis and found significant levels of matrilysin mRNA. A through
study of MMP expression by in situ hybridization in colon cancer was
presented by NewelL et al. (1994). This study indicated that matrilysin was
expressed exclusively in tumor epithelium and was expressed focally in eight
of 17 early adenomas (< 1.0 cm in diameter) and at higher levels in nine of ten
late-stage carcinomas. Stromelysins 1 and 3 and gelatinase A are all seen
exclusively in the stroma of carcinomas, but not all MMPs are expressed
within the same tumor (NEwEeLL et al. 1994). WitTy et al. (1994) have provided
evidence that matrilysin may have an effect on colon cancer cell growth in an
orthotopic model of colon cancer. SW480 human colon cancer cells were
transfected with the matrilysin cDNA under a constitutive promoter and when
these cells were implanted into the cecum of nude mice the tumors that arose
were faster growing than nontransfected SW480 cells. In the matched cell line
SW620 (SW480 from the primary tumor and SW620 from a lymph node
metastasis) which constitutively secretes matrilysin, antisense ablation of the
matrilysin mRNA reduced the number of tumors (WiTTy et al. 1994). Thus the
expression patterns during colon tumor progression suggest a role for matrily-
sin in early stages of colon cancer, i.e., tumor cell growth, whereas the MMPs
expressed by stromal cells may play a role in later stage events such as tumor
cell invasion and metastasis.
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Prostate cancer is a slow growing neoplasm believed to arise from the
epithelial cells of the gland. Given its deep anatomical location and slow
growth rate, its symptomatic onset often allows for metastatic spread prior to
diagnosis. Matrilysin and gelatinase A were found to be over expressed in
human prostate adenocarcinomas compared to normal prostates from young
accident victims (PasouH et al. 1991). This study found that matrilysin was
localized to the epithelial component of invasive adenocarcinomas in 72% of
cases and 27% of normal controls. Gelatinase A expression by northern
analysis was seen in 60% of adenocarcinomas and not detected in normal
prostate tissue. Gelatinase B has also been shown to be expressed in invasive
malignant prostate cancer by both zymography and western blotting (Hamby
et al. 1994). In an attempt to understand the functional role for MMP expres-
sion in prostate adenocarcinomas, the matrilysin cDNA was transfected into the
nonmetastatic, weakly invasive prostate tumor cell line DU-145 (PoweLL
et al. 1993). When these cells and control transfected cells were injected i.p.
into SCID mice, tumor colonies formed on the diaphragm. The diaphragm was
removed and cross-sectioned and the extent of invasion examined. The cells
transfected with the matrilysin gene invaded past the BL in 66.7% of the
diaphragms compared to 11.1% for the control transfected cells. In this model
no increase in metastatic ability was seen. These data indicated that matrily-
sin plays a role in early events in invasion, primarily in degrading the BL as
discussed previously. Recent data from our laboratory show that matrilysin is
expressed in the postcastration involuting rat ventral prostate (PoweLL et al.
1995). This is important to a discussion of prostate cancer because chemical
or physical castration is one of the primary modes of treatment for metastatic
disease (Hanks et al. 1993). The potential implication is that castration of the
patient may cause a proteolytic burst of not only matrilysin but also urokinase
over a period of days from the tumor cells (ANDREASEN et al. 1990). This con-
sequence could further spread the already metastatic prostate cancer cells
and potentially hasten the patient’s disease.

Breast, colon and prostate cancer are among the most common cancers
diagnosed in the Western world and as such have been extensively studied
with regards to clinical progression. These three neoplasms, whose progres-
sion to the malignant phenotype may be linked to the expression of MMPs,
are just a sample of the wide range of neoplasias that have been investigated.
As indicated in Table 1, many other neoplasms have been shown to express
MMPs during some point in tumor development.

3 Conclusions

The MMP family continues to expand with the cloning of two new MMPs in
1994 and the recent cloning of TIMP-3. These new additions add more
complexity to the field, while at the same time opening new avenues of
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research. The cloning of MT-MMPs and analysis of their cell surface activity
will undoubtedly lead to further investigations into cell membrane proteolysis
mediated by MMPs. The identification of the furin recognition site in stro-
melysin-3 and the MT-MMPs and the activation of stromelysin-3 by furin has
indicated that intracellular trafficking and processing of MMPs is an important
area of research that needs more attention. The solution of the MMP active
site structure will aid in the study of MMP biochemistry and allow for the
design of specific inhibitors of each MMP. The increasing complexity of the
structure and functions of the MMPs prompted the new MMP classification
system. It is becoming apparent that one must think of each MMP member
not only in terms of its substrate specificity, but also what other effects it may
have on the phenotype of a cell. The classification of the MMPs by protein
structure rather than substrate specificity may free the MMPs from the view
that they are enzymes that only degrade ECM and BL.

The expression of MMPs by both tumor and stromal cells can be linked to
a number of inducing agents including growth factors, oncogenes and integrin
signaling. The initiation of constitutive MMP expression by tumor and stromal
cells may function to destabilize the ECM and BL surrounding the invading
tumor cells, thus allowing access to the circulatory and lymphatic systems
and subsequent distant metastasis. MMPs appear to have other effects on
tumorigenesis such as increased angiogenesis and proliferative potential of
the tumor cells. Thus the metalloproteinases are not limited to simply degrad-
ing structural proteins that surround the cell, but appear to have a more
generalized role in the interactions of cells with their matrix environment,
affecting basic cellular processes such as differentiation, proliferation and
apoptosis. Such important processes regulated by a multigene family of
enzymes with overlapping activities implies that the MMPs play a critical role
in maintaining normal cellular homeostasis and enhances the observations
that misregulation of these proteinases can have important consequences in
the neoplastic process.
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1 Introduction

Matrix metalloproteinases (MMPs) are frequently expressed in a variety of
tumor tissues at higher levels than in normal tissues. However, overexpres-
sion itself does not mean immediate use of the enzymes for tumor invasicn or
for the remodeling of the extracellular matrix (ECM), processes associated
with tumor growth. MMPs are produced and secreted as zymogens (pro-
MMPs) that need proteolytic activation for the enzymes to function (VWOoESSNER
1991; BirkebaL et al. 1993). Thus, invasive tumor cells should have devices to
activate proMMPs to degrade the ECM at the periphery.

Serine proteases, such as plasmin, elastase and trypsin, can cleave
propeptide domains of proMMPs at basic amino acid residues and conse-
quently induce autocatalytic activation of proMMP-1, proMMP-3 and pro-
MMP9 (HEe et al. 1989; Nacase et al. 1990). Some of the activated MMPs can
further activate other proMMPs. For example, MMP-3 activates proMMP-1
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and proMMP-9 (HE et al. 1989; Suzuki et al. 1990). Thus, the serine proteases
are expected to be the initiator for a complex array of activation cascades of
proMMPs in tissue.

Activation of proMMP-2, which degrades type IV collagen in the basement
membrane and therefore is believed to play an essential role in tumor invasion
and ultimately in metastasis (Liotta et al. 1991), is distinct from other pro-
MMPs (KLeiner and SteTier 1993). It is resistant to serine proteases (NAGASE
et al. 1992; Oxapa et al. 1990) but activated in a cell-mediated manner (WarD
et al. 1991; Azzam and THompPsoN 1992; Brown et al. 1993a: STrRoNGIN et al. 1993).
Activation of proMMP-2 can be induced by cells {such as fibroblasts, human
fibrosarcoma HT1080 and breast carcinoma cell lines) treated with phorbol
ester (TPA) or concanavalin A (Brown et al. 1990; WarD et al. 1991; Azzam et al.
1993; StroNGIN et al. 1993) or cultivated in collagen gel (Azzam and THOMPSON
1992). Since exogenously added proMMP-2 can be activated by cells and
isolated plasma membrane retained this activity, the proMMP activator was
thought to be on the cell surface. The activator could be extracted by detergent
from the plasma membrane fraction of cells (Azzam et al. 1993; Brown et al.
1993a; StrONGIN et al. 1993), but was resistant to further purification. Cell-
mediated activation was not inhibited by serine protease inhibitors (ATKINSON
et al. 1992), but was fully abrogated by tissue inhibitor of metalloproteinase
(TIMP)-2 and poorly by TIMP-1 (Warp et al. 1991; StronGiN et al. 1993;
WiLLENBROCK et al. 1993). StronGIN et al. (1993) have demonstrated that cell-
mediated activation of proMMP-2 occurs in two steps. Cleavage in the
propeptide domain at Asn® -Leu generated a 64 kDa intermediate form and the
NH,terminal of the activated 62 kDa form was Tyr®. Thus the cleavage
between the Asn-Leu is thought to be mediated by the cell surface activator
followed by autocatalytic activation.

Activated MMP-2 can be detected frequently in surgical specimens from the
lung (Brown et al. 1993b), breast (Brown et al. 1993C), and gastric and colon
carcinomas (YAMAGATA et al. 1991) but not in normal tissue counterparts. The
activation rate of MMP-2 in the tissue correlated well to local invasiveness and
lymph node metastasis (Brown et al. 1993b,c). Thus, the activator of proMMP-2 is
thought to be expressed in malignant tumor tissues. The human breast carcinoma
cell line MDA-MB231, which activates proMMP-2, is more metastatic in nude
mice than MCF-7, which cannot activate the zymogen (Azzam et al. 1993).

The COOH-terminal domain of MMP-2, which is important for complex
formation with TIMP-2, is not required for its enzyme activity (MurpHy et al.
1992). However deletion of this domain abolished cell-mediated activation of
proMMP-2 (MurpHy et al. 1992; Warp et al. 1994). Overexpression of the
COOH-terminal fragment inhibited proMMP-2 activation (STronGiN et al. 1993;
Warp et al. 1994). Thus, the COOH-terminal domain of MMP-2 has an
essential function that is activated by the cell surface activator.

Cell-mediated activation of proMMP-2 is thought to be facilitated by
specific association of the enzyme with the cell surface (Warp et al. 1994). A
high-affinity cell surface receptor for proMMP-2 has been demonstrated on
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some human breast carcinoma cell lines (EmoNarD et al. 1992), on HT1080
cells stimulated with TPA (Strongin et al. 1995) and fibroblasts treated with
concanavalin A (Warp et al. 1994). In tumor tissue, MMP-2 was frequently
immunolocalized onto carcinoma cells (LioTra et al. 1991; SteTLer et al. 1993),
although it is mainly expressed in fibroblasts in the tumor stroma, as deter-
mined by in situ hybridization (PoLeTTE et al. 1993; PouLsom et al. 1993; Pvke
et al. 1993; WoLr et al. 1993). This observation suggests that proMMP-2
produced by fibroblasts diffuses to adjacent tumor cells, binds them and is
activated there. Monskey et al. (1993) have reported that transformed chicken
fibroblasts activate proMMP-2 and that the activated enzyme was found on
the invadopodia, where ECM degradation actively takes place. Thus, activated
MMP-2 on the tumor cell surface is expected to play a crucial role in invasion by
degrading type IV collagen in the basement membrane beneath the tumor cells.
The activator might be a new member of the MMP family, since the activation
process is sensitive to chelating agents and TIMP-2.

2 Ildentification of a New Member
of the Matrix Metalloproteinase Family
Having a Transmenbrane Domain

A cDNA fragment that shows sequence homology to MMP genes was
amplified from human placenta RNA by reverse transcriptase-polymerase
chain reaction {RT-PCR) using degenerate oligonucleotide primers correspond-
ing to the conserved amino acid sequences among MMPs (Takino et al. 1995).
Amino acid sequence homology of the putative MMP fragment to other MMP
family members was as follows: interstitial collagenase/MMP-1 {50%), 72
kDa-type IV collagenase/gelatinase A/MMP-2 (48%), stromelysin-1/MMP-3
(62%), matrilysin/MMP-7 (44%), 92 kDa type IV collagenase/gelatinase
B/MMP-9 (48%) and stromelysin-3/MMP-11 (43%), human macrophage me-
talloelastase (HME)MMP-12 (52%). Isclated cDNA obtained from a placental
cDNA library using the putative MMP fragment contained a long open reading
frame coding for a 582 amino acid protein. The amino acid sequence aligned
well with the reported MMPs, keeping the typical domain structure of mem-
bers of the MMP family. However, the new member has three unique
insertions that are not found in other family members (Fig. 1). These are: (1) 11
amino acids between the propeptide and catalytic domains {Ins-1); (2) eight
amino acids in the catalytic domain (Ins-2); and (3) 66 amino acids at the
COOQOH-terminal of the hemopexin-like domain (Ins-3). In the third insertion at
the CCOOH-terminal, there is a transmembrane (TM)-like structure with a
stretch of 24 hydrophobic amino acid residues.

Monoclonal antibodies against synthetic peptides reacted with a 63
kDa protein (zymogen form) in transfected cells by immunoprecipitation and
the product was localized onto the cell surface by immunostaining and
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Fig. 1. Domain structure of membrane-type metalloproteinase (MT-MMP). The domain structure of
MT-MMP was illustrated in relation to that of proMMP-2 and proMMP-11 (Stromelysin 3). The
domains are as follows from the N-terminus: propeptide, propeptide domain that contains the
PRCGVPD sequence that is essential to keep the enzyme in an inactive state; Catalytic, catalytic
domain contains calcium and zinc-binding sites (Ca®* and zn?*, respectively); hinge, Hinge domain is
rich in prolins; Hemopexin, hemopexin-like domain at the C-terminus. Ins-1 to -3 are the insertions
specific to MT-MMP compared with other reported MMPs. However, Ins-1 exists in proMMP-11 at
the same position with the conserved RXKR sequence. In the Ins-3, there is a transmembrane
domain (TM) composed of hydrophobic amino acids

antibody-binding assay (Cao et al. 1995; Sato et al. 1994). The COOH-terminal
portion of the protein was indeed a membrane linker, as demonstrated by
making a fusion protein with TIMP-1 (Cac et al. 1995). TIMP-1 is a naturally
soluble protein and not retained on the cell surface. By fusing TIMP-1 with the
COOH-terminal portion (TM domain}) of the 63 kDa protein, however, the
localization of TIMP-1 was changed onto the cell surface without being
released into the media. Therefore, the 63 kDa MMP having a TM domain was
referred to as membrane type-MMP (MT-MMP). MT-MMP expressed in
transiently transfected cells was not detectable in the culture media, although
the released protein may be degraded rapidly.

3 Membrane Type-Matrix Metalloproteinase
Is an Activator of proMMP-2 on the Cell Surface

Cell surface localization of MT-MMP fits the profile of a hypothetical activator
of proMMP-2. This possibility was examined by transfecting the MT-MMP
plasmid into human fibrosarcoma HT1080 and mouse fibroblast NIH3T3 cell
lines, both of which secrete proMMP-2 and proMMP-9. Expression of MT-MMP
in the transfected cells induced processing of proMMP-2, similar to cells
treated with concanavalin A, via a 64 kDa intermediate form (Sato et al. 1994).
The processing was specific to proMMP-2 and proMMP-9 was not affected at
all. Since MT-MMP increases the gelatinolytic activity in the media, process-
ing of proMMP-2 is thought to generate active MMP-2. Activation was
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inhibited efficiently by TIMP-2 but only partially by TIMP-1. The activity causing
processing of proMMP-2 was colocalized with MT-MMP in the plasma mem-
brane fraction of transfected cells (Cao et al. 1995; Sato et al. 1994).

Membrane anchoring of MT-MMP through the TM domain was essential for
activity but did not show sequence specificity. Deletion of the TM domain
(COOH-terminal 47 amino acids) abrogated activation function of proMMP-2,
but a fusion of the mutant with a heterologous TM domain of interleukin-2
receptor (o-chain) restored the activity (Cao et al. 1995). The deletion mutant
was still detected on the cell surface while a substantial amount of the product
was secreted into the media. Thus, in spite of localization on the cell surface, the
mutant could not induce proMMP-2 activation without membrane-anchoring
through the TM domain. This domain of MT-MMP is thought to play an important
role as a determinant of the appropriate conformation, orientation, or localization
of the enzyme on the cell surface.

TIMP-2 has dual effects on activation of proMMP-2 (StronaiN et al. 1993). It
enhances activation of proMMP-2 at a low concentration range and, by contrast,
inhibits this same process at higher concentrations. This result indicates that
TIMP-2 plays an important regulatory role in the activation of proMMP-2 on the
cell surface (KLEINER and STETLER 1993; STRONGIN et al. 1993). STroNGIN et al. (1995)
purified TIMP-2 and an activated form of MT-MMP as a trimolecular complex
from a lubrol extract of HT1080 cell membranes using an affinity column with
the COOH-terminal fragment of MMP-2. TIMP-2 may act as a bridge between
proMMP-2 and cell surface MT-MMP, since the COOH-terminal domain of
MMP-2 can bind to the COOH-terminal portion of TIMP-2 and TIMP-2 binds to
the cell surface activator. The COOH-terminal domain of proMMP-2 was shown
to be essential for cell-mediated activation (MurrHY et al. 1992; STRONGIN et al.
1993). Thus, the TIMP-2/MT-MMP complex on the cell surface may act as both
a receptor and an activator for proMMP-2 (STroNGIN et al. 1995).

However, there have been conflicting reports concerning the activation of
proMMP-2 complexed with TIMP-2. StroNGIN et al. (1993) demonstrated that
the proMMP-2/TIMP-2 compled was not activated by the membrane fraction
of HT1080, but others observed that the complex was activated along with free
proMMP-2 (Brown et al. 1993a; KLeiNER and SteTLEr 1993). The exact mecha-
nism and cascade of the interplay between proMMP-2, TIMP-2 and MT-MMP
on the cell surface remain to be elucidated.

4 Membrane Type-Matrix Metalloproteinase
Enhances the Invasive Potential of Tumor Cells

Activated MMP-2 degrades extracellular macromolecules in the basement
membrane, such as type IV collagen, laminin and fibronectin. Thus, the
expression of MT-MMP in cells producing proMMP-2 is expected to enhance
their invasive potential in reconstituted basement membrane (Matrigel). Indeed,
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this was the case when MT-MMP was expressed in HT1080 and NIH3T3 cells
by transient transfection of the cDNA and the cells were seeded onto Matrigel-
coated filters in modified Boyden chambers (Sato et al. 1994). MT-MMP
expression increased the number of invaded cells by two- to three fold without
affecting cell motility. The invasion was inhibited by recombinant TIMP-2.

5 Membrane Type-Matrix Metalloproteinase Expression
in Tumors

The appearance of the activated form of gelatinase A in tumor tissue has been
reported to be associated with advanced stages of breast (Brown et al. 1993c;
Davies et al. 1993) and lung carcinomas (Brown et al. 1993b). MT-MMP was
immunolocalized infon carcinoma cells in lung (SaTo et al. 1994), colon, head
and neck, and gastric tumors (Nomura et al. 1995).-Fibroblasts adjacent to the
carcinoma cells and eridothelial cells in the tissue were occasionally positive
in the advanced stages of tumors. In situ hybridization of colon and gastric
carcinoma tissues also supported the finding that MT-MMP is expressed in
carcinoma cells and adjacent fibroblasts while gelatinase A was expressed
exclusively in stroma cells (Ontant et al., manuscript in preparation). However,
Okapa et al. (1995) reported that MT-MMP is expressed in stroma cells but not
in carcinoma cells of breast carcinoma tissues, as determined by in situ
hybridization. Thus, there is a discrepancy concerning MT-MMP expression in
carcinoma cells. Although there is no definite explanation for the difference, a
possibility is as follows: since RNA is labile and had different stabilities
depending on cell types in tissue, RNA signals in carcinoma cells may be
more sensitive to differences in sample preparations.

MT-MMP mRNA expression correlated well with the activation rate of
gelatinase A in lung carcinoma tissues analyzed by gelatin zymography (Sato
et al. 1994), and the activation rate showed a positive correlation to vascular
invasion and lymph node metastasis (BrowN et al. 1993b; Tokuraku et al. 1995).
Thus, MT-MMP in tumor tissue is thought to be responsible for activation of
proMMP-2 at the invasive carcinoma cell nest followed by degradation of the
basement membrane beneath the cells (Fig. 2).

6 Regulation of Membrane Type-Matrix Metalloproteinase
Expression

Expression of MT-MMP in tumor tissue is induced at the RNA level and is not
found in normal epithelial cells and fibroblasts. Although details of the regula-
tion of MT-MMP gene expression remain unknown, treatment of fibroblasts
and human breast carcinoma (HBC) cell lines with TPA or concanavalin A is
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Fig. 2. Schematic illustration of the basement membrane (BM)} invasion by the tumor cells expressing
membrane-type metalloproteinase (MT-MMP). The role of MT-MMP and MMP-2 in the basement
membrane invasion by tumor cells was illustrated hypothetically. A substantial amount of proMMP-2
is thought to be embedded already into the ECM and the basement membrane during formation.
MT-MMP expressed on the tumor cells initially utilizes the pre-existing proMMP-2 at the periphery of
the cells, and the degradation of the basement membrane beneath the tumor cells starts to occur. The
degradation products of the basement membrane (such as the fragments from laminin and fibronectin,
and the released TGF-B) stimulate the vicinity of the fibroblasts to produce more proMMP-2. Thus, this
is an example of tumor-stroma cooperation for the basement membrane invasion

known to cause proMMP-2 activation {(Azzam et al. 1993; Brown et al. 1993a;
STRONGIN et al. 1993; Warp et al. 1991). Activation was found to be associated with
increased MT-MMP mRBNA in cells (Yu et al. 1995). Thus, MT-MMP is a device for
proMMP-2 activation in these cells, and gene expression is thought to be regu-
lated by extracelluar signals mediated by cell surface receptors. Mutations of
oncogenes and tumor suppresser genes in carcinoma cells may affect the
signaling pathway to the MT-MMP gene and consequently up-regulate the expres-
sion. Activation of proMMP-2 also can be seen in fibroblasts cultivated in collagen
gel; treatment of the cells with anti-B1 integrin antibody abolished the activation
(SeLtzER et al. 1994). Although MT-MMP expression in cells has not been studied
yet, it may be modulated by celF-ECM interaction through integrins.

7 Posttranslational Regulation

Membrane type-matrix metalloproteinase has a domain structure typical of
members of the MMP family, i.e., propetide domain that can be cleaved
resulting in enzyme activation. However, MT-MMP also has a unique insertion
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of 11 amino acids between the propeptide and catalytic domains (Fig. 1). Only
stromelysin-3 in the MMP family has such an insertion at the same position.
Between the two, RXKR is interestingly conserved at immediately upstream
of the reported NH,-terminal amino acids of the processed enzymes (BasseT
et al. 1990; MurpHy et al. 1993; TakiNo et al. 1995; StronGIN et al. 1995). Thus,
RXKR is thought to be the signal for processing of these pro-enzymes.

The processed form of MT-MMP was identified in the plasma membrane
extract of TPA-treated HT1080 cells, although the processing enzyme has not
been identified yet. Subtilisin-like enzymes (Furin etc.) may be responsible for
the processing since RXKR is the consensus sequence for these enzymes and
the sequence exists in the processing sites of many growth factors, hormones
and viral envelope proteins (Hosaka et al. 1991). Serine proteases such as
urokinase and plasmin may also cleave this site (STRoNGIN et al. 1995). Keski
et al. (1992) reported that overexpression of urokinase by transfection induced
activation of proMMP-2. Saii et al. (1993) found that an inhibitor of amino-
peptidase N (CD13) blocks activation of proMMP-2 by cells and suppresses
Matrigel invasion. These proteases may affect the processing of proMT-MMP
directly or indirectly.

8 Physiological Roles

Sufficient information is not available to discuss the physiological roles of
MT-MMP. Like other MMPs, MT-MMP is thought to be required for ECM
remodeling, as suggested by expression in fibroblasts in the vicinity of tumor
cells or cells treated with TPA or concanavalin A. However, MT-MMP may be
more important in degrading pericellular ECM components, coupled with some
particular cell functions such as cell locomotion to traverse the tissue or
proliferation. Studies on these possibilities are now underway in may laborato-
ries including ours.
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1 Introduction

The formation of capillaries from preexisting blood vessels (angiogenesis)
occurs in a variety of normal and pathological conditions, including organ
development, would healing and tumor growth. Angiogenesis requires a strict
temporal modulation of opposing cell functions: cell proliferation and migration,
and extracellular matrix (ECM) degradation in the initial steps; arrest of cell
proliferation and migration, ECM deposition and morphogenesis in the final
steps. In the initial steps of angiogenesis, microvascular endothelial cells
behave similarly to invasive tumor cells, as they cross basement membranes
and interstitial stroma and invade adjacent tissues. However, unlike tumor
invasion, the invasive process that occurs during angiogenesis is spatially and
temporally restricted. As for tumor cell invasion, proteinases are of fundamen-
tal importance for the degradation of the perivascular ECM and endothelial cell
invasion into the tissue to be vascularized. A number of studies have shown
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that, among the proteinases involved in angiogenesis, components of the
plasminogen activator (PA)-plasmin system play a central role in endothelial
cell migration and invasion.

2 General Features
of the Plasminogen Activator-Plasmin System

The urokinase-type (uUPA) and tissue-type (tPA) plasminogen activators are
serine proteinases that convert the zymogen plasminogen, a ubigquitous plas-
ma protein, to plasmin, a broad-spectrum enzyme. Plasmin degrades several
ECM components, including fibronectin, laminin and the protein core of proteo-
glycans (WEers et al. 1980). It does not degrade elastin and collagens but can
degrade gelatins, the partially degraded or denatured forms of the collagens.
The most relevant feature of the PA-plasmin system is the amplification
achieved by the conversion of plasminogen to plasmin. Because of the high
concentration of plasminogen in virtually all tissues, the production of small
amounts of PA can result in high local concentrations of plasmin. Besides
degrading a variety of ECM components, plasmin also activates several
matrix-degrading metalloproteinases (MMPs), including interstitial collagen-
ase, stromelysin and the type IV collagenases (WEeRB et al. 1977; MOSCATELLI
and RiFkN 1988; MaTrisiaN 1990; MurpHy et al. 1992; KLewer and STETLER-
Stevenson 1993; MienNatTi and RiFkiN 1993), as well as latent elastase (CHaPMAN
and Stone 1984). Thus, the production of even small amounts of PA can result
in the generation of high local concentrations of active serine- and metallopro-
teinases with differing substrate specificity. This cascade can be blocked at
different levels by specific inhibitors. The blockade of plasminogen activation
by specific inhibitors of PAs (see below) will inhibit all subsequent events; the
blockade of plasmin formation will result in the repression of MMP and
elastase activation. In contrast, inhibition of MMPs by their specific tissue
inhibitors (TIMPs) will block these enzymes but leave plasmin unaffected.

3 Endothelial Cell Expression of Components
of the Plasminogen Activator-Plasmin System

Vascular endothelial cells produce PAs both in vitro and in vivo. Immunohisto-
chemical surveys of tissue sections have shown that human endothelial cells
produce tPA but no detectable uPA (KRisTENSEN et al. 1984). Primary cultures of
human endothelial cells secrete tPA and at later passages both tPA and uPA,
or only uPA (Lauc et al. 1980; Bykowska et al. 1982; Levin and LoskuTorr 1982;
PHiLIPs et al. 1984). Long-term or immortalized cultures of endothelial cells
express primarily uPA (Tsusol et al. 1990; Peverall et al. 1994). Although the PA



Plasminogen Activators and Angiogenesis 35

produced by vascular endothelial cells in vivo is tPA, the endothelial cells of
growing capillaries appear to express UPA (BACHARACH et al. 1992).

Endothelial cell PA expression is modulated at the transcriptional level by
a number of agents, including cytokines and growth factors that also induce
angiogenesis (see below). In addition, uPA activity is regulated extracellularly
by several mechanisms, including control of proenzyme activation, interaction
with binding sites on the cell membrane and ECM, and inhibition by specific
tissue inhibitors.

Endothelial cells express high levels of PA inhibitors both in vivo and
in vitro. The major inhibitor produced by endothelial cells is the type 1 PA inhibitor
(PAI-1), a 45 kDa protein also present in platelets and plasma (Loskutorr and
EbcingToN 1977; Hekvan and Loskutorr 1985). Other inhibitors that may contrib-
ute to modulating endothelial cell PA activity include the type 2 PA inhibitor
(PAI-2), a 46.6 kDa protein expressed most notably by cells of the monocyte-
macrophage lineage (Kawano et al. 1970; AsTeot et al. 1985; KruitHor et al.
1986), and protease nexin | (PN 1), a 45 kDa protein originally purified from
cultured fibroblasts but also produced by several other cell types (Baker et al.
1980; EaTon et al. 1984). A fourth, less characterized inhibitor, called PAI-3,
isolated from human urine, is identical to the protein C inactivator but is
considerably less efficient in inhibiting PAs than the other inhibitors (Hees et al.
1987). Both PAI-1 and PAI-2 bind the active two-chain (tc) forms of uPA and
tPA, rapidly forming 1:1 molar complexes, but have a poor affinity for the
single-chain (sc) form of either PA (see below). The association rate constant
of PAI-1 for tc-uPA and tc-tPA (k, =10-10® M~ s7) is higher than that of
PAI-2 (k =10-10° M~ s7). PN | is less specific for PA than PAI-1 and PAI-2.
It inhibits tc-uPA effectively (k,,=10° M~ s™) but has virtually no effect on
sc-UPA, sc- and tc-tPA. In contrast, PN | is an extremely rapid inhibitor of
thrombin and also inactivates trypsin and plasmin (SakseLa and Rirkin 1988). As
is the case for PAs, endothelial cell expression of PAI-1 is also modulated by a
variety of cytokines, some of which have angiogenic activity.

As is the case for all extracellular serine- and metalloproteinases, PAs are
secreted as single-chain proenzymes (pro-uPA or sc-uPA; pro-tPA or sc-tPA)
that are converted to active two-chain forms by limited proteolysis. Trace
amounts of plasmin activate pro-uPA, generating a self-maintained feedback
mechanism of pro-uPA and plasminogen activation. This amplification loop is
further modulated by the high-affinity interaction (k, = 50 =150 pM) of uPA with
its cell membrane receptor or binding site. The uPA receptor (UPAR) of
endothelial cells is a highly glycosylated, 35-46 kDa protein linked to the
plasma membrane by a glycosyl-phosphatidyt inositol (GPI) anchor (BARNATHAN
et al. 1990a,b; BeHrenoT et al. 1990; Rovlban et al. 1990; MignatTl et al. 1991a;
PLoug.et al. 1991; MgiLLer et al. 1993; Manpriota et al. 1995). Following
secretion, pro-uPA binds to uPAR through a specific NH,-terminal sequence
(APPELLA et al. 1987). The bound zymogen is then activated, and remains active
on the cell surface for several hours (VassaLul et al. 1985). The interaction of
uPA with uPAR on the plasma membrane has three important consequences:
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(1) enzyme activity is localized to focal contact sites (HEBerT and Baker 1988;
POLLANEN et al. 1988); (2) the k,, for plasminogen activation is dramatically
lowered (40-fold) (ELuis et al. 1991; Lee et al. 1994); (3) after complex formation
with PAls, uPAR-bound uPA is internalized and rapidly degraded (CugeLLis et al.
1990). As is the case for uPA and PAls, uPAR expression is also up-regulated
in vascular endothelial cells by several angiogenic factors, including basic
fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF)
(MiGNaTTI et al. 1991a; ManDRIOTA et al. 1995).

Binding sites for tPA and/or tPA-PAI-1 complexes have also been
described on the membrane of endothelial cells and other cell types (Hawuar and
Hamer 1990; FeLez et al. 1993). A high-affinity binding site for tPA is associated
with a 40 kDa protein that also binds plasminogen on the membrane of human
vascular endothelial cells (Hasar and HameL 1990; Hasuar 1991, 1993; FELEZ et al.
1993). This receptor has complete sequence identity with annexin Il (Ann-Il), a
calcium- and phospholipid-binding protein (Halar et al. 1994). Purified native
Ann-ll binds tPA, plasminogen and plasmin with high affinity (k;=25 nM, 161
nM, and 75 nM, respectively) and confers an approximately 60-fold increase in
catalytic efficiency upon tPA-dependent activation of plasminogen. Thus, Ann-II-
mediated assembly of plasminogen and tPA may promote and localize constitu-
tive plasmin generation on the surface of the vessel wall (CEsarmaN et al. 1994).
However, PAI-1 associated with the surface of endothelial cells also appears to
be a major binding site for tPA (RamakrisHnan et al. 1990; RusseLL et al. 1990;
WitTwer and Sanzo 1990). Unlike uPA-uPAR interactions, binding of tPA-PAI-1
complexes requires elements of the PAI-1 moiety and/or regions of the pro-
teinase domain of tPA (MorToN et al. 1990). Binding of plasmin and tPA on the
surface of endothelial cells protects these enzymes from their physiologic
inhibitors, o,-antiplasmin and PAI-1 (SHH and Hawar 1993).

Although high-affinity plasma membrane binding sites for plasminogen
have not yet been characterized, an o-enolase-related molecule and the
Hyman nephritis autoantigen (gp330) have been implicated as candidate
receptors (KanaLas and Makker 1991; Mites et al. 1991). In general, cell surface
proteins with COOH-terminal lysyl residues appear to function as plasminogen
binding sites; a-enolase is a prominent representative of this class of receptors
(MiLes et al. 1991). This molecule, as well as the endothelial cell tPA receptor
(Ann-l1), also interacts with tPA (MiLEs et al. 1991; FeLez et al. 1993). Interest-
ingly, binding of plasminogen to Ann-Il, and Ann-ll-mediated enhancement of
t-PA-dependent plasminogen activation are inhibited by e-aminocaproic acid or
by cleavage of Ann-Il by carboxypeptidase B, indicating a COOH-terminal
lysine-dependent interaction. These findings suggest a novel mechanism
whereby a plasmin-like serine proteinase may cleave Ann-Il at Lys,,,-Arg,g.
and _expose a new COOH-terminal lysine residue (Lys,,,) for binding and
efficient activation of plasminogen (Hawuar et al. 1994). Thus, several high-
affinity binding sites for tPA may be shared with plasminogen. In addition,
low-affinity, high-capacity binding sites for plasminogen are present in the
chondroitin sulfate proteoglycans of the ECM and of the cell surface (MiLes and
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Prow 1985; Hawar et al. 1986; Prow et al. 1986; Prow and Mies 1990).
Interestingly, uPA has a significant affinity for heparin and heparan sulfate
proteoglycans (ANbrape-Gorpon and STrickeand 1986). Binding sites for plasmi-
nogen and tPA are also present on fibronectin and laminin (Moser et al. 1993).
Fibronectin binds both plasminogen and tPA via a 55 kDa NH,terminal
fragment (Moser et al. 1993). Unlike fibrin, intact fibronectin does not enhance
the rate of tPA-catalyzed plasminogen activation; however, a mixture of
proteolytically degraded fibronectin fragments stimulates the activation reac-
tion, resulting in an 11-fold increase in the k./K, (Stack and Pizzo 1993).
Therefore, both plasminogen and PAs are colocalized either on the cell surface
and/or in the ECM (PLow et al. 1986).

4 Involvement of the Plasminogen
Activator-Plasmin System in Angiogenesis

The earliest indication for an involvement of PAs in angiogenesis was provided
in the early 1980s by findings that angiogenic preparations, including bovine
retinal extract, mouse adipocyte-conditioned medium, human hepatoma cell
lysate, or the tumor promoter 12-O-tetradecanoylphorbol 13-acetate (TPA),
stimulate endothelial cell PA and collagenase activities in a dose-dependent
manner {MoscaTeLLl et al. 1980; Gross et al. 1983). The subsequent develop-
ment of in vitro assays for angiogenesis, and the purification of a variety of
angiogenic factors added further evidence that several components of the
PA-plasmin system play multiple roles in capillary formation. Bovine micro-
vascular endothelial cells treated with the tumor promoter phorbol 12-myri-
state 13-acetate (PMA), vanadate (an inhibitor of phosphotyrosine-specific
phosphatases) or with bFGF, all of which markedly increase production of
collagenase and PA, invade three-dimensional collagen or fibrin gels where
they form an extensive network of capillary-like tubular structures {in vitro
angiogenesis) (MonTesano and Orci 1985; MoNTEsANO et al. 1986, 1987, 1988).
Cultured aortic explants express uPA in capillary sprouts but not in underlying
endothelial cell sheets, suggesting that uPA expression depends on the
histological context of the endothelial cell (BAacHarRACH et al. 1992). However,
PMA-treated endothelial cells invade fibrin gels only in the presence of
fibrinolytic inhibitors. In the absence of inhibitors, treatment with PMA results
in progressive lysis without invasion of the fibrin matrix, suggesting that
uncontrolled matrix degradation is not permissive for angiogenesis (MONTESANO
and Orci 1985; MonTesaNo et al. 1987). This hypothesis is also supported by the
finding that, in coculture systems in which microvascular endothelial cells are
induced by glial cells to form capillary-like structures, endothelial cell uPA
activity decreases several-fold when capillary-like structures are formed.
Incubation of cocultures with PMA, which up-regulates uPA activity, or
with proteolytically active low-M, uPA inhibits endothelial differentiation. By
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contrast, addition of serine proteinase inhibitors increases glia-induced capil-
lary formation (LATERRA et al. 1994). These findings indicate the critical impor-
tance of an appropriate balance between proteinases and proteinase inhibitors
in angiogenesis. Whereas ECM invasion and capillary lumen formation are
inhibited in the presence of excess proteinase inhibitors, excessive proteolysis
is incompatible with normal capillary morphogenesis. Thus, a precisely regu-
lated proteolytic balance is necessary for normal capillary morphogenesis.

A variety of cytokines and growth factors with angiogenic activity have
different effects on the expression of components of the PA-plasmin system by
endothelial cells. These include bFGF, transforming growth factor B-1 (TGFB1),
hepatocyte growth factor/scatter factor (HGF/SF), and VEGF (RoserTs et al.
1986; Yang and Moses 1990; FERRARA et al. 1991; Peprer et al. 1991; BasiLico and
MoscateLr 1992; Grant et al. 1993). Basic FGF and TGFB1 have opposing
effects on the PA activity of endothelial cells. The former is a potent inducer of
uPA and uPAR expression and has a relatively modest effect on PAI-1
synthesis. The latter strongly down-regulates uPA and up-regulates PAI-1 but
has no effect on uPAR expression (SakseLa et al. 1987; Peprer et al. 1990:
MiaNATTI et al. 1991a). In contrast, bFGF and VEGF have a potent synergistic
effect on endothelial cell PA production and angiogenesis (Pepper et al. 1991,
1992a). HGF/SF, which has structural homology to plasminogen and is acti-
vated by uPA (NaLbini et al. 1992; Mizuno and Nakamura 1993), also up-regulates
uPA expression in endothelial and epithelial cells (Pepper et al. 1991; BussoLINO
et al. 1992), indicating the existence of an amplification mechanism of uPA
production and HGF/SF activation. In human umbilical vein endothelial cells,
retinoic acid up-regulates t-PA expression without affecting PAI-1 synthesis
(THompsoN et al. 1991). In contrast, tumor necrosis factor, lymphotoxin, and
interleukin-1, but not interleukin-6, stimulate human endothelial cell production
of PAI-1 but have no effect on PA expression (van HINSBERGH et al. 1990).

Some of these angiogenic factors have relevant effects on endothelial cell
invasiveness in vitro. Addition of exogenous bFGF promotes basement mem-
brane invasion by cultured capillary endothelial cells. Invasion is abolished by
TGFB1, which inhibits endothelial cell uPA activity, and by plasmin inhibitors or
antibodies to PA (MigNaTTI et al. 1989). PA inhibitors, including PAI-1 and PAI-2,
also block basement membrane invasion by endothelial cells. In contrast,
PN I, which inhibits thrombin more efficiently than PAs (SakseLa and RirkN
1988), has no effect on endothelial cell invasion (authors' unpublished data).
Endothelial cell PA activity appears to be independent of the endogenous bFGF
expressed by endothelial cells, whereas type IV collagenase expression and
in vitro invasiveness correlate with the level of endogenous bFGF. Thus, other
factors, including metalloproteinases, are important for endothelial cell inva-
sion of natural basement membranes (Tsusol et al. 1990).

The concerted action of several angiogenic factors on endothelial cell PA
activity indicates that plasmin formation must be finely modulated during
angiogenesis. This view is also supported by the abnormal behavior of
endothelial cells that express high levels of uPA. Endothelioma cells express-
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ing the polyoma virus middle T (mT) oncogene (End cells) produce high
amounts of uPA and low levels of PA inhibitors. When End cells are grown
within fibrin gels, they invade the substrate and form large, hemangioma-like,
cystic structures. Neutralization of excess proteolytic activity by exogenous
serine proteinase inhibitors results in the formation of capillary-like tubular
structures (MonTesano et al. 1990). Similar results have recently been obtained
with transformed murine endothelial cells that express high levels of uPA and form
cysts in fibrin gels. Inhibition of plasmin prevents cyst formation. However,
nontransformed murine endothelial cells organize into capillary-like structures
regardless of perturbations in their fibrinolytic activity. Thus, plasmin is essen-
tial for hemangioma formation but appears not to be critical for capillary
formation by normal endothelial cells (Dusois-STRINGFELLOW et al. 1994). This
view is also supported by the recent finding that PA-deficient transgenic
mice develop normally and appear to have normal physiologic angiogenesis
(CarmELIET et al. 1994). In the light of the fundamental importance of angiogenesis
in organ development, it appears most likely that complex organisms must
have developed compensatory mechanisms for angiogenesis.

Studies of the neovascularization of ovarian follicles, the corpus luteum,
and the maternal decidua have shown interesting features of endothelial cell uPA
and PAI-1 expression in vivo. uUPA mRNA is expressed in the ovary along the
route of capillary extension, in capillary sprouts within the developing corpus
luteum, and in endothelial cell cords traversing the maternal decidua in the
direction of the newly implanted embryo. Interestingly, uPA mRNA expression
in endothelial cells is down-modulated upon completion of neovascularization,
suggesting that uPA expression is part of the angiogenic response. During
corpus luteum development and decidual neovascularization, as well as in
aortic explants, PAI-1 expression is preferentially activated in cells in the
vicinity of uPA-expressing capillary-like structures. These findings suggest a
functional interplay between uPA- and PAI-1-expressing cells and support the
hypothesis that during angiogenesis PAI-1 protects neovascularized tissues
from excessive proteolysis (BAcHARACH et al. 1992).

The involvement of PAs in angiogenesis is also indicated by the finding that
certain steroids, including glucocorticoids, and a novel class of "angiostatic”
steroids that block endothelial cell PA activity also block angiogenesis in several
systems. This effect appears to be mediated by a significant increase in
endothelial cell production of PAI-1 (BLEl et al. 1993; WoLrF et al. 1993).

5 The Urokinase-Type Plasminogen
Activator-Plasmin System in Tumor Angiogenesis

The observation that tumor growth and metastasis are dependent upon the
process of vascularization (FoLkman 1986, 1990; Foikman et al. 1989; VVEIDNER
et al. 1991) has generated considerable interest in the mechanisms that
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modulate tumor angiogenesis. A variety of tumor cells in vitro and in vivo
express angiogenic factors, including bFGF, VEGF, TGFB1 and HGF/SF. As
these cytokines modulate PA, uPAR and PAI expression in endothelial cells,
these components of the PA/plasmin system may also play relevant roles in
tumor angiogenesis.

The finding of high levels of bFGF in the capillary endothelial cells of some
tumors (ScHuLze-OsTHOFF et al. 1990) has generated the hypothesis that tumor
angiogenesis may be triggered by an increase in endothelial cell bFGF, rather
than by a paracrine effect of bFGF derived from other cells or the ECM.
Because bFGF can modulate a variety of cell functions, including migration
and uPA expression, with an autocrine mechanism (Sato and Rirkin 1988;
MignatTl et al. 1991b, 1992; BikraLvi et al. 1995) this effect can result in
increased endothelial cell motility and uPA activity. Recent studies have
shown that the conditioned medium of certain tumor cells rapidly up-regulates
endothelial cell expression of bFGF and in vitro angiogenesis. Incubation of
endothelial cells with tumor cell-conditioned medium also results in increased
expression of uPA (PeveraLl et al. 1994). Although tumor cell-conditioned media
contain no bFGF (MoscaTeLLl et al. 1986a), addition of anti-recombinant bFGF
IgG abolishes the up-regulation of uPA and blocks in vitro angiogenesis,
indicating that both the increase in uPA production and formation of capillary-
like structures are mediated by endogenous bFGF expressed by the endothelial
cells. Both the bFGF/uPA-inducing activity and the angiogenic activity of SK-
Hep1 cell-conditioned medium copurify with a relatively acid-resistant peptide
that has moderate affinity for heparin and M <18 kDa>3.5 kDa. This peptide
may represent a novel tumor-derived angiogenic factor that modulates the
concerted expression by endothelial cells of cytokines and proteolytic en-
zymes required for capillary formation (Peverau et al. 1994). Other peptide
factor(s) in tumor cell-conditioned medium also up-regulate endothelial cell
expression of uPAR (authors' unpublished results). In addition, recent unpub-
lished observations indicate that the endogenous bFGF of endothelial cells up-
regulates VEGF expression in the same cells with an autocrine mechanism
(authors' unpublished results). As bFGF and VEGF have synergistic effects
(PerPER et al. 1992a), up-regulation of endogenous bFGF by tumor-derived
factors may have relevant effects on endothelial cell production of uPA.

A recent intriguing finding also implicates plasmin degradation in tumor
angiogenesis. The surgical removal of a solitary neoplasm is often followed by
the appearance of remote metastases. In mice bearing Lewis lung carcinoma
the neovascularization and growth of distant metastases is inhibited by a
circulating inhibitor. Serum and urine from tumor-bearing animals, but not from
control mice, specifically inhibit endothelial cell proliferation. This activity
copurifies with a 38 kDa plasminogen fragment that has been named angio-
statin. A corresponding fragment from human plasminogen has similar activ-
ity. Systemic administration of angiostatin, but not of intact plasminogen,
potently blocks the growth of both the primary tumor and distant metastases.
Thus, inhibition of metastasis by a primary tumor is mediated, at least in part,
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by angiostatin (FipLer and ELus 1994; O'RewLy et al. 1994). Although the
mechanism of action of angiostatin is not understood, it may inhibit plasmin
formation by competition with intact plasminogen for binding to endothelial
cells and thus deprive vascular endothelial cells of the proteolytic activity
required for angiogenesis.

6 Urokinase-Type Plasminogen Activator
and Endothelial Cell Migration

The role of uPA in angiogenesis appears to be mediated not only by its
catalytic activity but also by a paracrine/autocrine effect on endothelial cell
migration independent of plasmin generation. In two-dimensional in vitro
models for wound repair, endothelial cells migrating from the edges of an
experimental wound display an increase in UPA, uPAR and PAI-1 that reverts
to background levels upon wound closure and cessation of cell movement
(PepPer et al. 1987, 1992b, 1993). This result demonstrates a direct temporal
relationship between endothelial cell migration and uPA activity, and suggests
that induction of uPA activity is a component of the migratory process.
Nanomolar concentrations of native uPA or of its noncatalytic A chain stimu-
late endothelial cell motility in Boyden chamber assays. This effect is abol-
ished by a monoclonal antibody that inhibits uPA binding to uPAR, suggesting
that endothelial cell motility is mediated by this specific interaction and
independent of proteolytic activity (FiBI et al. 1988).

Although these findings implicate a role for PAs and PAIls in endothelial
cell migration and angiogenesis, the mechanism(s) of action of PA in cell
movement is/are not yet understood. Plasmin has been shown to disrupt actin
cables in rat embryo cells (PoLiack and RiFkin 1975), suggesting that PA or
plasmin may be involved in the continuous rearrangement of cytoskeletal
components that occurs during cell migration. However, this hypothesis
contrasts with several findings that the uPA-mediated stimulation of cell
motility requires interaction of the uPA NH,-terminal peptide with uPAR and is
independent of the enzyme's catalytic activity (Figsl et al. 1988; Obekon et al.
1992). Addition of uPA or its noncatalytic NH,-terminal peptide to fibroblasts or
epidermal cells that express uPAR results in increased migration and/or cell
proliferation. These effects correlate with an increase in de novo synthesis of
intracellular diacylglycerol, indicating that uPA-uPAR interactions can trigger
intracellular signaling through a mechanism independent of uPA activity (DeL
Rosso et al. 1990, 1993; AnicHINI et al. 1994). More recently, it has been shown
that addition of pro-uPA to human epithelial cells that express uPAR but no
uPA results in a dose- and time-dependent enhancement of migration (Busso
et al. 1994). Urokinase binding to uPAR elicits a time- and protein kinase C
e-dependent increase in the phosphorylation of cytokeratins 8 and 18 on serine
residues, a cell shape change and redistribution of the cytokeratin filaments.
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Although these effects appear to be restricted to certain cell types, they
strongly suggest that uPAR serves not only as an anchor for uPA but also
participates in a signal transduction pathway resulting in a pronounced biologi-
cal response (Busso et al. 1994). However, because uPAR is a GPl-anchored
protein and has no cytoplasmic domain (Proug et al. 1991), the mechanism(s)
by which intracellular signaling can be generated remain unclear.

The importance of PAs in angiogenesis is also supported by other findings
in vitro and in vivo. It has long been known that plasma-derived fibrinolytic
agents interact with ECM components and play important roles in maintaining
vascular integrity. Treatment of ECM with plasmin or trypsin stimulates in vitro
endothelial cell organization into capillary-like structures (Maciac 1984). This
finding has generated the hypothesis that ECM degradation initiates a cascade
of events that modulate angiogenesis. It must be considered that in vivo PAs
and other ECM-degrading proteinases originate from a variety of cell types,
including granulocytes, macrophages and fibroblasts. A scenario of cell coop-
eration may occur that is mediated by proteolytic enzymes. Fibrin, fibronectin
and collagens, and their respective degradation products, are chemotactic for
endothelial cells and potent angiogenesis inducers in vivo (Bowersox and
SORGENTE 1982; ALESSANDRI et al. 1983). ECM degradation products are produced
early after the initiation of tissue injury, inflammation and tumor growth,
conditions that also involve fibrin deposition. As soon as clot lysis is initiated by
PAs, fibrin- and fibronectin-derived peptides are released at the site of the lesion.
This may promote angiogenesis by attracting endothelial cells from adjacent
capillaries and/or venules, and by favoring their organization into new capillaries.

7 Plasminogen Activator-Cytokine Interactions

Recent findings have indicated that PAs, besides mediating endothelial cell
migration and invasion, also modulate tumor angiogenesis through two parallel
mechanisms: (1) mobilization of bFGF and VEGF from the cell surface or ECM,
and (2) activation of latent TGFB1 (VLobavsky et al. 1990).

An important feature of bFGF is its high affinity for the heparan sulfate
proteoglycans of the ECM (SakseLa et al. 1988; BasHkiN et al. 1989; SakseLA and
Rirkin 1990). The growth factor is found associated with the ECM in vitro and
with basement membranes in vivo (BasHkiN et al. 1989; DiMario et al. 1989)
where it retains its biological activity and is protected from proteolytic degrada-
tion (SAkSELA et al. 1988; RoGELJ et al. 1989). Moreover, binding to the ECM and
cell surface-associated proteoglycans is a prerequisite for bFGF interaction
with its high-affinity plasma membrane receptors (Yavon et al. 1991). Also
uPA and plasminogen have significant affinities for heparan sulfate and
chondroitin sulfate (MiLes and PLow 1985; ANDRADE-GORDON and STRickLAND 1986;
Hasar et al. 1986; PLow et al. 1986). Thus, both growth factors and compo-
nents of the PA-plasmin system are located in the ECM in an insoluble state.
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Several lines of experimental evidence indicate that bFGF release from the
cell surface and ECM can be mediated by plasmin. When plasmin activity is
increased, the release of bFGF-proteoglycan complexes is heightened. By
contrast, when plasmin formation is inhibited, the release of bFGF-proteoglycan
complexes is suppressed (SakseLA and RiFkiN 1990). This process of growth
factor mobilization is of particular importance for the biological activity of bFGF
because it permits bFGF to partition into the aqueous phase, rather than into the
insoluble matrix, and to diffuse in the tissue and interact with its plasma
membrane receptors (FLAUMENHAFT et al. 1990). The mobilization of bFGF from the
ECM can be achieved not only through the action of plasmin but also by other
degradative enzymes, including heparitinases (Viobavski et al. 1983). However,
the relative abundance of plasminogen in virtually all tissues and the efficient
amplification mechanism achieved by PA-mediated plasminogen activation
implicate plasmin as the most important proteinase in this process.

Plasmin also releases the 165-amino acid and 189-amino acid forms of VEGF
from the cell surface or ECM. The released 34 kDa dimeric- species are active as
endothelial cell mitogens and as vascular permeability agents (Houck et al. 1992).

The mobilization of bFGF from the ECM contributes to the control of
extracellular proteolysis mediated by vascular endothelial cells during angioge-
nesis. The bFGF released from the ECM stimulates PA, uPAR and collagenase
expression by microvascular endothelial cells (MoscaTeLLl et al. 1986b; MIGNATTI
et al. 1991a). These proteinases are required to degrade the vascular BM
and permit vascular endothelial cell invasion during blood vessel formation
(MonTesano and ORrci 1985; MonTEsanG et al. 1986; MiGNATTI et al. 1986, 1989).
This highly controlled invasive process may also be modulated by PAs through
their activation of latent TGFP1 in the ECM. TGFB1, a potent inhibitor of cell
proliferation, migration and proteinase production in vascular endothelial cells
{HEmaRK et al. 1986; MuLLer et al. 1987; SakseLa et al. 1987), is secreted
constitutively by a variety of cell types, including endothelial cells, as part of a
high-M, complex. Extracellularly, the growth factor (25 kDa) remains nonco-
valently linked to its 75 kDa latency-associated propeptide (LAP). LAP is
disulfide-linked to the 125-190 kDa latent TGFB1-binding protein {Mivazono
et al. 1988). Mature TGFB1 must be released from this complex to interact with
its plasma membrane receptor and elicit a biological response. Plasmin is an
activator of latent TGFB1 both in vitro and in cell cultures (Lvons et al. 1988,
1990; Sato and RirkiN 1989; Sato et al. 1990). Binding of uPA to uPAR on the
cell surface considerably accelerates latent TGFB1 activation in the presence
of physiological concentrations of plasminogen {ObekoN et al. 1994). The active
TGFB1 formed in the ECM by the action of plasmin counteracts the stimulatory
effects of bFGF on vascular endothelial cells by down-regulating uPA and
collagenase gene expression and by stimulating PAI-1 and TIMP synthesis
(SakseLa et al. 1987; Peprer et al. 1990). As a consequence, plasmin formation
is blocked, active MMPs are inhibited, and pro-MMPs are no longer activated.
However, this blockade of extracellular proteolysis also turns off the plasmin-
mediated activation of TGFB1. When no more active TGFB1 is present, the
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effects of bFGF on endothelial cells again become prevalent and proteinase
production increases (FLAUMENHAFT et al. 1992).

This self-regulatory mechanism has profound implications in angiogene-
sis. Electron microscopic analysis of capillary formation has shown that the
proteolytic degradation of the vessels' basal lamina and endothelial cell
migration are temporally followed by a stage in which the newly-forming
capillaries synthesize and organize a new lamina propria. During this process,
extracellular proteolysis must be locally inhibited to permit the deposition and
assembly of ECM components. After a capillary loop is formed, degradation of
the newly formed BM occurs at the tip of the loop. Endothelial cells invade
from this location, and a new capillary sprout is formed (AusPRUNK and FoLkmaN
1977). Thus, from a biochemical point of view the process of capillary
formation during angiogenesis can be thought of as resulting from alternate
cycles of activation and inhibition of extracellular proteolysis.

8 Conclusion and Perspectives

A consistent body of experimental evidence has shown multiple roles for PAs
in angiogenesis: (a) PAs trigger a proteinase cascade required for endothelial
cell degradation and invasion of the ECM; (b} they significantly contribute to
the extracellular activation and mobilization of angiogenic factors; (c) uPA
modulates endothelial cell functions, including migration and growth, through a
mechanism independent of its proteolytic activity; (d) plasmin generated by
PAs produced by endothelial cells or other cell types generates ECM degrada-
tion products that are chemotactic for endothelial cells. PA activity is modu-
lated in endothelial cells by complex mechanisms that involve transcriptional
regulation by angiogenic factors, and extracellular control by tissue inhibitors
and interaction with binding sites on the cell surface or the ECM. A detailed
comprehension of these control mechanisms for endothelial cell PA activity
may afford the development of antiproteolytic strategies aimed at controlling
angiogenesis-related diseases, including tumor growth and metastasis.
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1 Introduction

Maspin (mammary serpin) is a member of the serpin superfamily (PoTempa
et al. 1994). The gene was first identified by subtractive hybridization on the
basis of its expression at the mRNA level in normal but not in tumor-derived
mammary epithelial cells (Zou et al. 1994). The cloned and sequenced cDNA
consists of 2584 nucleotides encoding a 42 kDa peptide with the overall
structure of a serpin. Maspin has been localized to chromosome 18g21.3-g23
{Sacer et al. 1994) closely linked to plasminogen activator inhibitor-2 (PAI-2), to
BCL2, to the candidate tumor suppressor gene DCC (SAGer et al. 1994), and to
the candidate tumor suppressor gene SCCA (ScHNEIDER et al. 1995).

When normal cells become malignant, a crucial development is the
acquisition of elevated protease activity, opening the door to invasion across
the basement membrane and subsequently to metastasis. Several lines of

'Department of Cancer Genetics, Dana-Farber Cancer Institute, 44 Binney Street, Boston, MA
02115, USA

2LXR Biotechnology, 1401 Marina Way South, Richmond, CA 94804, USA

®Pediatric Research Institute, Cardinal Glennon Children's Hospital, St. Louis University, School of
Medicine, 3662 Park Avenue, St. Louis, MO 63110, USA
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evidence support the role of maspin as a strong tumor suppressor gene, acting
at the level of invasion and metastasis. These include: (1) sequence similarity
to other serpins with protease inhibitor activity; (2) functional studies in nude
mice showing that tumor transfectants expressing maspin are inhibited in
tumor growth and metastasis; (3) invasion assays showing that endogenous
maspin produced by tumor transfectants, or exogenous recombinant maspin,
inhibit invasion through basement membrane matrix in culture, and that this
inhibition is reversible by anti-maspin antibodies; and (4) motility assays using
membrane filters or direct video tracking, showing that motility can be blocked
by endogenous or exogenous maspin, and that this inhibition is reversible with
anti-maspin antibodies.

These results, discussed below, support the tumor suppressor activity of
maspin protein. Consistent with the functional evidence is the loss of expres-
sion of maspin in invasive mammary carcinomas, shown by immunostaining
of well-characterized tissue specimens (Zou et al. 1994). The protein is
expressed in normal tissue and in some carcinoma in situ specimens, but
infrequently in invasive or metastatic tumors. These results suggest the
potential use of maspin expression as a positive indicator of a favorable
prognosis in primary breast cancer.

On the biochemical side, however, the molecular basis of maspin's
biological activity is unknown. Cleavage of the reactive center is sufficient to
destroy all biological activity (SHENG et al. 1994), but maspin does not act as an
inhibitor of proteinases such as trypsin, chymotrypsin, elastase, plasmin,
thrombin, or of plasminogen activators in vitro (PemBERTON et al. 1995). The
molecule is not secreted in cell culture, but rather it is found in the cytoplasm
and in the membrane fraction (S. SHENG, unpublished). Thus its action is
probably distinct from that of the classical serine protease inhibitors. Its
cellular target is as yet unidentified.

2 Comparative Structural Properties of Maspin

Maspin cDNA was isolated from a normal human mammary epithelial cell
library. The cDNA sequence contains 1125 nucleotides in the coding region
with a polyadenylation signal located 16 nucleotides from the 3' terminal of the
sequence shown in Fig. 1. The sequence as shown includes 75 nucleotides of
the 5' untranslated region and 1381 nuclectides of 3' untranslated region. The
initiation codon and surrounding nucleotides fit the Kozak consensus. The
inferred protein consists of 376 amino acids with an NH,-terminal methionine
and COOH-terminal valine. Maspin contains eight cysteine residues and may
utilize two or more disulfide bonds to stabilize its tertiary structure.
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Multiple alignment studies using BLAST analyzed by the GCG Pileup
Program demonstrate close homology of maspin to the serpin superfamily
(Fig. 2). Serpins are a diverse family of proteins related by primary sequence
homology spanning the entire molecule and varying from 15% to 50% at the
amino acid identity level. The first serpin to be analyzed crystallographically,
ol protease inhibitor (a1Pl), is the prototype (Huser and CarreLL 1989). Overall
amino acid similarities compared to maspin are about 40% for plasminogen
activator inhibitor (PAI)-2, neutroph il elastase inhibitor and ovalbumin and
about 30% for a1PI and PAI-1. Recently identified serpins include PTI, (placen-
tal thrombin inhibitor, now renamed PI6) which is related to neutrophil elastase
and interacts with trypsin, thrombin, and urokinase type plasminogen activator
(uPA) (CougHuiN et al. 1993) and SCCA which had previously been identified at
the protein level as squamous cell carcinoma antigen. Two tandem linked
genes, SCCA-1 and -2, have been described (ScHNEIDER et al. 1995).

Most of the amino acid substitutions in maspin do not alter the overall serpin
conformation. However, significant differences are located in the hinge region, a
peptide stretch located nine to 156 residues NH,-terminal to the P1-P'1 peptide bond
within the reactive site loop (RSL) (CarreLL and Evans 1992). The reaction center
is indicated in Fig. 2, with the putative reactive site marked by the arrow. In a
typical reaction between a serine protease inhibitor and its protease target, the
protease attempts to cleave the reactive site peptide bond but becomes trapped
in a stable 1:1 stoichiometric complex in which the protease is inactive. Currently,
all serpins of known inhibitory function (e.g. antitrypsin, antithrombin) undergo
a transition from a stressed (S) to relaxed (R) stable molecule while serpins with
no known inhibitory function (e.g., ovalbumin, angiotensinogen) do not undergo
this transition. Thus the S-R transition is a useful predictor of serpin function.

Structurally, the stressed inhibitory (S) form was thought to result from
partial insertion of the hinge region into pB-pleated sheet A of the native
molecule, following proteolysis with the RSL. The peptide sequence COOH-
terminal to the hinge region then completely inserts into B-pleated sheet A to
provide a more relaxed (R) stable structure. In maspin the amino acid
substitutions in the hinge region are divergent from the consensus sequence
usually observed in inhibitory serpins, and on this basis it has been suggested
that maspin may not function as a protease inhibitor (Hopkins et al. 1994).
However, the recent crystallographic structure of a1 anti-chymotrypsinogen
has revealed that partial insertion is not a prerequisite for inhibitory function
(Wer et al. 1994). Thus, knowledge of serpin hinge region sequences is not a
sufficient criterion on which to base a prediction of inhibitory function.

It was recently shown that maspin does not behave as a classical inhibitory
serpin (PEmBERTON et al. 1995). Maspin is not an inhibitor of serine proteinases
including trypsin, chymotrypsin, elastase, plasmin, thrombin, and the plasmi-
nogen activators, tissue type plasminogen activator (tPA) and uPA, but it does
act as a substrate for several of them. Importantly, maspin does not undergo the
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(S-R) transition predictive of inhibitory function. These findings support the view
that the tumor suppressing activity of maspin is not based on a latent or intrinsic
trypsin-like serine proteinase inhibitory activity. The question of its mode of
action as a membrane-bound or cytoplasmic serpin remains to be determined.

In view of the close linkage between maspin, SCCA, and PAI-2 on
chromosome 18q, as well as their sequence similarities, it is likely that these
serpins evolved from a common precursor. The hinge region of the RSL
represents one important site of evolutionary diversity, which has apparently
led to functional diversity, since both SCCA and PAI-2 act as typical inhibitory
serpins, whereas maspin apparently does not.

3 Production and Characterization
of Recombinant Maspin Proteins Produced in Bacteria,
Baculovirus, and Yeast Systems

The rGST-maspin protein was produced in E. coli using the pGEX-2T/Mas
vector (SHENG et al. 1994). The fusion protein contains two polypeptides
covalently linked by a thrombin cleavage site plus a short sequence resulting
from BamHlI/Bcll ligation. rGST-maspin accounted for 30%-40% of the total
cellular protein. The recombinant protein was purified to near 100% homogene-
ity in a single step on a glutathione affinity column (for details see SHenG et al.
1994). The glutathione S-transferase polypeptide could not be removed by
thrombin cleavage without degrading maspin, and therefore the fusion protein
was used in further studies.

rMaspin(i) was produced in insect cells (Spodoptera frugiperda) infected
with the recombinant viral vector pVL 1393/mas. rMaspin(i) was purified by a
combination of anion exchange and heparin affinity chromatography, and
accounted for 30%-40% of the total extractable protein. The identity of the two
recombinant proteins {molecular 42 mass kDa) was confirmed by western blot
analysis using the polyclonal antibody preparation AbS4A (Zou et al. 1994).

The identification of the probable reaction center was determined by
cleavage of rMaspin(i) with limiting concentrations of trypsin (SHENG et al.
1994}, leading to loss of the 42 kDa band and appearance of a 38 kDa band.
Concomitant appearance of a 4227 Da fragment was detected by mass
spectometry. The NH,terminal sequence of the 4227 Da fragment was
[LOHKDELNAD, in agreement with the published cDNA sequence of amino
acids located 3' to arginine (SHEnG et al. 1994). These results show that the
reactive center of the recombinant protein is readily accessible to trypsin
cleavage, and suggest that maspin is an Arg-serpin.

rMaspin (y) was produced in yeast cells transformed with the expression
vector pYMV4 (PemserToN et al. 1995). Recombinant maspin comprised at least
40% of the total soluble yeast protein. After purification by anion exchange



Maspin: A Tumor Suppressing Serpin 57

chromatography on Q-sepharose, size fractionation S100HR columns, and
affinity chromatography on heparin superflow, the average yield was 13.5 mg
per gram wet weight of yeast (PemBerToN et al. 1995). Yeast maspin is fully
active biologically in the invasion assay (Sacer et al. 1994; SHenG et al. 1994).

4 Antibodies to Maspin

Polyclonal antibodies were produced in rabbits directed to three poorly con-
served sequences, using conjugation of the corresponding synthetic cligopep-
tides to keyhole limpet hemocyanin. The selected sequences are underlined in
Fig. 1 as S1A, S3A, and S4A. AbS4A recognizes the RSL encompassing the
reactive site. All three antibody preparations react with a 42 kDa band present
in proteins in extracts of normal cells, tumor transfectants that express
maspin MRNA, and recombinant maspin protein on western blots. No 42 kDa
protein was detected in extracts of mammary carcinoma cell lines that do not
express maspin mRNA. All three antibody preparations are effective in pro-
tocols for immunostaining of formalin-fixed, paraffin-embedded tissue sec-
tions. Because of its high specificity, AbS4A is being used in retrospective and
prospective studies of maspin expression in tumors for application to diagnos-
tic and prognostic clinical evaluation.

5 Biological Properties of Maspin

5.1 Inhibition of Invasion in the Matrigel Assay

Classically, invasion is measured in cell culture by use of the Boyden chamber
assay, in which cells are introduced into upper wells of the double-welled device
and allowed to invade through a defined membrane into lower wells, where they
are counted at suitable time points. In the maspin studies, MICS (membrane
invasion culture system) manifolds comprising sets of 12 Boyden-like cham-
bers were used. The perforated polycarbonate support membrane separating
the upper and lower chambers was coated with growth factor reduced Matrigel
as described (Henorix et al. 1987). Cells were removed from the bottom
chambers at 24 or 48 h, fixed, stained, and counted microscopically.

Thé inhibitory effects of recombinant maspin added to tumor cells 1 h before
transfer to MICS chambers are shown in the dose response graphs of Fig. 3.
When the fusion protein rGST-maspin was used, a linear response curve was
seen in the range from 0.04 to 0.77 yM maspin. The control, recombinant GST
alone, showed no effect. However, using the recombinant maspins from
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Fig. 3A,B. The effects of -GST-maspin (A) and rMaspins (B) on invasion by two mammary carcinoma
cell lines, MDA-435 and MDA-231. The invasion data from untreated tumor cells were normalized
as 100% and invasion data from treated tumor cells are expressed as a percentage of this control.
The values of "% inhibition of invasion" were obtained by substracting the invasion percentage of
treated cells from 100%. Each value represents the average of the triplicate results and the error bars
represents the S.E.M. A M, invasion by MDA-435 in the presence of trypsin-cleaved rMaspin(y);
B, invasion by MDA-435 in the presence of rMaspin(i); 0J, invasion by MDA-435 in the presence of
rMaspin(y); and &, invasion by MDA-231 in the presence of rMaspin(i). B M, invasion by MDA-435
in the presence of recombinant gluthathione S-transferase; O, invasion by MDA-435 in the presence
of rGST-maspin; @, invasion by MDA-231 in the presence of rGST-maspin

insects (rMaspin(i)) or from yeast (rMaspinly)), a bell-shaped curve was
obtained with its peak at 0.17 pM. Maspin cleaved within the RSL by trypsin
was totally inactive. The inhibitory effects of maspin were fully reversible by
antibody AbS4A (SHENG et al. 1994). The basis for the bell-shaped curve is not
known, but it is suggested that interaction between maspin and its target on
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Fig. 4A,B. Effect of rMaspin(i} and AbS4A on invasion {(A) and motility (B) of breast carcinoma cell
lines 70N (L), ZR75-1 (B), 21NT (&), MDA-MB-231 (&) and MDA-MB-435 (l). Invasiveness and the
motility rate of the untreated cells in each corresponding set of data were normalized as 100%,
respectively, and the data from treated cells are expressed as a percentage of these controls, The data
represent the average of three parallel experiments and the error bars represent the standard error

the membrane may induce a conformational change leading to polymerization
and concomitant decreased activity. Polymerization is favored by a decreased
pH, as occurs in cell culture. The GST-maspin fusion protein may by restricted in
its ability to undergo this conformational change.

In further studies, the effect of rMaspin(i) on invasion was examined in a
series of mammary carcinoma cell lines (ZR-75-1, 21NT, MDA-MB-231, and
MDA-MB-435) and in normal cells (70N) (SHENG et al. 1995). Although the
normal cells are not invasive in vivo, they show low level invasiveness in
culture, which is inhibited by maspin. Fig. 4A shows inhibition of invasion by
maspin and reversion by treatment with antibody.
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5.2 Inhibition of Motility

Motility can be examined qualitatively by the Burk method in which a patch of
cells in a confluent monolayer are removed, e.g., by scraping, and the
movement of surrounding cells into the denuded area is observed. For quanti-
tation, a modified Boyden assay or video time lapse recording can be used. All
three methods have been used in maspin studies. The Burk assay readily
revealed the inability of maspin treated cells to move. The modified Boyden
assay gave quantitative results (Fig. 4B) showing the inhibition of motility
measured as movement through a minimally coated Matrigel barrier in 6 h
(SHenG et al. 1995).

For time-lapse video microscopy, cells were seeded onto coverslips
coated with a combination of human laminin, collagen 1V, and gelatin, and
grown overnight, then treated with rMaspini(i} (or untreated) for 1 h prior to
videotaping for 24 h. A Zeiss Axiovert 135 microscope equipped with a Focht
environmental chamber and DIC optics was used for videotaping. Tapes were
analyzed as described (SHenG et al. 1995).

Fig. 5A-D. Photographs of video frames from time-lapse cinematography of MDA-MB-231 cells
(motility data presented in Table 1) without rMaspin(i) (A and B) or with rMaspin(i) (C and D),
recorded over a 12h interval in the Focht's environmental chamber. Note the relative inactivity of
the cells treated with exogenous rMaspin(i) (0.47uM). x 580
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Table 1. Migration rate on extracellular matrix®

Cell line —Maspin +Maspin

MDA-MB-435 1.42+0.14 0.23+0.15
(n=6) (n=9)

MDA-MB-231 4.48+0.38 0.19+0.12
(n=7) (n=6)

®Data represent the average cell movement
measured by video cinematography in pm/h with
standard error(s)

As shown in Fig. 5 and summarized in Table 1, the migratory ability of
tumor cell lines was reduced up to 75% by maspin compared with untreated
controls over a 24 h period. The actual migration rate of cell line MDA-MB-231
was about three fold higher than that of MDA-MB-435, which is similar to their
comparative metastatic potential in vivo (THompson et al. 1992).

Two-dimensional migration across an extracellular matrix (ECM) involves
attachment, detachment, and ultimately motility. Thus our data suggest
that maspin, perhaps in combination with other proteins, inhibits this entire
process.

5.3 Inhibition of Invasion and Motility in Prostate Cells

Because of the similarities of mammary and prostate tissues, both being
secretory glands under steroid hormonal control, it seemed of interest to
examine the effects of maspin on prostate cells in culture. Accordingly,
invasion and motility assays were performed with three prostate cell lines:
LNCaP, DU 145, and PC 3. The results (Fig. 6) show that invasion is strongly
reduced by rMaspin(i) and that this inhibition is partially reversed by the AbS4A
antibody. Motility is reduced about 40%-60%, similar to results with breast
carcinoma cells, and reversible by antibody.

These results raise the novel possibility that maspin will have similar
therapeutic potential in breast and prostate cancers. To follow up this lead,
investigations have been initiated using recombinant maspin in animal testing.
Preliminary studies in nude mice with breast tumor transfectants expressing
maspin have been encouraging and will be presented below.

5.4 Inhibition of Tumor Growth and Metastasis
by-Maspin in Nude Mice

In initial studies (Zou et al. 1994) it was reported that tumor transfectants
(MDA-MB-435 tumor cells expressing transfected maspin) were inhibited in
tumor cell growth and metastasis compared with mock transfectants not
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Fig. 6A,B. Effect of rMaspin(i) and AbS4A on the invasion (A) and motility (B) of prostate cancer cell
lines LNCaP (), DU145 {i2) and PC3 (B) Invasiveness and the motility rate of the untreated cells in
each corresponding set of data were normalized as 100%, respectively, and the data from treated
cells are expressed as a percentage of these controls. The data represent the average of three
parallel experiments and the error bars represent the standard error

expressing maspin in the nude mouse assay. In the initial study, three out of
four transfectants expressed this inhibition. The fourth cell line showed in-
creased tumor growth in this study and elevated invasion in MICS chamber
studies, suggesting an elevated invasive potential in this clone. These initial
studies have now been repeated with a new set of five transfectants of similar
origin, and four out of five of these cell lines have shown inhibition of tumor
gréwth compared with controls {Table 2). Thus it seems evident that expres-
sion of maspin in tumor transfectants inhibits the growth rate of the primary
tumors as well as their metastatic potential.
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Table 2. Tumorigenicity of maspin-transfected MDA-

MB-435 cells®

Cells Median weight (g)° p value®
Nn12 1.60

Tn8 0.60 0.019
Tn13 0.45 0.024
Tn1b 0.75 0.016
Tn16 0.36 0.0072
Tn4b 0.60 0.190

*Transfected cell (5x10°% were injected into the
mammary fat pads of nude mice. Each mouse was
injected at two sites and the tumor development
was monitored weekly

®Tumor weights were measured 12 weeks
postinjection

°p-values were obtained by Wilcoxon rank sum test
using null hypothesis

5.5 Loss of Maspin Expression in Mammary Tumor Tissue

In initial studies of benign and malignant breast cancer tissues immunostained
with maspin antibody, benign breast tissues (n=6) and benign epithelium
adjacent to invasive carcinomas were maspin positive, with intense staining
in myoepithelial cells and more heterogeneous staining in luminal cells.
Inflammatory and stromal cells were negative. Twenty specimens of invasive
primary carcinoma, lymph node and distant metastases were also evaluated.
Most malignant cells in invasive carcinomas failed to express maspin but a
minority of cells in well differentiated tumors expressed maspin focally.
Maspin was undetectable or very weakly expressed in lymph node and distant
metastases (Zou et al. 1994).

6 Summary

Maspin, a serpin found in mammary epithelial cells, has been shown to have
tumor suppressor activity. The gene is expressed in normal human mammary
epithelial cells but down-regulated in invasive breast carcinomas. Similar pat-
terns of expression at the RNA and protein levels are seen by Northern analysis
with cells grown in culture and by immunostaining of tissues. Biological assays
of invasion by tumor cells through matrigel membranes and of motility have
shown that recombinant maspin inhibits both processes, and that its inhibitory
action is totally lost by a single cleavage at the reaction center. Tumor
transfectants expressing maspin are inhibited in growth and invasion in nude
mice. Maspin is located in the cell membrane and extracellular matrix, and
does not behave as a classical inhibitory serpin against any known target
protease. Its mode of action is presently unknown.
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1 Introduction

The architecture of normal tissues is maintained by interactions between cells
and the extracellular matrix (ECM). In this cooperation, cells produce and
assemble the components of the ECM whereas the ECM stabilizes the
physical structure of tissues and also regulates the behavior of cells
(McDonap 1988, Apams and Watt 1993). Transformed cells can alter the
composition and structural integrity of adjacent matrix promoting tumor pro-
gression. Enzymes produced by tumor cells can degrade different compo-
nents of the ECM, such as collagens, glycoproteins and proteoglycans, and
such matrix-degrading enzymes were shown to contribute to tumor invasion
and metastasis in various experimental systems (for review of the extensive
literature see MaREeL et al. 1991; Mienati and RiFkin 1993). The current view
emerging from these studies is that the concerted action of several different
enzymes, whose activities are modulated by complex control mechanisms,
is required in malignancy. The functional role of the enzymatic degradation
of ECM by tumor cells has been thought to be the dissolution of occlud-
ing matrix, thus enabling the cells to invade into the interstitial matrix of
the mesenchyme at the site of a primary tumor, to cross the basement
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membrane of blood vessels in the process of intra- and extravasation and
lastly to invade into the mesenchyme of a secondary site. More recently, it
has been recognized that enzymatically altered matrix also provides a com-
plex source of molecular information that can modulate tumor cell behavior
including adhesion, survival, growth and migration. It appears now that
spatially and temporally limited matrix degradation rather than continuous,
widespread enzymatic activity is required for the successful dissemination of
the tumor (LioTTa et al. 1991; MareeL et al. 1991; MignatT and Rirkin 1993;
DeCLerck and IMREN 1994).

Cutaneous melanoma is an invasive and metastatic tumor that has
received considerable interest. From an epidemiological and clinical point of
view, malignant melanoma is important, because the rate of incidence is
continuously rising and because metastatic melanoma is resistant to conven-
tional radio- and chemotherapy. For the study of tumor biology, malignant
melanoma is important, because tumor progression is well defined starting
from benign melanocytic nevi, dysplastic nevi, radial growth phase mela-
noma, invasive vertical growth phase melanoma to melanoma metastasis
{CLark 1991). Also, a large number of human melanoma cell lines with varying
invasive and metastatic potential are available for studies in vitro and in
experimental animals. Current information on the molecular and cellular
biology of human melanoma has been reviewed by Heriyn (1993). Here, we
focus on matrix-degrading activities elaborated by human melonama cells and
discuss our recent studies that address the synergism between different
proteases in a human melanoma model.

2 Proteases Produced by Human Melanoma Cells

Human melanoma cells produce the same matrix-degrading enzymes that
have been implicated in normal invasive processes, such as trophoblast
invasion or leukocyte diapedesis and in the biology of other malignant tumors.
These enzymes include proteolytic enzymes that are classified according to
the nature of their active centres as serine proteases, metalloproteases, and
cysteine proteases, as well as glycosidases that can degrade the carbohy-
drate moieties of proteoglycans. ’

2.1 Plasminogen Activators

The plasminogen activator (PA)/plasmin system has been biochemically well
characterized and its role in tissue remodeling, particularly in malignancy, has
been the subject of several reviews (Dang et al. 1985; VassaLu et al. 1991;
Kwaan 1992). The two known mammalian PAs, tissue type PA (tPA) and
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urokinase type PA (uPA), are serine proteases with narrow specificity cleaving the
ubiguitous zymogen plasminogen and thus generating plasmin. Plasmin is
a broad acting serine protease that can degrade fibrin and the matrix glyco-
proteins fibronectin and laminin and is also able to contribute to matrix degra-
dation by activating some latent metalloproteases. The PA/plasmin system
is tightly controlled by specific inhibitors, including the PA inhibitors (PAI) and
the plasmin inhibitor a2 antiplasmin. Pericellular plasminogen activation is en-
hanced on the cell surface and is regulated by cell surface receptors, as has been
most clearly demonstrated for the uPA receptor (UPAR) (ELuis et al. 1992; BLasi
1993).

Human melanoma cell lines have been shown to produce both tPA (Ruken and
Colen 1981; Hoal-Van HeLDeEN et al. 1986; VaHerl et al.1994) and uPA (Quax
et al. 1991; MEeissauer et al. 1991; MonTGoMERY et al. 1993). It appears that the
production of tPA is somewhat unique to human melanoma cells, whereas the
production of uPA has been described for a large number of cell lines derived
from malignant tumors of different histological origins. -

Similar to other malignancies (Testa and QuicLey 1990), the elaboration of
uPA activity by human melanoma cell lines correlates with an highly invasive
and metastatic phenotype. In a study of six melanoma cell lines by Quaxet al.
(1991), all were found to express both tPA mRNA and protein, and grew to
form subcutaneous tumors in immunodeficient mice. Only two cell lines, MV3
and BLM, which produced uPA, PAI-1 and PAI-2 and were able to degrade
ECM in vitro in a uPA dependent fashion, grew in mice as invasive subcutane-
ous tumors that consistently developed spontaneous metastasis {Quax et al.
1991). Similarly, two human melanoma cell lines, M24met and C8161, which
are highly invasive in vitro and aggressively metastatic in mice, produce uPA
(Table 1). In contrast, low net PA activity, which was mostly tPA activity, was
detected for a cell line, WM35, established from a primary melanoma and
another cell line, M21, originally derived from a melanoma metastasis, but
poorly metastatic in mice. It is a noteworthy that C8161 cells secreted roughly
50 times more UPA activity into the conditioned media than M24met cells,
while these two cell lines are quite similar in their metastatic behavior. The cell
surface bound PA activity of both cell lines, detected in acidic eluates from the
cell surface, was very similar (Table 1), suggesting that cell surface rather than
total uPA activity determines the metastatic capability of these cells.

The importance of cell surface proteolytic activity for melanoma invasion
has been emphasized by MEissauEr et al. (1992). These authors show that
MelJuso cells, which use cell surface bound uPA for plasminogen activation,
are more invasive through ECM or layers of keratinocytes than MeWo cells,
which activate plasminogen by secreted tPA much less efficiently. In vitro
invasiveness of both cell lines is enhanced in the presence of cell-associated
plasmin. In this regard, plasminogen (Meissauer et al. 1992) and tPA (Bizik et al.
1993) can be eluted with lysine analogues from the surface of melanoma cells
suggesting the presence of cell surface receptors. Candidates for such recep-
tors are a-enolase (MILEs et al. 1991) and annexin Il (Hauar et al. 1994), which
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have been demonstrated to function as cell surface binding proteins for
plasminogen and tPA on monocytic and endothelial cells.

Metastatic human melanoma cell lines, including M24met cells, express
high levels of a receptor for uPA that is biochemically and immunologically
identical with uPAR described on monocytic cells and other tumor cells (STaHL
and MueLLter 1994). M24met cells utilize uPA for matrix degradation and
invasion efficiently only when it is bound to its receptor. uPA binding to uPAR
also stimulates haptotactic migration of M24met cells independent of uPA's
catalytic activity (StaHL and MueLLter 1994). Similarly, uPA can act as an
autocrine growth factor for the human melanoma cell line GUBSB, which also
expresses the high affinity uPAR (KIRcHHEIMER et al. 1989). Thus, uPAR may
contribute to melanoma metastasis by enhancing pericellular proteolysis of
occluding ECM and by acting as a signaling receptor to activate tumor growth
and motility. We have recently demonstrated that uPAR on the surface of
M24met melanoma cells is mainly localized in caveolae (StaHL and MUELLER
1995), flask-shape micro-invaginations of the plasma membrane that cluster
cell surface receptors and signal transduction molecules in a characteristic
lipid environment (ANDERSON 1993; LisanTi et al. 1994). The function of caveolae
is currently not well understood, but the structural integrity of caveolae on
melanoma cells appears to be required for efficient plasmin generation on the
cell surface (StaHL and MueLLER 1995) possibily by virtue of clustering uPAR
with other protease receptors. Furthermore, caveolae may also provide a
specialized compartment that allows for efficient signal transduction through
the uPAR.

Recently, two studies examined the expression of plasminogen activators
in melanoma tumor progression. De VRIES et al. (1994) examined benign and
dysplastic nevi, early and advanced primary melanomas, and melanoma
metastases by immunohistochemistry and RNA in situ hybridization. They
found tPA in the endothelial cells of all lesions and in the tumor cells of a few
metastatic tumors. In contrast, uPA, uPAR, PAI-1 and PAI-2 was not detected
in benign and early stages, but appeared frequently in tumor cells of advanced
primary melanoma and metastasis, indicating that plasminogen activation is a
late event in melanoma tumor progression. In a similar study, DELBALDO
et al. (1994) also detected uPA mRNA in some atypical nevi, but found uPA
activity, as measured by histological zymography, exclusively in malignant
melanomas where it was preferentially localized with tumor cells at borders of
malignant nodules.

2.2 Matrix Metalloproteinases

The matrix metalloproteinases (MMPs) are a family of zinc-dependent matrix-
degrading enzymes. The structure and function of MMP have been reviewed in
detail by Woessner (1991) and MaTrisian (1992). Based on substrate specificity,
MMPs can be subdivided into three subclasses: collagenases, gelatinases



70 B.M. Mueller

and stromelysins. Interstitial collagenase and neutrophil collagenase are charac-
terized by their ability to cleave fibrillar collagens, i.e., type |, Il and Il
collagen. Both 72 kDa gelatinase A and 92 kDa gelatinase B have specificity
for denatured collagens (gelatins) and for type IV basement membrane colla-
gen. The stromelysin subclass consisting of stromelysin 1, stromelysin 2 and
matrilysin has a broader specificity with major substrates including glyco-
proteins, proteoglycans and type |V collagen.

MMP synthesis and secretion is inducible by a variety of biologically
active reagents, such as growth factors, oncogenes and tumor promoters
(Frisch and WEers 1989). The activity of secreted MMPs is regulated by their
requirement for proteolytic activation and by specific inhibitors (MureHY et al.
1994) Latent MMP can be activated by plasmin and other proteases. For
example, a recently discovered cell surface MMP (Sato et al. 1994) specifi-
cally cleaves and activates gelatinase A. MMPs are inhibited by tissue
inhibitors of metalloproteinase (TIMP), a family of glycoproteins with two well
characterized members, namely TIMP-1 and TIMP-2 (DenHARDT et al. 1993).

MMPs are secreted by normal cells, including leukocytes and fibroblasts,
and are frequently overexpressed in malignant tumors. The experimental
evidence implicating MMP activity in tumor invasion and metastasis has been
reviewed by STETLER-STEVENSION et al. (1993). In this regard it has been demon-
strated that: (a) MMP production is positively correlated with invasive and
metastastic behavior of tumor cell lines; (b) growth factors and oncogenes up-
regulate the production of MMP; (c) cell-matrix interactions which promote
cellular invasiveness also enhance MMP production; (d) MMP expression
correlates with malignancy in various human tumors; and (e) TIMPs inhibit
tumor invasion and experimental metastasis (STETLER-STEVENSON et al. 1993).

Human melanoma cell lines were reported to produce gelatinase A,
gelatinase B, interstitial collagenase and stromelysin. Expression of gelatinase
A'is found in virtually all cell lines studied, whereas expression of gelatinase B
appears to be restricted to more invasive and metastatic cells lines (HENDRIx
et al. 1990; WELcH et al. 1991; MoNTGOMERY et al. 1993; MacDougaLL et al. 1995).
The metastatic potential of three human melanoma cell lines and their ability to
invade through reconstituted basement membrane correlated positively with
the expression of gelatinases and type IV collagenolytic activity (WELcH et al.
1991). Information on the expression of MMPs in different stages of mela-
noma progression is currently not available.

Complex interactions between MMP expression and activity and cell
adhesion, particularly mediated by integrins, have been described for human
melanoma cells. Integrin signaling can regulate MMP expression. For example,
binding of the vitronectin receptor av, or the fibronectin receptor o, to their
cognate ligands increases gelatinase A expression in A375M and C8161
human melanoma cells, respectively (SerTor et al. 1992; 1993). Alternatively,
collagenolytic activity can expose or destroy adhesive substrates and thus
modulate cell function. When A2058 human melanoma cells were transfected
to overexpress TIMP-2 in order to lower their collagenolytic activity, the resulting
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transfectants showed increased cellular adhesion to matrix proteins and de-
creased chemotactic migration (Ray and SteTLER-STEVENSON 1994). Controlled
collagenolysis may expose cryptic Arg-Gly-Asp (RGD) sequences in dermal
type | collagen and thereby promote RGD-dependent adhesion by integrin o3,
(MoNTGOMERY et al. 1994b). Ligation of this integrin may in turn promote mela-
noma cell survival, growth and metastasis (MONTGOMERY et al. 1994b).

2.3 Other Matrix-Degrading Enzymes

Cathepsins B, L and H are lysosomal cysteine proteinases that are active at
acidic pH. Tumor cells frequently release cathepsins and extracellular cathep-
sins can act as endo- or ectopeptidases on various proteins in the ECM.
Cathepsin B activity has been positively correlated with the metastatic ability
of tumor cell lines and with tumor progression (SLOANE et al. 1990). Extracellular
or plasma membrane-associated cathepsins have been described in human
melanoma cell lines including cathepsin B (TsusHima et al. 1991a), cathepsin L
(Rozrin et al. 1989) and a cathepsin H-like protein (TsusHima et al. 1991b).
Cysteine proteinase inhibitors were described to inhibit melanoma cell motility
(Boike et al. 1991) implying a role for cathepsins in cell migration.

A 170 kDa membrane protease complex with gelatinase activity, named
seprase, has been described in invasive melanoma cell lines (Aoyama and CHEN
1990; Monsky et al. 1994). Consistent with a proposed role in melanoma
invasion, seprase is localized in a specialized membrane region, invadopodia,
at the invasive front of melanoma cells.

Aminopeptidase N was identified as another cell surface protease on
human melanoma cells (Menrap et al. 1993). Aminopeptidase N activity
contributes to melanoma cell invasion through reconsistuted basement mem-
brane and appears to specifically degrade nidogen/entactin.

A unique endo-B-D-glucuronidase, heparanase, with specificity for heparan
sulfate proteoglycans is produced by many human melanoma cell lines.
Heparanase activity has been implicated in melanoma metastasis in mice and
elevated levels of heparanase have been detected in sera from malignant
melanoma patients (for review see NakaJiva et al. 1988).

3 Melanoma-Mediated Dissolution
of Extracellular Matrix In Vitro

Malignant tumor cells usually produce several matrix-degrading activities with
different substrate specificities that are thought to cooperate in the degradation
of complex matrices. For example, invasion of mouse B 16 melanoma cells
through amniotic membrane can be inhibited with either inhibitors of uPA and
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plasmin or by collagenase inhibitors (MiaNaTTI et al. 1986). Similarly, the ability
of mouse melanoma cells and human fibrosarcoma or ovarian carcinoma cells
to invade through reconstituted basement membrane can be inhibited by
serine protease inhibitors, uPA inbibitors or type IV collagenase (gelatinase)
inhibitors, but not by an elastase inhibitor (ReicH et al. 1988). Human squamous
carcinoma cell lines have to express uPA, the uPA receptor and interstitial
collagenase to effectively invade through the chorioallantoic membrane of
chick embryos (Ossowskl 1992).

The human melanoma cell line M24met was demonstrated to produce
uPA, and several MMPs, including gelatinase A, gelatinase B, interstitial
collagenase and small amounts of stromelysin (MonTGoMERY et al. 1993). While
the cells also express protease inhibitors, including PAI-1, PAI-2, TIMP-1 and
TIMP-2, the endogenously produced protease activities were found to exceed
these of the inhibitors. Thus, uPA and MMP-dependent activities enable
M24met cells to degrade various matrix proteins, including the major compo-
nents of the interstitial stroma, fibronectin and type 1 collagen, as well as
laminin and type IV collagen, major components of basement membranes.

Degradation of interstitial matrix by M24met cells was examined with
®H-proline-labeled matrices produced by rat smooth muscle cells. In these
matrices, approximately 49% of the labeled proline was incorporated into
glycoprotein, 27% into elastin and 29% into collagen. The kinetics of intersti-
tial matrix degradation by M24met cells in the presence or absence of the
specific recombinant inhibitors PAI-2 and TIMP-2 is shown in Fig. 1. Un-
treated M24met cells caused significant accumulated degradation over the
14-day culture period. In the presence of PAI-2 or TIMP-2, the total accumu-
lated degradation was inhibited by 50% and 30%, respectively. During the
first 5 days of culture, there was a relatively rapid hydrolysis of the matrix by
untreated M24met cells. During this early phase, less than 10% of the
observed hydrolysis was inhibited by TIMP-2. In contrast, upto 50% of this
early activity was inhibited by PAI-2. These findings suggest an early and
rapid uPA-dependent hydrolysis, with a relatively minor contribution from a
metalloproteinase-dependent pathway. After day 5, untreated M24met cells
degraded the matrix at a slower, but constant, rate. During this late phase,
TIMP-2 inhibition increased inhibiting approximately 80% of the degradation
occurring between days 9 and 14. These results suggest the delayed activity
of a metalloproteinase-dependent proteolytic pathway that predominates
during the later stages of matrix hydrolysis. Analysis of the matrix composi-
tion at different time points confirmed that the majority of the matrix
glycoprotein was digested in the first 7 days, while collagen degradation
mainly took place between days 7 and 14. These data suggest that the
interstitial glycoproteins function to protect the fibrillar collagen from pro-
teolytic degradation.

The degradation of subendothetlial matrix by M24met cells demonstrated
a similar temporal relationship between uPA and MMP activities. These
results led to the conclusion that, in vitro, both uPA and MMP activities are
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Fig. 1. Contribution of melanoma cell-associated urokinase type plasminogen activator (UPA)- and
matrix metalloproteinase (MMP)-dependent proteolysis to the degradation of interstitial matrix
M24met cells in RPMI and 10% acid-treated fetal bovine serum were plated on smooth muscle cell
matrices labeled with [*H] proline. Tissue inhibitor of metalloproteinase (TIMP)-2 and plasminogen
activator inhibitor (PAI)-2 were added to this media at 20 or 45 ng/ml, respectively. Aliquots of 200 pl
supernatant were harvested for counting every 2 days and the culture media were replaced with
fresh media and inhibitors. Results were expressed as accumulated degradation and represent the
mean release of triplicate samples over background. (From MONTGOMERY et al. 1993)

involved in the degradation of occluding extracellular matrix by malignant
human melanoma cells and that uPA-dependent removal of matrix glyco-
protein must precede MMP-dependent collagenolysis as a prerequisite rate-
limiting step (MonTGomERY et al. 1993). Thus, cooperation between different
proteolytic activities may be imposed by the structural architecture of the ECM
in which interstitial glycoproteins can function to protect the fibrilar collagen
from proteolytic degradation.

4 In Vivo Studies Implicate Different Roles
for Proteolytic Activities

Human M24met melanoma cells metastasize very efficiently from subcutane-
ous tumors to lymph nodes and lungs of SCID mice (MuLLer et al. 1991). To
study the contribution of proteolytic activities to melanoma invasion and
metastasis in vivo. M24met cells were transfected to overexpress protease
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inhibitors. Specifically, PAI-2 was overexpressed to address the role of the
uPA/plasmin system and TIMP-2 was overexpressed to address the role of
MMP in melanoma metastasis.

Clonal M24met cell lines stably transfected with human PAI-2 ¢cDNA pro-
duced two to nine times more PAI-2 protein in cell lysates and cell-conditioned
media than either parental M24met cells or mock transfectants (MUELLER et al.
1995). The clone with the highest PAI-2 expression, PAI-2-4, exhibited complete
inhibition of soluble and cell-surface bound PA activities. The level of PAI-2
overexpression for the clonal cell lines correlated positively with the inhibition of
their ability to degrade complex matrix in vitro. Parental, mock-transfected and PAI-2
transfected M24met cells produced rapidly growing tumors when injected
into the flank of SCID mice. The tumors producing the highest levels of PAI-2 were
surrounded by a dense tumor capsule. Both parental and mock-transfected cells
invariably metastasized from the subcutaneous tumors to lymph nodes and lungs
of the mice. PAI-2-transfected cell lines produced little or no macroscopic foci with the
degree of the inhibition of spontaneous metastasis correlating well with
the overexpression of PAI-2. These data indicate that PAI-2 mediated inhibition of uPA
activity suppresses human melanoma invasion and metastasis in SCID mice and
provide direct evidence for a requirement of uPA activity in this animal model
(MUELLER et al. 1995).

Degradation of occulding ECM as a major function of tumor associated PA
activity has been previously implicated in different experimental systems in
vivo. Anticatalytic anti-uPA antibodies inhibit invasion and metastasis of a
human squamous carcinoma cell line in chick embryos {Ossowskl and REicH
1983); local invasion of human tumors grown in mice (Ossowskl et al. 1991),
and experimental metastasis of murine melanoma cells in mice (HeARING et al.
1988). Overexpression of UPA in poorly metastatic murine melanoma cells (Yu
and ScHuLtz 1990) and in H-ras-transformed NIH 3T3 fibroblasts (AxeLroD
et al. 1989) enable these cells to form experimental metastases in mice.
Human fibrosarcoma cells that overexpress PAI-2 are less invasive in vivo and
form encapsulated tumors (LauG et al. 1993). Overexpression of enzymatically
inactive UPA reduced spontaneous metastasis of prostate carcinoma cells
thus indicating a requirement for cell surface bound uPA activity in this system
(CrowlLEY et al. 1993).

Stable transfection of M24met with human TIMP-2 cDNA resulted in
clonal cell lines producing up to eight times more TIMP-2 than the parental cell
line (MonTGoMERY et al. 1994a). Transfectants overexpressing TIMP-2 demon-
strated an effective inhibition of collagenolytic activity. Overexpression of
TIMP-2 markedly reduced melanoma growth in the skin of SCID mice, but did
not prevent these cells from spontaneously metastasizing to the lungs and
lymph nodes of inoculated mice. No difference in growth rates of parental and
TIMP-2 overproducing M24met cells was observed when the cells were
maintained on untreated or gelatin coated plastic. In contrast, TIMP-2 over-
expressing melanoma cells assumed a differentiated morphology and were
significantly growth-inhibited compared to the parental cells when plated in
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three-dimensional interstitial collagen gels. Similarly, the growth of parental
M24met cells in three-dimensional collagen gels was inhibited in the presence
of recombinant TIMP-2. These data suggest that in a three-dimensional
collagen matrix and in the dermal collagen of the mouse skin TIMP-2 has a
growth inhibitory effect on human melanoma cells indicating a requirement for
MMP activities and collagenolysis to promote melanoma growth (MONTGOMERY
et al. 1994a).

MMP activities have been linked to metastatic spread. For example,
mouse B16-F10 melanoma cells overexpressing TIMP-1 are less invasive
in vitro (KHokHA et al. 1992a) and have a lower metastatic potential in chick
embryos (KHokHA et al. 1992b) and in mice (KHokHA 1994). Transfection of
TIMP-2 into a transformed rate embryo cell line partially inhibited experimental
metastasis (DeCLErck et al. 1992). Overexpression of TIMP in these model
system; however, also resulted in a profound suppression of tumor growth
(DeCLerck et al. 1992; KHokHa 1994). Interestingly, TIMP-1 overexpressing
B16-F10 cells were shown by intravital vidoemicroscopy of chick embryo
choriallantoic membranes to be not affected in their ability to extravasate, but
rather in tumor growth post extravasation (Koor et al. 1994). A role for MMP
activity in promoting tumor growth is also supported by the in vivo effects of the
synthetic MMP inhibitor batimastant. In the B16BL5 mouse melanoma
model, batimastast inhibits the growth of subcutaneous tumors and spontane-
ous metastases, but not the number of pulmonary metastases in the sponta-
neous metastasis assay (CHIRvi et al. 1994). Similarly, the growth of orthotopic
human colon tumors in nude mice was inhibited by batimastat (WanG et al.
1994). Furthermore, expression of matrilysin in human colon carcinoma cell lines
was not sufficient for tumor invasion and metastasis, but contributed to
tumorgenicity and progression of colorectal tumors (WiTTy et al. 1994). Thus,
different in vivo models support the conclusion that the promotion of tumor
growth is clearly an important function of MMP activities.

It is currently not clear by what mechanism MMPs promote tumor growth.
Blocking of endothelial MMP by MMP inhibitors might result in suppression of
tumor neovascularization and, indirectly, inhibition of tumor growth. In this
regard, metalloproteinase inhibitors have been shown to inhibit angiogenesis
(Moses and LanGerR 1991; JoHNsoN et al. 1994). Alternatively, proteolytic alteration
of occluding ECM might be a requirement for tumor cell growth, a mechanism
that is supported by the finding that a similar degree of growth inhibition
was observed for TIMP-2 overexpressing M24met cells in the subcutaneous
environment and in three-dimensional collagen gels in vitro (MonNTGOMERY et al.
1994a). MMP activity may release matrix-bound growth factor or fragments of
ECM proteins with growth factor activity. Limited proteolysis of matrix proteins
may also expose new adhesive ligands for cellular adhesion molecules and, in
turn, promote proliferation and tumorigenesis.

The effect of PAI-2 and TIMP-2 overexpression on the survival of M24met
metastases bearing SCID mice was compared directly. Compared to mice
inoculated with M24met tumors, PAI-2 overexpression resulted in markedly
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Fig. 2. Survival of SCID mice bearing M24met or transfectants in the spontaneous metastasis assay.
Groups of 6 week old, female SCID mice were injected subcutaneously into the flank with 2x 10
cells of either M24met human melanoma cells, plasminogen activator inhibitor (PAl)-2 overexpress-
ing M24met (PAI-2-4) or tissue inhibitor of metalloproteinase (TIMP)-2 overexpressing M24met
(H1.19). On day 15, subcutaneous tumors were removed surgically with mean weights for M24met
tumors being 0.80 + 0.19 g, for PAI-2-4 tumors being 0.56 + 0.14g and for H1.19(S) being
0.12 + 0.03 g. TIMP-2-overexpressing tumors were excised from a second group, H1.19(L), on day
26 with a mean tumor weight of 0.78 + 0.22 g

prolonged survival for all mice and in 50% long-term survivors (Fig. 2). To
adjust for the slower growth rate of subcutaneous TIMP-2 overexpressing
M24met tumors, two experimental groups were tested. In one group, small
subcutaneous tumors were excised at the same time as parental and PAI-2
expressing tumors. In a second group, TIMP-2 overexpressing tumors were
allowed to grow to the same volume as the control groups. Interestingly, in
either situation, the survival of mice with TIMP-2 overexpressing tumors
was not prolonged compared to mice bearing M24met tumors (Fig. 2) and all
animals had massive pulmonary metastasis at the time of their death. These
data confirm the earlier observation that TIMP-2 overexpression doces not
interfere with spontaneous metastasis in the M24met model (MONTGOMERY
et al. 1994a).

From our results in the spontaneous melanoma metastasis model in SCID
mice, we conclude that there are different roles for proteolytic activities produced
by melanoma cells. MMP activities are responsible for the restruc-
turing of the local environment, thus allowing tumor growth. PA/plasmin
activities are involved in the generation of distant metastasis, presumably by
facilitating tumor invasion. While MMP activities can assist in the degradation
of occluding ECM, their contribution to tumor invasion may not be required and
can be overcome by other collagenolytic proteases (PauLl et al. 1986; Mackay
et al. 1990).
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5 Summary

Malignant human melanoma cells produce many matrix-degrading enzymes,
including plasminogen activators and matrix metalloproteinases. These en-
zymes have substrate specificity for different components of ECM and most
of them have been demonstrated to contribute to melanoma cell-mediated
dissolution of matrices and to melanoma cell invasion. The degradation of
complex matrices in vitro requires the cooperation of proteases with specifi-
city for glycoproteins and collagens.

The contribution of proteases to spontaneous melanoma metastasis was
studied by overexpressing specific protease inhibitors in human melanoma
cells. Overexpression of PAI-2 inhibited the spread of distant metastasis
indicating a role for uPA/plasmin in melanoma invasion. Overexpression of
TIMP-2, in contrast, reduced the growth rate of subcutaneous tumors, but did
not inhibit metastasis, indicating that MMP activities promote melanoma
growth in the skin and may not be required for metastatic dissemination. Thus,
uPA and MMP activities are involved in different processes, but they both
contribute to melanoma malignancy.
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1 Introduction

Complex interactions between cells and the extracellular matrix are requisite
during development, wound repair, and neoplasia. Proteins that regulate cell-
cell and cell-matrix contacts are likely to influence both normal responses (e.g.
wound healing) and abnormal processes (e.g. malignant transformation). The
glycoprotein SPARC (secreted protein, acidic and rich in cysteine), also termed
osteonectin, BM-40, and 43 K protein, has been classified, along with tenascin
and thrombospondin, as an "anti-adhesin® (for review see Sace and BORNSTEIN
1991). For many cell types, this function promotes cell rounding, a decrease in
focal adhesions, and diminished cell-cell and cell-surface contacts. The at-
tendant consequences for tissue remodeling and cellular migration implicate
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SPARC as a regulatory protein in both wound healing and cancer. The purpose
of this chapter is to review the properties of this protein and the functional
implications for SPARC in neoplasia and tissue repair.

2 Expression of SPARC

SPARC is a 43 kDa glycoprotein first identified as a noncollagenous compo-
nent of bone by TermINE et al. (1981). It was later isolated as a protein secreted
by endothelial cells in vitro (SAGe et al. 1984), a product of fibroblasts in culture
(OTtsuka et al. 1984), and a major secreted protein in cells derived from mouse
embryonic endoderm (MasoN et al. 1986b). SPARC is produced by a diverse
array of other cell types that include platelets, smooth muscle cells, and many
tumor cell lines (STENNER et al. 1986; Mann et al. 1987; VILLARREAL et al. 1991).
The variety of cell types that express this protein; coupled with a myriad of
conditions under which they secrete SPARC, has led to a lack of consensus
regarding its biological activity. Determination of functions for SPARC has
been assisted by enhanced expression of this protein under certain experimen-
tal conditions. For example, expression of SPARC is increased when cells,
including fibroblasts, smooth muscle cells, and endothelial cells, are placed in
culture at sparse plating density or when cells are exposed to endotoxin (SAGE
et al. 1986). Moreover, SPARC is secreted by chondrocytes in response to
"heat shock" (Neri et al. 1992). Although SPARC is not a structural component
of the extracellular matrix (Mason et al. 1986b), this secretion during conditions
of "culture shock" is analogous to the enhanced production of proteins when
tissues undergo remodeling. Not all cell types are consistent in the expression
of SPARC; macrophages and several tumor cell lines do not produce SPARC in
culture, whereas these cell types do express SPARC in injured and neoplastic
tissue (RaINEs et al. 1992; Reep et al. 1993; PoRrTer et al. 1995).

Studies of the expression of a protein during development can elucidate
potential functions of the protein in growth and remodeling. SPARC is regulated
in a temporal and spatial manner during murine development (HoLLano et al.
1987; Sace et al. 1989a). Localization by in situ hybridization and immuno-
cytochemistry has demonstrated that SPARC is expressed early in embryo-
genesis in Reichert's membrane, trophoblastic giant cells, and in areas of
chondrogeneis, osteogenesis, and somitogenesis. Later in development, ex-
pression was noted in the thymus, heart, kidney, lung, gut, testis, and all
mineralizing tissues (HotLLano et al. 1987; Sace et al. 1989a,b). In adult mice,
SPARC has demonstrated an association with epithelium exhibiting high rates of
turnover, such as glandular tissues, gut, and skin (Sace et al. 1989a,b). Disrup-
tion of the expression of SPARC in Xenopus embryos via microinjection with
affinity-purified antibodies directed against this protein resulted in severe exter-
nal developmental anomalies by the early tadpole stage. These perturbations
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included a lack of visible eye pigment and deformities in eye development as
well as disorganized myotome patterns and loss of segmental boundaries
(PurceLL et al. 1993). Overexpression of SPARC in C. elegans was associated
with an uncoordinated (Unc) phenotype in the F1 generation. Transcripts for
SPARC were restricted to muscle cells of the body wall and vulva. Adults
demonstrated abnormal movements or paralysis and were unable to produce
viable offspring (ScHwarzeaUER and Spencer 1993). These data, obtained from
several different species, implicate SPARC in the regulation of synthesis and
turnover of the extracellular matrix during embryonic development.

3 Functional Domains

The SPARC gene is highly conserved among bovine, mouse, and human
species, a feature consistent with positive selection for the preservation of the
structure of this protein (McVEy et al. 1988; VILLARREAL et al. 1989). SPARC
cDNA consists of a 17 amino acid signal sequence followed by a secreted
protein of 283-287 amino acids (ENGEL et al. 1987). Peptide sequences derived
from SPARC have permitted the study of functional consequences of specific
domains that are not accessible in the native protein (Lane and Sace 1990).
These studies have utilized synthetic peptides as well as specific antibodies
directed at portions of these domains. SPARC has at least four distinct
domains based on the predicted secondary structure {Fig. 1).

Domain | (amino acids 3-51) is a highly acidic region with clusters of
glutamic acid residues. It binds calcium with low affinity (EnceL et al. 1987) and
contains a sequence, designated 1.1 (amino acids 5-23), that is an highly
efficient inhibitor of endothelial cell spreading (Lane and Sace 1990).

Domain Il {amino acids 52-132) is a cysteine-rich region that is homologous
to a repeated domain in follistatin and agrin. The NH,-terminal portion, termed 2.1
(amino acids 54-73), exhibits regulatory effects on the cell cycle (Funk and Sace
1991, 1993). The COOH-terminal region, termed 2.3 {(amino acids 113-130),
contains two cationic binding sites and the sequence (K)GHK, and has been
implicated in the regulation of cell proliferation and angiogenesis (LaNE et al. 1994).

Domain lll (amino acids 133-227), an extended series of o-helical seg-
ments, contains an endogenous protease-sensitive site between amino acids
197 and 198. Cysteine 137, at the NH,-terminal of this region, is disulfide-bonded
to Cys-247 in domain IV. This linkage is one of only two disulfide bonds that have
been definitively identified among the 14 cysteine residues of SPARC.

Domain IV (amino acids 228-285) contains an EF hand-like loop that has a
high affinity binding site for Ca** (ENGeL et al. 1987). Moreover, a synthetic
peptide,- designated 4.2, (amino acids 254-273), derived from this region medi-
ates the interaction between SPARC and collagens (Lane and Sace 1990) as well
as endothelial cells (Yost and Sace 1993). A disulfide bond between Cys-225 and
Cys-271 stabilizes the conformation of this domain (Mann et al. 1987).
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v
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Fig. 1. The SPARC protein. Numbers are designated according to MASON et al. {1986), without the
signal peptide. Structural domains of the protein are designated I-IV. In domain |, the two regions
with eight negatively charged residues are noted. Cysteine-rich domain Il has 11 cysteine residues.
One of these {(denoted by Cys-137) is thought to be disulfide bonded with Cys-247; all of the other
Cys residues are presumed to be disulfide bonded within domain Il. Domain Il is predicted to have
an o-helical structure as depicted by the cylinders. Three-dimensional modeling of the EF-hand
domain IV indicates that Cys-255 and Cys-271 form another disulfide bond. (From ENGEL et al. 1987)

Peptide sequences from these domains and specific antibodies against
these regions have permitted the elucidation of structure-function relation-
ships. These studies have demonstrated that specific sequences of SPARC
modulate interactions between cells and the extracellular matrix in a differen-
tial manner (for review see LANE and Sace 1994). Disparate roles for SPARC and
peptides derived from proteolysis of this protein are further supported by the
demonstration that SPARC is only present intracellularly (Sace et al. 1989a,b;
Reep et al. 1993; Porter et al. 1995). This limited expression is attributed to
rapid degradation of the protein after secretion, a process expected to preclude
detection of the native protein in the extracellular milieu. Sequences with
specific functions could then modulate cell behavior during wound healing and
neoplasia, integral aspects of which include adhesion, proliferation, interaction
with the extracellular matrix, degradation by proteases, and angiogenesis. The
effect of SPARC on these processes will be examined in further detail.

4 Cell Shape and Adhesion

SPARC was first described as a secreted protein that was produced by
endothelial cells in response to conditions of "culture shock” (SAGe et al. 1984).
However, the introduction of exogenous SPARC inhibits cell spreading and



Implications for Cancer and Wound Repair 85

induces cellular rounding, effects which do not support cell attachment in vitro
(Sace et al. 1989c). Moreover, stably transfected F@ embryonal carcinoma cell
lines that overexpressed SPARC were aggregated and rounded to a greater
extent than control cells transformed with vector alone (EverrT and Sace 1992).
This function as an anti-adhesin has implicated SPARC in the enhancement of
detachment and subsequent migration of cells in vivo. Functional mapping
studies have localized this property to peptide sequences in domains | and IV
(Lane and Sage 1990). Further studies have determined that peptides 2.1 and
4.2 mediate the effect of SPARC on the disassembly of focal adhesions
(MurpHy-ULLRICH et al. 1995). In cultured pulmonary vascular endothelial cells,
exogenous SPARC induces changes in cell shape and increases in endothelial
cell permeability that result in barrier dysfunction (GoLbsLum et al. 1994). The
ability of SPARC to diminish cell-cell and cell-matrix contacts concomitant
with permeabilization of cell junctions is consistent with a role for this protein
in facilitating cellular migration, a process necessary for the progression of
tumors and the development of metastases.

5 Cellular Proliferation

The effect of SPARC on cellular proliferation is distinct from that of peptide
sequences derived from the native molecule. SPARC protein that is secreted
by endothelioma cells transformed by the polyoma middle T-oncogene inhibits
the growth of normal bovine aortic endothelial cells, but not of established
murine capillary endothelial cells (Sage 1991). The addition of exogenous
SPARC inhibits the entry of bovine aortic endothelial cells into S-phase in a
concentration-dependent manner. Peptide 2.1 produced a similar, but less
marked, reduction of cell entry into S-phase. In contrast, peptide 1.1, a
sequence that inhibits cell spreading, had no activity in the modulation of cell
cycle progression (Funk and Sace 1991). Human umbilical vein endothelial
cells, fetal bovine endothelial cells, and bovine capillary endothelial cells
exhibited a response to SPARC and peptide 2.1 similar to that of bovine aortic
endothelial cells. Human foreskin fibroblasts and fetal bovine ligament fibro-
blasts exhibited an increase in thymidine incorporation in the presence of
SPARC and peptide 2.1 at lower concentrations, but were inhibited at higher
concentrations (Funk and Sage 1993). Recent studies have determined that
peptide 4.2 is a more potent inhibitor of DNA synthesis that acts synergistically
with peptide 2.1 to diminish the incorporation of tritiated thymidine (SaGe et al.
1995). In contrast, peptide 2.3, a sequence implicated in angiogenesis, in-
creased thymidine incorporation in both bovine aortic endothelial cells and
fibroblasts (Funk and Sage 1993). The differential effect of SPARC and peptides
derived from SPARC on cell proliferation implicates this protein in the regula-
tion of cell growth during wound healing and neoplasia.
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6 Interaction with the Extracellular Matrix

SPARC binds to divalent cations, several types of collagens, albumin, throm-
bospondin, and to the cell membranes of platelets and endothelial cells (Sace
et al. 1989c; CiLezarpIN et al. 1988; Yost and Sace 1993). SPARC and type |
collagen are coexpressed and coordinately regulated in cultured fibroblasts
derived from human gingiva and skin (Vuorio et al. 1991; WaaNa et al. 1991;
Reep et al. 1994), and in tissues during remodeling and wound repair (SALONEN
et al. 1990; Reep et al. 1993). SPARC also binds to type IV collagen and is
expressed in specialized basement membranes during development and
neoplastic transformation (Mason et al. 1986b; WEewer et al. 1988). Tissue-
specific alterations in the structure of SPARC can alter the affinity of the protein
for the extracellular matrix. For example, partial degradation of bone SPARC
(osteonectin) by a protease enhances the binding of this protein to type |
collagen (Tyree 1989).

The addition of exogenous SPARC to endothelial cells modulates the
synthesis of a variety of proteins associated with the extracellular matrix.
Examples include the enhanced synthesis of plasminogen activator inhibitor-1
and metalloproteases, and the inhibition of synthesis of fibronectin and throm-
bospondin-1 (LANE et al. 1992; TremsLE et al. 1993). These data support the
hypothesis that the transient expression of SPARC early in wound repair and at
sites of tissue remodeling might regulate fibrinolysis and thrombosis as well
as the deposition or assembly of other matrix proteins (RaINEs et al. 1992; Reep
et al. 1993).

7 Interaction with Growth Factors

Transcription of SPARC is increased by retinoic acid, progesterone, and
dexamethasone (Mason et al. 1986a; Nomura et al. 1989; Kasucal et al. 1991).
Transforming growth factor beta-1 (TGFB-1), a cytokine with regulatory activity
in wound repair, stimulates the production of several matrix proteins such as
type | collagen (MusToE et al. 1987; PENTTINEN et al. 1988). TGF-B1 also increases
the expression of SPARC mRNA and protein in osteoblasts and fibroblasts
in vitro as well as during wound repair (Masaki and Ropan 1989; Wrana et al.
1991; ReeD et al. 1994; PuoLAKKAINEN et al. 1995).

SPARC might also directly or indirectly modulate the interaction of cells
with a growth factor. SPARC binds to platelet-derived growth factor (PDGF)-AB
and"PDGF-BB, but not to PDGF-AA. Moreover, SPARC inhibited the binding of
PDGF to its cognate receptor(s) on fibroblasts (RaiNes et al. 1992). In the
absence of serum, exogenous SPARC antagonizes the migration of bovine
aortic endothelial cells to the chemokine basic fibroblast growth factor (bFGF).



Implications for Cancer and Wound Repair 87

In contrast to its affinity for PDGF, SPARC did not bind bFGF or block the
binding of bFGF to its receptors. The antagonistic effect was mimicked by
peptides 1.1 and 4.2, but not by peptides 2.1 and 3.4 (HasseLAAr and Sace 1992),
data consistent with specificity of peptides from the calcium-binding regions
with respect to the interaction of SPARC with bFGF.

8 Interaction with Proteases

Proteases and protease inhibitors act in concert to facilitate cell turnover and
remodeling in tissues (Durry 1992). Although a secreted product in culture
media, SPARC protein has only been noted intracellularly during development,
wound repair, and neoplasia (Reep et al. 1993; PorTer et al. 1995). Moreover,
SPARC is expressed and degraded in a temporal and spatial manner that is
coincident with angiogenesis in the chicken chorioallantoic membrane (IRUELA-
Arispe et al. 1995). These data support the contention that interactions with
proteases, metalloproteases, and serine proteases result in rapid proteolytic
degradation of SPARC in the extracellular space in vivo. This possibility is
supported by studies in vitro. SPARC induces the expression of type |
plasminogen activator inhibitor, a regulator of serine proteases, in cultured
bovine aortic endothelial cells (HasseLaar et al. 1991). Moreover, in fibroblasts,
SPARC has been demonstrated to induce the expression of three different
metalloproteases involved in morphogenesis and tissue remodeling: collage-
nase, stromelysin, and 92 kDa gelatinase (TRemeLE et al. 1993), which are, in
turn, activated by serine proteases. Therefore, SPARC is a substrate and a
modulator of proteolytic events in remodeling tissues.

9 Angiogenesis

The expression of SPARC is induced in endothelial cells derived from the
bovine aorta and rat cerebral microvessels during cord formation, a model of
angiogenesis in vitro whereby endothelial cells spontaneously form tube-like
structures with patent lumens (IRUELA-ARISPE et al. 1991a). During development
of the chicken chorioallantoic membrane and during wound repair, SPARC
mMRNA and protein are expressed by endothelial cells in newly formed blood
vessels (Reed et al. 1993; IRUELA-ARISPE et al. 1995} (Fig. 2A).

In wound healing, expression of SPARC in fibroblasts was shown to be
maximal during the phase in which there is active angiogenesis in the wound
bed (Fig. 2B). This result contrasted with that obtained for thrombospondin-1,
an inhibitor of angiogenesis in vitro and in vivo {Bacanvaposs and Wiks 1990;
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Fig. 2A,B. Expression of SPARC
in endothelial cells and fibroblasts
during wound repair. Shown are
representative  photographs of
tissue at 7 days after wounding.
Immuncytochemistry was perfor-
med with an affinity-purified anti-
body directed against SPARC.
The dark stain represents SPARC
protein (arrows) in endothelial
cells {A) and in fibroblasts (B). Bar
= 50um (A), 200um (B)

Goop et al. 1990; IrueLA-ARISPE et al. 1991b), which was expressed only in the
early phase of wound repair (Reep et al. 1993). Moreover, endothelial cells
treated with exogenous SPARC exhibited a fourfold decrease in thrombos-
pondin production (LaNE et al. 1992).

Synthetic peptides of SPARC have domains that regulate endothelial
cell proliferation and angiogenesis. Peptide 2.3, in contrast to peptide 2.1,
increased the proliferation of endothelial cells and angiogenesis in vitro and
in vivo (Lane et al. 1994). However, peptide 2.3 was not as potent a
stimulator of angiogenesis as smaller cleavage products derived from the
proteolysis of either peptide 2.3 or intact SPARC. For example, digestion of
SPARC with trypsin and peptide 2.3 with plasmin resulted in the release
of the sequence GHK (Lane et al. 1994). This tripeptide is a growth factor
for differentiated cells and is chemotactic for several cell types (PickarT
1981; PooLe and ZeTTEr 1983; ZeTTER et al. 1985). Moreover, GHK stimu-
lated angiogenesis in vitro and in vivo (Raju et al. 1982; Lane et al. 1994).
Recently, GHK has been shown to stimulate the accumulation of connec-
tive tissue and enhance wound repair in animal models (MaquarT et al.
1993). In studies of the proteolytic degradation of SPARC in the chicken
chorioallantoic membrane assay, extracellular proteolysis of SPARC oc-
curred during the middle stages (days 9-15) of choriocallantoic membrane
development, but not at later stages (days 17-21) (lrRueLa-ARisPE et al. 1995).
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This cleavage might be mediated, in part, by plasmin. Moreover, although
intact SPARC was inactive, synthetic peptides ([KIGHK) derived from
peptide 2.3, a plasmin-sensitive region of SPARC, stimulated angiogenesis in
a concentration-dependent manner (LANE et al. 1994; |rueLa-ARisPE et al. 1995).
These studies support the proposal that SPARC, and peptides derived from
proteolytic degradation of SPARC, regulate angiogenesis in vitro and in vivo.

10 Wound Healing

The early stages of wound healing are characterized by coagulation and
inflammation. Later stages of tissue repair consist of cell migration, prolifera-
tion, angiogenesis, synthesis of extracellular matrix, and, finally, tissue remo-
deling (FaLanga et al. 1988). In studies of wound repair in animal models, it has
been demonstrated that maximal expression of SPARC mRNA and protein
were noted in the wound bed from the middle through late stages of repair
(Reep et al. 1993). This expression was coincident with the phase of granula-
tion tissue formation and was consistent with a role for this protein in
remodeling and the facilitation of angiogenesis. Since SPARC was not de-
tected in the extracellular space, the degradation of this protein by proteases
expressed during wound healing might serve as a mechanism whereby
fragments of SPARC are released into the extracellular space. To test this
hypothesis, we have studied the effect of matrix metalloproteases from the
three classes of this extended family (collagenases, gelatinases, and stromely-
sins) on the proteolytic degradation of SPARC. Whereas matrix metalloprotease
(MMP)-1 (interstitial collagenase), MMP-2 (72 kDa gelatinase), and MMP-9
(92 kDa gelatinase) did not degrade SPARC, MMP-3 (stromelysin) cleaved
SPARC into discrete fragments. Analysis of the cleavage products has shown
a protected region that encompasses domain |l (Reeo et al., in preparation).
Wound fluid also contains an activity (or activities) that cleaves SPARC in a
concentration-dependent manner. Of interest, cleavage is enhanced in fluids
that are obtained from the later stages of wound healing. This result could be
due to facilitated proteolysis during the stages of repair that require the
formation of granulation tissue or the absence of inhibitors during the later
stages of wound healing. The effect of wound fluid on the degradation of
SPARC is not obviated by tissue inhibitor of matrix metalloprotease-1 (TIMP-1)
alone, but required the addition of TIMP, leupeptin, and PMSF. It is not surprising
that degradation of SPARC is mediated by several classes of proteases. Since
proteases are temporally and differentially expressed during wound repair, there
are multiple points of regulation in the cleavage of SPARC. Future experiments
will investigate whether cleavage of SPARC results in the formation of angio-
genic peptides in vivo and will characterize the enzymes that are responsible for
the proteolytic degradation of this protein during wound repair.
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11 Cancer

Much of the evidence implicating SPARC in cancer has been indirect and
arises from the presence of this protein in numerous neoplastic and malignant
tissues. BM-40 (basement membrane-40) was isolated from the basement
membrane of a murine tumor and was subsequently found to be identical to
SPARC/osteonectin (MaANN et al. 1987). Wewer et al. (1988) found SPARC
mRNA and protein in human decidua and several types of carcinomas. In
poorly differentiated carcinoma, SPARC was present in the pericellular stroma
of cells, whereas in decidua and well-differentiated tumors SPARC was
restricted to newly deposited basement membrane and the cytoplasm of
some cells. In human decidua, the presence of SPARC in a distribution similar
to laminin was consistent with an association of this protein with active
formation of the basement membrane.

BeLLarcene and Castronovo (1995) have shown increased expression of
SPARC in malignant, compared to benign, lesions of the breast. The localiza-
tion of SPARC with microcalcifications underscores the affinity of this protein
for hydroxyapatite and the binding of Ca®* to SPARC in the formation of ectopic
microcalcifications associated with malignancies of the breast. Moreover, the
high expression of both SPARC and osteopontin, two bone matrix proteins, in
breast carcinoma may underlie the predilection of this form of cancer for
metastasis to bone (BELLAHCENE and CasTronovo 1995). SPARC protein has also
been noted in endothelial cells and fibrocytes in invasive malignant tumors of
the gastrointestinal tract, breast, lung, kidney, adrenal cortex, ovary, and brain
{Fig. 3) (PorteR et al. 1995). This immunoreactivity was greatest in malignan-
cies of mesenchymal origin. The majority of epithelial tumors showed high
levels of SPARC, although some specimens were completely negative. A high
tumor grade did not appear to be consistent with high levels of SPARC. There
were low levels of expression in normal human tissues in a pattern that was
similar to that observed in studies of adult murine tissues. Further studies of
SPARC in neoplasia will focus on apparent correlations among the expression
of SPARC, the extent of angiogenesis, and the clinical outcome of breast
cancers and other malignancies.

12 Conclusions

Studies in vitro and in vivo support a regulatory role for SPARC in cellular
processes required for both wound healing and neoplasia. In fibroblasts and
endothelial cells, SPARC diminishes focal contacts and prevents cell spread-
ing. SPARC inhibits proliferation of endothelial cells, but peptide sequences
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Fig. 3A-C. Expression of SPARC in human carcinomas. Shown are sections of tumors exposed to
a monoclonal antibody directed against domain | of SPARC. Immunostain (arrows) for SPARC is
noted in malignant cells of adenocarcinoma of the breast (A), renal cell carcinoma (B), and
adenocarcinoma of the lung (C). Bar = 50um. (Photographs provided by Dr. P. PORTER).

derived from this protein enhance endothelial cell proliferation and angioge-
nesis. SPARC has an affinity for Ca?* and Cu®* and binds to multiple ECM
components including collagens, thrombospondin, and the basement mem-
brane. SPARC stimulates the production of plasminogen activator inhibitor-1
as well as matrix metalloproteases and is also a substrate for certain pro-
teases. Expression of SPARC is induced by TGF-B1, but SPARC abrogates the
cellular effect of other growth factors such as PDGF and bFGF. SPARC is
expressed at high levels in tissues that undergo morphogenesis, remodeling,
and repair. Although many characteristics of SPARC are known, further
studies are necessary to elucidate precise functions. Future goals include: (1)
the characterization of cell-surface receptors for SPARC, (2) determining the
interactions of SPARC with specific cytokines, morphogens, and inflamma-
tory mediators, and (3) understanding the mechanisms of signal transduction
that are mediated by SPARC. These areas of study provide the basis for further
investigation of the role of SPARC in the processes of wound repair and
malignant transformation.
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1 Introduction

The development of metastatic capacity in a tumor is a multistep process
characterized both by the loss of normal behavior and by the acquisition of new
properties (FiDLer and HaRT 1982; HaART and Saini 1992). The identification of
molecules which are newly expressed, altered or lost during this process can
lead to an understanding of the molecular basis of tumor progression and
metastasis formation and can also lead to the development of diagnostic and
therapeutic tools. We have used monoclonal antibodies to define, in human
melanoma, molecules that change their expression patterns in concert with the
appearance of parameters known to be predictive for the occurrence of meta-
static disease (CLark et al. 1984; HerLyN et al. 1987; JonNnsoN 1995). Using this
approach the 113kDa cell surface glycoprotein MUC18 was identified as a
human melanoma associated antigen that increases in expression as tumors
increase in vertical thickness and begin to acquire metastatic potential {LEHMANN
et al. 1987).
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2 MUC18 Belongs to a Subgroup
of the Immunoglobulin Superfamily

Analysis of the MUC18 cDNA isolated from a melanoma expression library
(LeHmanN et al. 1989) indicated that the molecule has all of the structural character-
istics of a type | cell surface glycoprotein and that it belongs to the immunoglobulin
superfamily (WiLLiams and Barcray 1988). The predicted MUC18 protein consists
of five immunoglobulin-like domains, a transmembrane region and a cytoplasmic
tail of 63 amino acids. Eight potential N-glycosylation sites have been identified,
consistent with biochemical evidence that MUC18 is a heavily glycosylated
protein (LenmMANN et al. 1987). To date only a single mRNA of approximately 3.3 kb
has been identified.

Isolation of the human MUC18 gene revealed that it consists of 16 exons
extending over approximately 12 kb (Sers et al. 1993). The promoter region lacks
classical CAAT and TATA boxes but is GC rich and shows consensus to transcrip-
tional initiator sequences which have been identified in several other genes (Rov
et al. 1991). Primer extension analysis revealed a single transcriptional start site
localized within the putative initiator sequence (CTCACTTG). The intron-exon
organization of the MUC18 gene demonstrates yet another variation within the
growing immunoglobulin superfamily. Among members of this family, single
immunoglobulin-like domains are most commonly encoded as single exons
(WiLuiams and BarcLay 1988). However in the MUC18 gene, each of the five
immunoglobulin-like domains is encoded by multiple exons. With the exception of
the second domain, MUC18 resembles the neural cell adhesion molecules Po and
NCAM in that the immunoglobulin-like domains are encoded by two exons with
the intron splitting the domains between B strands, so that each exon encodes a
half-domain (LEMKE et al. 1988). The penultimate NH,-terminal immunoglobulin-
like domain of MUC18 is encoded by three exons and the first 2 exons are
separated by a large intron (> 2 kb).

A search of the Genbank and EMBL sequence databases led to the identifica-
tion of several molecules with significant homology to MUC18 (Table 1). These
include gicerin (TAIRA et al. 1994), SC1 (also known as DM-GRASP or BEN; BurNs
et al. 1991; Pouauie et al. 1992; Tanaka et al. 1991) and neurolin (LAgssING et al.

Table 1. Molecules with sequence similarity to MUC18

Molecule Species |dentity Overlapping Score?
% amino acids (n)
muMUC18 Mouse 75.4 625 2433
Gicerin Chicken 33.3 519 809
Bcam Human 29.4 521 586
SC1 Chicken 25.9 495 526
Neurolin Goldfish 25.3 383 333

Evaluated with the FastA program;
*Optimized score
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1994), molecules primarily expressed in the nervous system, and B-CAM, an
epithelial cell surface antigen showing increased expression in carcinomas
(CampseLL et al. 1994). The most closely related is gicerin isolated from the
chicken. However since gicerin and human MUC18 show an identity of only 33%,
it does not appear to be the MUC18 homologue. Itis interesting to note that these
proteins not only show the highest sequence homology to MUC18 using both the
BLAST and FastA algorithms but that they also share overall structural similarities
(CamPBELL et al. 1994; LaEsSING et al. 1994; Taira et al. 1994; Tanaka et al. 1991). All
encode cell surface glycoproteins with five predicted extracellular immuno-
globulin-like domains. In each case, the two most NH,-terminal domains are larger
and appear to belong to the V set of immunoglobulin-like sequences while the
other three have been assigned to the C2 set of immunoglobulin-like sequences
(WiLLiams and BarcLay 1988).

The murine homologue of the MUC18 gene has recently been isolated
(RoTHBACHER et al. 1995). Comparison of the human and murine MUC18 predicted
protein sequence reveals a conservation in both predicted protein structure and
intron-exon organization. The predicted proteins have an overall identity of 75%
on the amino acid level, a moderate level of conservation when compared to other
immunoglobulin family members. Examination of the individual domains indicates
that the most poorly conserved region (63% identity) is the NH,-terminal domain,
aregion likely to be involved in ligand binding. In contrast the highest conservation
(92%) is found in the cytoplasmic domain, suggesting that interactions with other
molecules in the cytosol may be critical to MUC18 function. Interestingly this
conserved region contains four potential sites for phosphorylation by serine/
threonine kinases: three for protein kinase C (SXK) and one potential casein kinase
[l motif (SSGD).

3 MUC18 Expression by Human Tumors

MUC18 was first identified as a melanoma associated antigen and further studies
have confirmed that its expression is characteristic of cutaneous melanoma tumors
and cell lines. Northern analyses as well as antibody binding studies of cell lines
derived from a variety of tumors indicate further that the expression of MUC18is
not limited to melanomas but also extends to other tumors of neuroectodermal
origin. The majority of melanoma, glioma and neuroblastoma cell lines are MUC18
positive (Fig. 1). In contrast, it can neither be detected on hematopoietic cell lines
nor on the vast majority of carcinoma cell lines. However, MUC18 expression
{protein and mMRNA) was observed in three of 24 tested carcinoma cell lines:
one cervix carcinoma, one breast carcinoma and one colon carcinoma cell line.
The apparent tissue restricted expression observed on tumor cell lines is also
seen in situ. The majority of primary cutaneous melanomas express MUC18 and
a minority of breast carcinomas (4/42), and gastric carcinomas (4/54) were also
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Fig. 1. Expression of MUC18 on human tumors in vivo and in vitro. The percent of MUC18 positive
tumor samples or cell lines as: determined by antibody binding. Melanomas in vivo, n=110; cell lines,
n=12; gliomas/neuroblastoma cell lines, n=8; carcinomas in vivo, n=99, cell lines, n=24; lymphomas
in vivo, n=10, cell lines n=5. nd, not done, neurobla, neuroblastoma

found to be MUC18 positive, a reactivity which was confirmed with antibodies
directed against two independent epitopes. Although both the breast and stom-
ach patient collectives were extensively characterized for histological and clinical
parameters, no associations were evident between MUC18 expression and
tumor characteristics or clinical course. In contrast, immunochistochemical analy-
ses of cutaneous melanoma using monoclonal antibodies directed against differ-
ent epitopes indicate that the expression of MUC18 increases with increasing
tumor progression (Hotzmvann et al. 1987; SHiH et al. 1994b). Epidermal melano-
cytes in situ do not express MUC18 and benign melanocytic tumors (i.e. melano-
cytic nevi) express it only weakly. Among primary tumors MUC18 expression
increases with increasing vertical thickness, the main parameter of tumor pro-
gression in melanoma (Brestow 1970; CLark et al. 1984), and MUC18 expression
is strongest and most frequent on metastatic lesions.

4 Regulation of MUC18 Expression:
Evidence for a Loss of Sensitivity
to Negative Regulation in Melanomas

There is no evidence that the expression of MUC18 by malignant tumors is
associated either with chromosomal translocation, mutation or gene amplifica-
tion. The observations that MUC18 expression is essentially restricted to tumors
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of the neuroectodermal lineage and that in cutaneous melanomas it appears to
increase with tumor thickness and tumor progression must therefore reflect
changes in the regulation of MUC18 expression.

As primary tumors increase in size and grow into the dermis, the melanoma
cells become increasingly distant from their normal epidermal environment.
Recent studies indicate that keratinocyte-melanocyte interactions are importantin
the regulation of MUC18 expression in benign melanocytes and perhaps in early
primary tumors (SHiH et al. 1994a). In contrast to the observations in situ, nevus
cells and epidermal melanocytes grown in culture express high levels of MUC18.
Coculture with keratinocytes for 5 days led to an 80%—-90% reduction in MUC18
expression on the melanocytic cells, an effect which was not observed when
cocultured with fibroblasts or carcinoma cells. However, MUC18 expression by
melanoma cells was not affected by coculture with keratinocytes, suggesting that
melanoma cells are no longer sensitive to the keratinocyte-mediated effects. This
keratinocyte effect and the resistance of advanced melanomas may partially
explain the in vivo observations that MUC18 expression increases with increasing
tumor progression. .

The mechanisms by which keratinocytes are able to down-regulate MUC18
expression remain unknown although direct cellular contact appears to be re-
quired. This phenomenon may be related to the observation that the presence of
phorbol ester also leads to MUC18 down-regulation in certain cells (RumMEL et al.,
manuscript in preparation). Exposure of the glioma cell line LN215 to phorbol ester
led to the loss of cell surface MUC18 within 24 h (Fig. 2). Immunoreactive
MUC18 could not be detected in the supernatants of the treated cells, suggesting
that proteolytic cleavage of the molecule from the membrane is probably not
responsible for this down-regulation. Furthermore, a decrease in MUC18 mRNA
was apparent at 4 h and was maximum at 18 h, indicating that down-regulation is
occurring at the levei of transcription. Interestingly, phorbol ester did not induce a
similar down-regulation of MUC18 expression in all cells. MUC18 expression was
able to be down-regulated in all glioma and MUC 18 positive carcinoma cell lines
examined. In contrast, similar to the kertainocyte-mediated down-regulation,
melanoma cell lines, regardless of the levels of MUC18 expression, were insen-
sitive to the effects of phorbol ester. These results may point to a protein kinase
C activated pathway that can repress MUC18 expression, a pathway that is no
longer functional in malignant melanoma cells.

The elements responsible for constitutive MUC18 expression in melanoma
cells have not yet been identified. Analyses of reporter gene constructs indicate
that the preferential expression of MUC18 by neuroectodermal tumors is not
determined by sequence elements close to the promoter. Reporter gene con-
structs containing 900 bp of human MUC18 5' region were tested for activity
using transient transfection assays. This region does confer promoter activity and
leads to levels of luciferase which are seven- to175-fold above those obtained in
the absence of a promoter (Fig. 3). However, high levels of luciferase activity were
observed both in the carcinoma cell lines which do not express MUC18 (LoVo,
Colo320) and in the neuroectodermally derived cells (melanomas Mel JuSo,
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Fig. 2A-D. Modulation of MUC18 expression. Glioma cell line LN215 was exposed to phorbol ester
(phorbol 12-myristate 13-acetate, 10 ng/ml, 24 h; (A,B} or to CT-cCAMP (8-{4-chlorophenylithio)-
adenosine 3':5'-cyclic monophosphate, 200uM, 48 h (C,D). FACS profiles showing isotype control
binding (myeloma Upc10, IgG2a;unfilled curves and anti-MUC18 binding (monoclonal antibody
MUC18, IgG2a; filled curves) of treated and untreated control cells

Fig. 3. Activity of MUC18 promotor in various cell lines. Luciferase reporter gene activity is shown in
relative light units (RLU) per microgram of protein except for Colo 320 (star) where RLU per 0.1 ug
protein are shown. Black bars: luciferase activity under the control of the MUC18 gene promoter
region; gray bars: activity driven by the vector, pxp2 alone. WM266, Mel JuSo, A375, melanoma cell
lines; LoVo, Colo320, colon carcinoma cell lines
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WM-226; glioma LN215) which do express this molecule. While tissue restricted
expression of genes is frequently controlled by elements 5' to the gene, elements
3" as well as within the gene may be responsible. In the case of MUC18, such
elements may reside in the large introns.

5 Constitutive and Induced Expression
of MUC18 in the Vascular System

In contrast to the restricted expression observed in cell lines, northern analysis of
various normal human and murine tissues indicate that MUC18 expression in vivo
is ubigquitous (RoTHBACHER €t al. 1995; Sers et al. 1994). In human tissues, the
highest levels relative to mRNA encoding the enzyme GAPDH were observed in
placenta and lung, while low levels were observed in kidney and skeletal muscle.
Immunohistochemical analysis of many of these tissues with monoclonal antibod-
ies directed against three different epitopes of the MUC18 glycoprotein revealed
that the primary site of expression of this molecule in normal tissue is smooth
muscle (LeHMANN et al. 1987; Sers et al. 1994). Smooth muscle in the lung, skin,
and gastrointestinal tract are MUC18 positive as is the smooth muscle of small
and large blood vessels. Expression of MUC18 in the vessels is not limited to
smooth muscle but can occasionally be seen on endothelial cells (SHiH et al.
1994b; Sers et al. 1994). MUC18 reactive endothelia are generally seen on only a
fraction of the vessels present in a section as estimated by CD31 (a pan-
endothelial marker) expression. In contrast, many of the vessels observable in
tumors are MUC18 reactive. These observations suggest that MUC18 expression
may be associated with activation of the endothelial cells.

In order to test whether MUC18 expression can be induced in vitro, MUC18
positive and MUC18 negative cell lines were examined for their response to a
variety of cytokines including interleukin-1, interleukin-6, interferon-y, and tumor
necrosis factor (TNF)-a, as well as to modulators of cAMP {(CPT-cAMP, forskolin).
Although none of the cytokines influenced MUC18 expression, increasing cAMP
levels led to increased surface expression of MUC18 in several MUC18 positive
cell lines (Fig. 2; RuMMEL et al., manuscript in preparation). Northern analyses
indicates that the increase in surface MUC18 expression is due to increased
mRNA, which could be observed as early as 4 h following treatment. An examina-
tion of the sequence of the human MUC18 promoter region revealed the
presence of a potential cCAMP responsive element, further supporting a direct
effect on MUC18 expression (Sers et al. 1993).
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6 MUC 18: A Cell Adhesion Molecule
with a Potential Role in Tumor Growth
and Tumor Cell Dissemination

Solely on the basis of structural characteristics and homology with other mol-
ecules, MUC18 was originally postulated to function as a cell adhesion molecule
(LEnmanN et al. 1989). The molecules most closely related to MUC18 include
gicerin, neurolin, and SC1, all of which have been shown to be cell adhesion
molecules (Taira et al. 1994, LaessiNG et al. 1994; Tanaka et al. 1991). Furthermore,
MUC18 can carry a posttranslational carbohydrate modification (a sulfated glu-
curonic acid which forms an epitope denoted CD57 or HNK-1) that has been
implicated in the adhesive interactions of several cell adhesion molecules includ-
ing neural cell adhesion molecule (NCAM) and myelin associated glycoprotein
(MAG) (RioPeLLE et al. 1986; SHiH et al. 1994b). The first evidence that MUC18 may
actually mediate intercellular adhesion was obtained from studies using antigen
purified from melanoma cells (SHH et al. 1994b). Plates coated with MUC18
antigen were shown to bind to melanoma cell lines, a binding that was inhibited
by soluble MUC18 protein and by an antibody to CD 57. Studies using both mouse
L cells transfected with MUC18 cDNA and soluble MUC18 Ig constructs (unpub-
lished observations) suggest that MUC18 does not function as a homophilic cell
adhesion molecule and implicate a heterophilic ligand on the melanoma cells.

In order to evaluate the role of MUC18 in intercellular adhesion between
melanoma cells, stable MUC18 expressing transfectants were produced using
MUC18 negative melanoma cells. Transfection of the cell line SBCL2 with
MUC18 cDNA in the eukaryotic expression vector pcDNAT1 led to stable expres-
sion of MUC18 by most of the cells (Fig. 4A). Intercellular adhesion was assessed
using aggregation rate assays (Tanaka et al. 1991; Taira et al. 1994) in which single
cell suspensions are prepared and the cells are incubated at 37°C for 1 h. At
various timepoints the number of single cells and the number of cells in clusters
(>2 cells) are determined. No differences were observed between the MUC18
positive and MUC18 negative cells under standard assay conditions (Fig. 4B, solid
lines). Both cell lines formed large clusters (> 10 cells) at a similar rate. When the
assays were carried out in the presence of 3 mM EDTA, much of the non-MUC18
mediated aggregation was inhibited (SBCL2-E, Fig. 4B). Under these conditions,
significant aggregation of the MUC18 expressing cell was still observed (SBCL2-
M18-E) indicating that MUC18 can mediate intercellular adhesion and that
this is independent of divalent cations. Mixing experiments indicated that
the aggregates contained both SBCL2 and SBCL2-MUC18 cells, confirming
that MUC18 is interacting with a heterophilic ligand on the melanoma cells.

These studies confirm that MUC18 can function as an intercellular adhesion
molecule and that it binds to a ligand which can itself be expressed on melanoma
cells. As MUC18 is expressed on the endothelia of certain blood vessels, in
particular those found in tumors, interaction via the MUC18 ligand on melanoma
cells may play a role in the ability of the tumor cells to enter (and exit) the vascular
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Fig. 4A,B. A Expression of MUC18 by transfected melanoma cells. Binding of monoclonal antibody
MUC18 to SBCL2 melanoma cells (unfilled curve) and to SBCL2 cells transfected with MUC18 cDNA
(SBCL2-M18; filled curve). B Contribution of MUC18 expression to melanoma cell aggregation. Kinetics
of aggregation (TANAKA et al. 1991) of SBCL2 and SBCL2-M18 at 37°C in normal culture medium (solid
lines, filled markers) and in the presence of 3 mM EDTA (dotted lines, unfilled markers). Aggregation
was allowed to occur without rotation and at 10° cells/ml

system. However, it is the expression of MUC18 by the melanoma cells them-
selves which has been associated with tumor progression. In an attempt to
determine whether MUC18 expression by melanoma cells is associated with
metastasis development in vivo, nine human melanoma cell lines previously
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characterized for their ability to form lung colonies following intravenous injection
into nude mice were evaluated for MUC18 expression (Luca et al. 1993). All of the
cells which were able to metastasize in this system showed high surface
expression of MUC18. Of the five cell lines incapable of forming experimental
metastases in nude mice, three had no surface MUC18 expression while two
expressed high levels of this molecule. These observations suggest that the
expression of MUC18 by melanoma cells may be necessary for lung colony
formation although it is not sufficient. Experimental metastasis assays measure
the ability of cells to leave the vascular system and to establish foci of growth in
the parenchyma of the lung. Thus the role of MUC18in this process could involve
adhesion, migration through the endothelium, or establishment of tumor growth.
A comparsion of two sublines of a melanoma which differ primarily in their
tumorigenicity showed that the subline which easily produced local tumors after
subcutaneous inoculation expressed MUC18 while the subline which was not
able to reliably give rise to tumors in this assay was negative for both MUC18
protein and mRNA. These observations suggest that MUC18 expression may also
contribute to tumor growth. Determination of whether MUC18 actually plays a
role the formation of tumors by human melanoma cells in nude mice will require
inactivating the gene in MUC18 expressing tumor cells as well as transfecting it
into the nonexpressing tumor cells. Nevertheless, these studies provide the first
suggestion that MUC18 expression by the tumor cells themselves may be
important in tumor growth and metastasis formation.

Metastasis formation requires the cells to enter the vascular system. The
presence of MUC18 on blood vessel endothelia suggests a possible pathway for
melanoma cells expressing the MUC18 ligand to enter vessels. MUC18-MUC18
ligand interactions among the melanoma cells may lead to the formation of tumor
cell clusters. These clusters can result in vessel blockage and subsequent anchor-
ing to the endothelium. Invasion into the surrounding tissue could again be
mediated by endothelial MUC18 expression. In addition, MUC18 mediated tumor
cluster formation may support growth promoting interactions between the tumor
cells. Aspects of particular future interest include identifying the heterophilic ligand
responsible for MUC18 mediated adhesion as well as the factors regulating
endothelial MUC18 expression. Overall, the recent findings regarding MUC18 open
numerous possibilities for further study of its role in tumor growth and metastasis.

Acknowledgments. This work was supported by the Deutsche Krebshilfe, Mildred Scheel Stiftung, Bonn,
and by the Deutsche Forschungsgemeinschaft, SFB 217 (A3).

References

Breslow A (1970) Thickness, cross-sectional areas and depth of invasion in the prognosis of cutaneous
melanoma. Ann Surg 172: 902-908

Burns FR, von Kannen S, Guy L, Raper JA, Kamholz J, Chang S (1991) DM-GRASP, a novel immuno-
globulin superfamily axonal surface protein that supports neurite extension. Neuron 7: 209-220



MUC18: Role in Tumor Growth and Cell Dissemination 105

Campbell IG, Foulkes WD, Senger G, Trowsdale J, Garin-Chesa P, Rettig WJ (1994) Molecular cloning
of the B-CAM cell surface glycoprotein of epithelial cancers: a novel member of the immunoglobulin
family. Cancer Res 54: 5761-5765

Clark WH, Elder DE, Guerry D, Epstein MN, Greene MH, van Horn M (1984) A study of tumor
progression. The precursor lesions of superficial spreading and nodular melanoma. Hum Pathol 15:
1147-1165

Fidler IJ Hart IR {1982) Biological diversity in metastatic neoplasms: origins and implications. Science
217: 998-1003

Hart IR, Saini A (1992) Biology of tumour metastasis. Lancet 339: 1463-1457

Herlyn M, Clark WH, Rodeck U, Mancianti ML, Jambrosic J, Koprowski H {1987) Biology of tumor
progression in human melanocytes. Lab Invest 56: 461-474

Holzmann B, Bricker EB, Lehmann JM, Ruiter DJ, Sorg C, Riethmuiller G, Johnson JP (1987) Tumor
progression in human malignant melanoma: five stages defined by their antigenic phenotypes. Int
J Cancer 39: 466-471

Johnson JP (1995) The identification of molecules associated with metastasis formation in human
melanoma. Invasion Metastasis (in press)

Laessing U, Giordano S, Stecher B, Lottspeich F, Stuermer CAO (1994) Molecular characterization of
fish neurolin: a growth-associated cell surface protein and member of the immunoglobulin
superfamily in the fish retinotectal system with similarities to chick protein DM-GRASP/SC-1/BEN.
Differentiation 56: 21-29

Lehmann JM, Holzmann B, Breitbart EW, Schmiegelow P, Riethmdller G, Johnson JP (1987)
Discrimination between benign and malignant cells of melanocytic lineage by two novel antigens,
a glycoprotein with a molecular-weight of 113,000 and a protein with a molecular weight of 76,000.
Cancer Res 47: 841-845

Lehmann JM, Riethmiiller G, Johnson JP (1989} MUC18, a marker of tumor progression in human
melanoma shows sequence similarity to the neural cell adhesion molecules of the immunoglobulin
superfamily. Proc Natl Acad Sci USA 86: 9891-9895

Lemke G, Lamar E, Patterson J (1988) isolation and analysis of the gene encoding peripheral myelin
protein zero. Neuron 1: 73-83

Luca M, Hunt B, Bucana CD, Johnson JP, Fidler IJ, Bar Eli M (1993) Direct correlation between MUC
18 expression and metastatic potential of human melanoma cells. Melan Res 3: 35-41

Pourquie O, Corbel C, La Caer JP, Rossier J, LeDouarin NM (1992) BEN, a surface molecule of the
immunoglobulin superfamily expressed in a variety of developing systems. Proc Natl Acad Sci USA
89: 5261-5265

Riopelle RJ, McGarry RC, Roder JC (1986) Adhesion properties of a neuronal epitope recognized by the
monoclonal antibody HNK-1. Brain Res 367: 20-25

Rothbécher U, Sers C, Riethmiiller G, Johnson JP (1995) Cloning and characterization of the murine
homolog of the human melanoma associated molecule MUC18 (submitted)

Roy AL, Meisterernst M, Pognonec P, Roeder RG (1991) Cooperative interaction of an initiator-binding
transcription initiator factor and the helix-lool-helix activator USF. Nature 354: 245-248

Sers C, Kirsch K, Rothbacher U, Riethmuller G, Johnson JP (1993) Genomic organization of the
melanoma-associated glycoprotein MUC18: implications for the evolution of the immunoglobulin
domains. Proc Natl Acad Sci USA 90: 8514-8518

Sers C, Riethmuller G, Johnson JP (1994) MUC18, a melanoma-progression associated molecule, and
its potential role in tumor vascularization and hematogenous spread. Cancer Res 54: 5689-5694

Shih IM, Elder DE, Hsu MY, Herlyn M (1994a) Regulation of Mel-CAM/MUC18 expression on
melanocytes of different stages of tumor progression by normal keratinocytes. Am J Pathol 145:
837-845

Shih M, Elder DE, Speicher D, Johnson JP, Herlyn M (1994b) Isolation and functional characterization
of the A32 melanoma-associated antigen. Cancer Res 54: 2514-2520

Taria E, Takaha N, Taniura H, Kim CH, Miki N (1994) Molecular cloning and functional expression of
gicerin, a novel cell adhesion molecule that binds to neurite outgrowth factor. Neuron 12: 861-872

Tanaka H, Matsui T, Agata A, Tomura M, Kubota I, McFarland KC, Kohr B, Lee A, Philips HS, Shelton
DL (1991) Molecular cloning and expression of a novel adhesion molecule. SC1. Neuron 7: 535-545

Williams‘AF, Barclay AN (1988) The immunoglobulin superfamily-domains for cell surface recognition.
Annu Rev Immunol 6: 381-405



Lu-ECAM-1 and DPP IV in Lung Metastasis
R.C. EisLe and B.U. PauLl

T INtrodUCtioN .. ..o 107
2 The Lung-Derived Endothelial Cell Adhesion Molecule-1 ......................... 110
2.1 Expression and AdhesioN . . .. ... e 110
2.2 The Role of Lu-ECAM-1 in Melanoma Lung Metastasis . ............... ... .. .... 1M
2.3 Cloning and Sequencing of L-ECAM-T ... ..o 112
2.4 Lu-ECAM-1 Sugar Chain Structure and Binding Specificities . .. .......... ... .. .... 113
2.5 Melanoma Adhesion to Lu-ECAM-1 Under Conditionsof Flow . . ......... ... .. ... .. 114
2.6 Induction of Gap Junctional Cormmunication and Extravasation by Lu-ECAM-1 ... .. ... 114
3 Dipeptidyl Peptidase IV: An Endothelial Cell Adhesion Molecule

for Lung Metastatic Rat Breast Carcinoma Cells . ............. ... .. ... ... .. ..... 117
4 CONCIUSIONS . ..ottt 118
References . ... . 119

1 Introduction

The development of the metastatic cell is a Darwinian process involving random
genetic changes and selection over many generations of tumor growth. Early
events include a loosening of cell-cycle control and disabling of checkpoints and
failsafe mechanisms such as cell-cell constraints on proliferation and motility
(RusTal et al. 1992; Fearson and VoGELSTEIN 1990). Successfully metastatic cells
arising from this population display an altered repertoire of cell adhesion mole-
cules, allowing escape from the primary tumor, adhesion and penetration of the
extracellular matrix (ECM) and entry into the microvasculature (NicHoLson 1988;
FioLer 1990; Hart and Saini 1992; LarreNE et al. 1993). Most such cells are
destroyed by geometric and hemodynamic forces in their first encounter with the
narrow bore capillary net, usually in the lungs (VWEiss et al. 1988). The few
survivors may give rise to secondary colonies. The frequency of metastasis to the
lungs has often been attributed solely to mechanical entrapment of tumor cell
emboli. However, this theory does not explain the early observation that certain
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tumor cell types prefer to metastasize to specific target organs. This behaviour
was first noticed by Stephen PaceT in 1889. He observed that breast carcinomas
had very specific organ preferences for metastasis, and those preferences were
not obviously related to circulatory patterns. About 70% of the patients had
metastases to the liver, 20% to lungs, and only 10% to a few other organs. These
observations inspired the "seed and soil" hypothesis which postulates that meta-
static tumor cells are potentially unlimited in distribution but can only find
purchase and prosper in a congenial soil. Experimental support for this hypothesis
was obtained by Kinsey in 1960. He showed that an ectopic lung, implanted
beneath the dermis of a mouse thigh, is metastasized as frequently as the normal
lung following injection of lung-metastatic cancer cells, regardless of the site of
injection (Kinsey 1960). No metastases were observed in other ectopically placed
organs. The molecular basis of this result in undoubtedly complex but could be
mediated by tumor cell/host cell interactions that promote implantation, invasion,
and growth at the new site (Rossi and Zetter 1992; Zetter 1990; CHackaL-Roy et al.
1989: SARGENT et al. 1988; Nato et al. 1987; FioLEr 1990).

There is increasing evidence that the selection of a target organ for metasta-
sis is mediated by specific interactions between blood-borne cancer cells and the
endothelium of that target organ (reviewed by ALseLba 1993; DamJanovicH et al.
1992: Pauuietal. 1992; ALseLpa 1991; McCarTHy et al. 1991; Pauuret al. 1990, 1991;
BeiLont and TressLer 1990). Two groups of endothelial cell adhesion molecules
have been implicated in this process. The first group consists of cytokine-
inducible adhesion molecules belonging to the selectin and immunoglobulin {Ig)
superfamilies (Bevitacaua 1993; Bevitacaua and Netson 1993; ButcHer 1991).
Cytokine induction involves mobilization from intracellular stores, posttransla-
tional modifications (e.g., phosphorylation, glycosylation), and de novo synthesis
(McEver et al. 1989). The primary role of these molecules is to promote vascular
arrest and facilitate extravasation of leukocytes during episodes of acute inflam-
mation and immunologic disorders. The notion that inducible endothelial cell
adhesion molecules also mediate metastasis has some appealing elements.
Potential ligands for endothelial E- and P-selectins, sialyl Le*and Le?, are common
on tumor cells, especially colon carcinoma (Takapa et al. 1993; Dejana et al. 1992;
MATSUSHITA et al. 1990; WaLz et al. 1990). Moreover, ligands for Ig superfamily
members VCAM-1 and ICAM-1 can be found constitutively expressed on certain
tumor cell types (Qian et al. 1994; OkarHara et al. 1994; Lauri et al. 1991 a,b;
WETERMAN et al. 1994; ALseloa 1993). However, a major obstacle arises in
explaining how these molecules come to be induced and how that induction could
be organ-specific. A further problem is that high levels of inducible cell adhesion
molecules are found in serum of cancer patients (Banks et al. 1993; HaRNING et al.
1991). Soluble selectins, and ICAM-1 and VCAM-1 would be expected to act as
competitive inhibitors of tumor cell adhesion to endothelium (HARNING et al. 1991).
A more plausible role for inducible cell adhesion molecules might be in immuno-
surveillance or in neovascularization. Cytokine production by tumor cells or tumor-
infiltrating leukocytes at the primary tumor site should be adequate to activate
endothelium. Indeed, the vasculatures of several late stage tumor types show
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expression of selectins and inducible Ig superfamily members (ALseLba 1993;
CouLbweLL et al. 1992). In this context, inducible cell adhesion molecules might
serve to recruit tumor-attacking immune and inflammatory cells. Conversely,
activated angiogenic endothelial cells might find purchase on tumor cells express-
ing the appropriate ligand, facilitating endothelial cell migration and penetration of
the tumor. Such interactions could also enable tumor cells to passively enter the
bloodstream as they become engulfed into the lumen of invading vascular
sprouts.

The second group of endothelial cell adhesion molecules is comprised of
constitutively expressed membrane glycoproteins that have restricted distribu-
tions in the vasculature of one (or more) organ (ALBELDA 1991, 1993; DAMJANOVICH
etal. 1992; Pauul et al. 1990, 1992; PiLewski and ALBeLba 1993). The likely role for
such organ-specific endothelial cell adhesion molecules in metastasis was fore-
shadowed by the work of Auerbach and coworkers in the mid-1980s (AUERBACH
et al. 1987; Awey and AuersacH 1984). They showed that tumor cells mimicked
lymphocytes during the *homing" to particular lymphoid tissues (Lasky et al. 1992;
SPRINGER 1990; BuTcHER et al: 1979; Stamper and Woobrurr 1976) adhering prefer-
entially to endothelial cells derived from the metastasized organ. For example,
ovary-metastatic teratoma cells bound preferentially to ovary-derived endothelial
cells, and glioma cells adhered preferentially to brain endothelium. However,
primary cultures of organ-specific microvascular endothelial cells did not prove
useful for molecular analysis of tumor cell/fendothelial cell interaction, chiefly
because the cells tend to lose their organ-specific phenotype during culture
in vitro (BeLLoni and NicoLson 1988; DeBono and Green 1984; Borsum et al. 1982).
A second problem is that cells from postcapillary venules, a frequent site of
adhesion and extravasation of cancer cells, are underrepresented in endothelial
cell isolates (Znu and PauLi 1991, 1993). To circumvent these difficulties, we have
devised two in vitro systems to facilitate recovery of the predicted adhesion
molecules. One involves the modulation of readily isolated and cultured aortic
endothelial cells by organ-specific matrices in vitro. Modulation presumably
causes the cells to express organ-specific traits including constitutive cell adhe-
sion molecules. This system was used to isolate and characterize a novel
endothelial cell surface molecule called lung-derived endothelial cell adhesion
molecule-1 (Lu-ECAM-1) that mediates arrest and lung metastasis of melanoma
cells (Znu et al. 1991). The second system we have used relies not on recovery of
whole cells from the vasculature but only membrane samples in the form of
microvesicles. The microvesicles are harvested by in situ perfusion of the lungs
with paraformaldehyde, vielding a highly antigenic representative of the endo-
thelial cell surface for adhesion assays and for the production of monoclonal
antibodies. The method was used in the identification of dipeptidyl peptidase |V
{DPP V) as a cell adhesion molecule that mediates the metastasis of breast
carcinoma cells to the lung. Here we shall focus on our attention to work on Lu-
ECAM-1 and, to a lesser extent, DPP V.
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2 The Lung-Derived Endothelial Cell Adhesion Molecule-1

2.1 Expression and Adhesion

Lung matrix-modulated bovine aortic endothelial cells (BAECs) were the first
in vitro system successfully used in the isolation, purification, and partial charac-
terization of a constitutive endothelial cell adhesion molecule involved in organ-
specific metastasis. This molecule is the lung-derived, melanoma-cell binding
adhesion receptor Lu- ECAM-1. It was first identified by a monoclonal antibody
(mAb; 6D3; IgG2a) that had been generated against outside-out, luminal mem-
brane vesicles from lung matrix-modulated BAECs and selected for inhibition of
adhesion of lung-metastatic B16-F10 melanoma cells to these endothelial cells
(Znu and Pauul 1991; Zru et al. 1991). Anti-Lu-ECAM-1 mAb 6D3 was used
to immunoprecipitate the 90 kDa Lu-ECAM-1 from detergent extracts of
lung matrix-modulated BAECs (ZHu et al. 1991). Lu-ECAM-1 can also be precipi-
tated from these extracts with immobilized wheat germ agglutinin and Ricinus
communis agglutinin-l, but it binds less efficiently to concanavalin A and not at all
to Ulex europaeus agglutinin-l. Lu-ECAM-1 is not up-regulated when BAECs
grown on plastic are incubated with tumor necrosis factor (TNF)-a. (50 ng/ml),
recombinant interleukin-(rlL)-1(50 ng/ml), or lipopolysaccharide (LPS 10 pg/mil)
for4, 8,12, 0r 16 h (Znu et al. 1991). Tissue distribution of Lu-ECAM-1 is restricted
to the endothelial lumenal membrane of postcapillary venules and small
and medium size venules in bovine lungs (ZHu et al. 1991). The pattern and
level of expression are unaltered in lung sections from bovines with acute
bronchopneumonia (ZHU and PauLl 1991).

Immunoaffinity-purified bovine Lu-ECAM-1 binds high lung metastatic B16-
F10 melanoma cells in significantly larger numbers than their intermediate and
low lung metastatic counterparts B16-L8-F10 and B16-F0, respectively. Maximal
binding is observed at a density of approximately 2.4 x 10 Lu-ECAM-1 molecules
per um? of Lu-ECAM-1 (300 ng/ml)-coated plastic dishes (ZHu et al. 1992). Binding
of B16 melanoma cells is dependent upon the presence of Ca** in HBSS adhesion
medium (1 mM), but is unaffected by Mg?* (Z1u et al. 1992). Bovine Lu-ECAM-1
also binds lung metastatic human melanoma cells (cell line 1205) but fails to bind
other lung metastatic tumor cells (e.g., KLN205 squamous carcinoma) or lym-
phocytes and neutrophils isolated from bovine peripheral blood.Thus,
Lu-ECAM-1 appears to be melanoma-=specific.

The preferential binding of lung-metastatic B16 melanoma cells to LU-ECAM-1
is significantly inhibited by anti-Lu-ECAM-1 mAb 6D3 (ZHu et al. 1991, 1992). At
each coating-density of Lu-ECAM-1, anti-Lu-ECAM-1 mAb 6D3 (10 pg/ml)
reduces binding of high lung metastatic B16-F10 cells to slightly lower levels
than the low lung metastatic B16-FO0 is able to bind to Lu-ECAM-1. Control mAbs
3C6 and SE12 (both directed against endothelial cell surface epitopes other than
Lu-ECAM-1) as well mAbs directed against murine intercellular adhesion mole-
cule-1 (ICAM-1) (Horeev et al. 1989) and keratinocyte surface antigen (SuTer et al.
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1990) have no effect on the binding of B16 melanoma cells to Lu-ECAM-1. Binding
of lung-metastatic B16 melanoma cells to Lu-ECAM-1 coated dishes is also
competitively inhibited in a dose-dependent manner by soluble Lu-ECAM-1 supple-
mented in the assay medium {ZHu et al. 1992). Maximal inhibition is achieved at the
same LU-ECAM-1 concentration that has been used for the coating of the plastic
dishes, namely 100 ng/ml. Higher Lu-ECAM-1 concentrations have no further
inhibitory effect. The control protein glycophorin A, tested at the same detergent
concentration used to solubilize Lu-ECAM-1, had no binding inhibitory effect.

2.2 The Role of Lu-ECAM-1 in Melanoma Lung Metastasis

The well-known formation of pleural and subpleural B16-F10 melanoma colonies
is correlated quantitatively with prominent histochemical staining of endothelia
from mouse pleural and subpleural venules with anti-Lu-ECAM-1 mAb 6D3 (80%
of the Lu-ECAM-1-positive blood vessels and 57% of the B16-F10 experimental
metastases are localized in the pleura) (ZHu and Pauul 1993). The less frequent
endothelial staining of perivenous and peribronchial venules is associated with
correspondingly fewer B16-F10 colonies in these locations, and the occasional
segmental staining of pulmonary veins coincides with rare tumor nodules which
usually expand in an asymmetric fashion around these veins (ZHu et al. 1991; ZHu
and Pauul 1993). Lu-ECAM-1 is also expressed on endothelia of some tumor
vessels indicating that these vessels are recruited from the same host blood
vessels that originally caused the arrest of blood-borne B16-F10 melanoma cells.

The close association between the lung distribution patterns of Lu-ECAM-1-
positive blood vessels and experimental melanoma metastases prompted us to
evaluate the effect of Lu-ECAM-1-blocking on the formation of B16-F10 lung
colonies, using anti-adhesive, anti-Lu-ECAM-1 mAb 6D3 in a standard lung colony
assay. Syngeneic mice passively immunized with anti-Lu-ECAM-1 mAb 6D3 1 h
prior to an intravenous challenge with B16-F10 cells exhibit a more than 90%
reduction in the number of lung colonies when compared to mice that have
received control mAbs of the same immunoglobulin isotype (6D8} or against
endothelial cell surface determinants other than Lu-ECAM-1 (3C6 and 5E12) (ZHu
etal. 1991, 1992). The anti-metastatic effect of mAb 6D3 is still noticeable, when
B16-F10 are injected 6 or 24 h after treatment of mice with mAb 6D3, although
inhibition of metastasis is now only 41% and 33%, respectively (ZHu et al. 1992).
As expected, anti-Lu-ECAM-1 mAb 6D3 also efficiently inhibits the colonization of
the lungs by B16-L8-F10 (an intermediate lung metastatic and moderate liver
metastatic B16 melanoma variant), but has no inhibitory effect on the propensity
of this cell line to colonize the liver (Znu et al. 1992). Anti-Lu-ECAM-1 antibody
mAb 6D3 has no effect on the metastatic performance of other lung metastatic
tumor cell types (e.g., KLN205 squamous carcinoma cells). These findings imply
that different tumor cell types recognize distinct Lu-ECAMs and that inhibition of
lung colonization by B16-F10 is not mediated by nonspecific, steric blocking of
adhesion, as indicated by the inability of control mAbs 3C6 and 5E12, both
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detecting endothelial cell surface determinants other than Lu-ECAM-1, to inhibit
lung colonization of B16 melanoma cells.

To further substantiate that the interruption of the metastatic cascade occurs
at the site of tumor cell adhesion to lung endothelium, we have compared lung
clearance rates of tail vein injected B16-F10 melanoma cells in untreated C57B1/
6 mice and in mice treated with anti-Lu-ECAM-1 mAb 6D3. Lung clearance is rapid
in both animal groups and is accomplished primarily within the first 12 h afteri.v.
injection of B16-F10 (ZHu et al. 1992). At the end of this period only 2.11% of the
initial tumor cell inoculum remains in the lungs of untreated mice compared to
1.32% in mice treated with anti-Lu-ECAM-1 mAb 6D3. The more rapid tumor cell
clearance from the lungs of anti-Lu-ECAM-1 mAb 6D3-pretreated mice is paral-
leled by an expected increase in the number of tumor cells in liver, spleen, and
kidney relative to untreated controls. By 3-5 days after i.v. inoculation of tumor
cells, the number of lung-bound tumor cells has further decreased to correspond
approximately with the number of lung colonies counted 3 weeks later in each of
the animal groups (ZHu et al. 1992). The remaining organs are all cleared of
unspecifically arrested tumor cells within 3- 5 days after tail vein injection of B16-
F10 melanoma cells, although a slightly slower pace of clearance is observed in
the treated animal group as illustrated by the clearance rates of B16-F10 from
livers and kidneys.

Active immunization of mice against bovine Lu-ECAM-1 purified by immuno-
affinity chromatography from detergent extracts of superconfluent lung matrix-
modulated BAECs also prevents metastatic colonization of the lungs by B16-F10
melanomas (ZHu et al. 1992). The efficiency of inhibition of experimental meta-
stases is dependent upon the anti-Lu-ECAM-1 serum titer of the immunized mice.
At a titer of 1:1000 an average of 21+6 B16-F10 tumor colonies are counted, but
only 9£3 colonies are observed in mice with serum titers of 1:2000 (p < 0.05) (ZHU
et al. 1992). In contrast, mice immunized with saline alone and having no
detectable anti-Lu-ECAM-1 serum titers exhibit over 200 B16-F10 melanoma lung
colonies. Similar to passive immunization, active immunization against Lu-ECAM-1
has no effect on the metastatic performance of KLN205.

2.3 Cloning and Sequencing of Lu-ECAM-1

Lu-ECAM-1 cDNAs have been cloned from a library using a probe based on
Lu-ECAM-1 internal amino acid seqguences. The library was constructed using
RNA from matrix-modulated BAECs that expressed Lu-ECAM-1 at high levels.
The amino acid sequences of two tryptic peptides from Lu-ECAM-1 were used to
plan degenerate oligonucleotide primers for PCR. A 540 base-pair product was
obtained and used to probe the library. A complete 2.8 kilobase-pair cDNA clone
was isolated and its sequenced determined. The open reading frame predicts an
820 amino acid type 1 transmembrane protein with a cleavable signal sequence
(ELBLE et al. 1993). Comparison with existing signal peptides and NH,-terminal
peptide sequence data suggest that cleavage occurs between the two serine



Lu-ECAM-1 and DPP IV in Lung Metastasis 113

residues, resulting in a protein of 799 amino acids with a predicted size of 87 kDa
(Van Hene 1986). Its putative extracellular domain contains five potential,
N-linked glycosylation sites that are more than sufficient to account for the 3kDa
loss in molecular weight observed after N-glycanase treatment of Lu-ECAM-1
(PauLl et al. 1992; PauLi 1995).

The Lu-ECAM-1 ¢cDNA sequence does not reveal homology with any known
polypeptide. Although it has a cysteine-rich region in the extracellular domain and
displays lectin-like binding characteristics (see below), there is no recognizable
homology with the group of C-type mammalian lectins {Drickamer 1987, 1988} and
selectin-type endothelial cell adhesion molecules (BeviLacaua et al. 1989; JoHNSTON
et al. 1989; Lasky 1991; Larsen et al. 1992). Lu-ECAM-1 also has no recognizable
Ca®*-binding region, albeit binding to B16-F10 is Ca®* dependent. Conservation of
the Lu-ECAM-1 gene in mammalian species is shown by Southern blot analysis,
using a multispecies genomic DNA blot. EcoRl-digested DNAs from human,
monkey, rat, mouse, dog, bovine, rabbit, chicken, and yeast were hybridized
under reduced stringency conditions to DNA fragments containing all or part of
the Lu-ECAM-1 cDNA. The data show that the entire open reading frame, not just
a portion, is conserved in mammals but not chicken or yeast. The results also
demonstrate that Lu-ECAM-1 is a single-copy gene and not part of a closely
related gene family. Conservation of the Lu-ECAM-1 gene in mammalian species
argues for an involvement of Lu-ECAM-1 in processes other than melanoma cell
adhesion (ZHu et al. 1991, 1992).

2.4 Lu-ECAM-1 Sugar Chain Structure and Binding Specificities

The Lu-ECAM-1 molecule has five putative, N-linked glycosylation sites (see
above). These sugar chains donate approximately 3% of the molecular weight of
Lu-ECAM-1. Preliminary information of their structure has been obtained by lectin
blotting of immunoaffinioty purified Lu-ECAM-1. These studies indicate that the
major chain structure is a biantennary complex type. All of the sugar chains appear
to be acidic, with sialic acids linked exclusively by o2-6 linkages. N-acetyl-
lactosamine repeating structures were found to most likely compose the terminal
chain part. There is some indication of an a-linked fucosylation of the most
terminal lactosamine unit. The sugar chain core is Mana1-6(Mana1-3}Manf1-
4GlcNAcB1-4 (Fucao1-6)GIcNAC.

The contribution of various carbohydrate moieties to B16-F10 adhesion and
metastasis was analyzed in competitive adhesion and metastasis inhibition
experiments. Using mono- and disaccharides covalently linked to BSA, B16-F10
adherence to Lu-ECAM-1 and colonization of the lungs were significantly im-
peded by N-acetylglucosamine and N-acetyllactosamine, but not by glucose,
galactose, and N-acetylgalactosamine (all used at 1 mg/ml BSA carbohydrate
containing approximately 0.5 mM carbohydrate). Preliminary characterization
of the carbohydrate structure that most effectively blocked adhesion of B16-F10
to LU-ECAM-1 identified lacto-N-fucopentose | (LNF I) [65% inhibition at 1T mM
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LNF 1] {PauLi et al. 1992; Pauui 1995). Minor inhibitory activities were also observed
with lacto-N-tetrose (LNT), lacto-N-fucopentose Il {Lewis a), lacto-N-fucopentose
[l (LNF 111}, and sialyl lacto-N-tetrose a.

2.5 Melanoma Adhesion to Lu-ECAM-1
Under Conditions of Flow

Monolayers of lung matrix-modulated BAECs (high Lu-ECAM-1 expressors) and
unmodulated BAECs (moderate Lu-ECAM-1 expressors) have been used as
substrates for studying B16-F10 adhesion under hydrodynamic conditions in a
radial flow chamber (GoeTz and Hammer 1994). At physiological shear stresses
between 0.32 and 1.0 dynes/cm?, B16-F10 cells adhere in significantly higher
number to lung matrix-modulated BAECs than they do to unmodulated BAEC
monolayers grown on type | collagen (p < 0.05) (GoeTz et al. 1995). Both endo-
thelial cell types strongly support adhesion of B16-F10 cells at low shear stresses
{< 0.52 dynes/cm?). However, at higher shear stresses (> correct 0.562 dynes/cm?)
only lung matrix-moduiated BACEs express a sufficient Lu-ECAM-1 density to
further support adhesion of B16-F10 melanoma cells. Specific adhesion of B16-
F10 to lung matrix-modulated BAECs is blocked when tumor cells are incubated
with soluble Lu-ECAM-1 prior to conducting a flow chamber adhesion assay. No
inhibitory activity is detected when B16-F10 cells are pre-incubated with the
control membrane protein glycophorin, A solubilized in the same detergent
concentration as Lu-ECAM-1 {GoEeTz et al. 1995).

B16-F10 interactions with the endothelium can be dissected into two distinct
phases. The first phase is characterized by tumor cells moving along the endo-
thelial cell monolayer at a velocity comparable to the theoretical velocity of an
unencumbered, 15 um diameter particle moving at a distance of 50 nm from the
endothelial surface, e.g., 300 um/s at 0.7 dynes/cm?. The second phase entails the
actual arrest of the tumor cell to the endothelium. Arrest occurs within a fraction
of asecond and is permanent (GoeTz et al. 1995). None of the analyzed trajectories
provide any evidence that tumor cells roll in the manner of neutrophils on
stimulated endothelium (LAWRENCE and SprINGER 1991). This pattern of B16-F10
arrest remains unchanged when lung matrix-modulated BAECs are substituted
with L.PS-stimulated endothelium. However, LPS-stimulated, lung matrix-modu-
lated BAECs do support rolling of peripheral bovine neutrophils as expected.

2.6 Induction of Gap Junctional Communication
and Extravasation by Lu-ECAM-1

Adhesion of blood-borne tumor cells to vascular endothelial cells is a prerequisite
for tumor cell extravasation and the formation of metastatic colonies. Although
the mechanisms by which tumor cells penetrate the endothelial cell lining have
been associated with exposure of subendothelial matrix, tumor cell adhesion and
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destruction of basement membrane, and tumor cell migration {PauLl et al. 1990;
NicHoLsoN 1988}, the initial steps of extravasation that follow tumor cell adhesion
to the endothelium lining remain largely obscure. Morphological studies of tumor
cell/fendothelial cell interactions indicate that adhesion preferentially occurs at
the apposition zone between neighboring endothelial cells and is followed by the
retraction of endothelial cells and the recanalization of the blood vessel around
the arrested tumor cell (PauLiand Lee 1988). Using digital video imaging microscopy
and fluorescence activated cell sorting techniques to further study interactions
between B16-F10 melanoma cells and endothelium, we have recently shown that
an adhesion-dependent establishment of gap junctional communication between
metastatic tumor cells and endothelium might be critically involved in extra-
vasation. Highly lung metastatic mouse B16-F10 melanoma cells previously
labeled with the membrane-impermeable, fluorescent dye BCECF begin to
transfer dye to endothelial cell monolayers shortly after adhesion via the mela-
noma cell-binding endothelial cell adhesion molecule Lu-ECAM-1 is established
(EL-SaBBaN and Pauul 1991). The extent of BCECF transfer to endothelial mono-
layers is dependent upon the number of BCECF labeled tumor cells seeded onto
the endothelial cell monolayers and the time of coculture of the two cell types, as
visualized by an increase in the number of BCECF-positive cells among cells
stained with an endothelial cell-specific monoclonal antibody. The transfer of dye
is bidirectional and sensitive to inhibition by 1-heptanol (EL-Sassan and PauLi 1991).
In contrast, poorly metastatic B16-F10 melanoma cells do not efficiently couple
with vascular endothelium. It is inferred from these experiments and from the
amounts of connexin43 (cx43) mMRNA expressed by tumor cells that tumor cell/
endothelial cell communication is mediated by gap junctional channels. Similar
observations have been made with high lung metastatic R3230AC-MET rat
mammary carcinoma cells and the nonmetastatic, lectin-resistant counterpart
R3230AC-LR (EL-SaBBaN and PauLi 1991).

Gap junction assembly and communication between B16 melanoma cells
and endothelium appear to depend upon the expression levels of cx43 protein and
Lu-ECAM-1 (EL-Sasean 1993). In accordance, high levels of cx43 message are
observed only in B16 melanoma cell variants (e.g., B16-F10) that efficiently
communicate with endothelial cells. However, a high cx43 message alone is not
sufficient to initiate efficient gap junction communication between B16 mela-
noma cells and endothelium. The establishment of functional gap junctions
appears to depend critically upon the coexpression of tumor cell/endothelial cell
adhesion receptor/ligand. This notion is supported by the inhibition of gap
junctional assembly and communication between B16-F10 melanoma cells and
lung matrix-modulated endothelial cells with anti-Lu-ECAM-1 mAb 6D3. The
importance of adhesion in gap junctional assembly and communication is experi-
mentally verified by transfection of poorly coupled S180 cells with cDNA encod-
ing the liver cell adhesion molecule L-CAM. L-CAM transfection greatly increases
cell-to-cell coupling between 5180 cells without markedly affecting production of
cx43 (Mece et al. 1988; Musu et al. 1990). In the processs of establishing
communication, cx43 becomes hyperphosphorylated and concentrated in
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regions of cell contact in L-CAM transfected cells, implicating an adhesion-
mediated signaling event in cell-to-cell communication.

To further investigate the role of tumor cell/endothelial cell gap junctional
communication in metastasis, low lung metastatic B16-FO melanoma cells were
transfected with the plasmid DOLG2A containing the entire coding region of rat
heart cx43 (clone G2) and a selectable marker for neomycin resistance, using the
lipofectamine method (EL-Sassan 1993). A stably transfected cell line termed B16-
FOH3 and a mock-transfected {DOL vector alone) cell line B16-FOD have been
established. Northern blot analyses of these cells reveal that the transfected cell
line B16-FOH3 expresses five times more cx43 message than B16-F0 and two
times more than B16-F10 (EL-SaeBaN 1993). The mock-transfected B16-FOD cells
have message levels comparable to those of B16-FO. The same results are
obtained when these cell lines are analyzed for cx43 protein expression using
FACS analysis. When these transfectants are tested for their ability to produce
lung colonies after tail vein inoculation, we find that cx43 transfection of low lung
metastatic B16-FO melanoma cells significantly increases the metastatic perform-
ance. However B16-FOH3 transfectants do not produce the same high number of
lung colonies that are generated by the high lung metastatic B16-F10 melanoma
cell line, although their cx43 protein expression was approximately two fold
higher than that of B16-F10. This finding is explained by a much lower ability of
cx43 transfected B16-FOH3 to adhere to endothelium than B16-F10. Therefore,
the metastatic colony efficiency appears to be the result of an optimal expression
of adhesion ligand and cx43 protein. Metastatic performance is also significantly
affected by antisera directed against the extracellular domains of cx43 (EL-46 and
EL-186). Our preliminary findings are supportive of the hypothesis that gap
junctional communication is an essential, postadhesion event that facilitates
extravasation of tumor cells and establishment of tumor colonies at secondary
organ sites (EL-Sasean 1993).

Functionally, cell-to-cell communication between blood-borne cancer cells
(e.g., lung metastatic mouse B16-F10 melanoma cells and rat R3230AC-MET
breast carcinoma cells) and endothelium might prepare the endothelium for
tumor cell exit from the vasculature. This may be accomplished by the direct
transfer of tumor metabolites to the endothelium, e.g. by inducing local retrac-
tion of endothelial cells and exposure of subendothelial matrix to adherent
tumor cells. A candidate for such transfer is the arachidonic acid metabolite
12-(S)-HETE, recently proposed by Honn et al. (1993). This molecule has been
shown to cause endothelial cell retraction in vitro and is produced in large
amounts in the cytoplasm of malignant tumor cells from where it might be
efficiently transferred to endothelium in vivo through gap junctional channels.
A further possibility regarding the function of tumor cell/endothelial cell gap
junctional communication currently pursued in our laboratory is the induction of
proteolytic degradation of subendothelial basement membrane by tumor-stimu-
lated endothelial proteases and glycosidases, which may aid tumor cells in their
quest to gain access to the subendothelial extracellular matrix (PauLi et al. 1992;
EL-SaBBaN 1993).
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3 Dipeptidyl Peptidase IV:
An Endothelial Cell Adhesion Molecule
for Lung Metastatic Rat Breast Carcinoma Cells

Dipeptidyl peptidase IV (DPP IV; CD24) is an integral membrane sialoglycoprotein
of 110 kDa (HARTEL et al. 1988; Piazza et al. 1989). lts functions are those of
an exopeptidase, cleaving x-pro dipeptides from the NH,-terminus of polypeptides
(HARTEL et al. 1988), and a fibronectin binding protein (Piazza et al. 1989). In addition
to its expression in bile cannalicular membranes, brush borders of proximal
kidney tubular epithelium, and intestinal villus epithelium, DPP IV is expressed
on endothelia of distinct vascular branches including the vasa recta of the
renal medulla, splenic red pulp venules, and lung capillaries (JoHNsON et al. 1991).
DPP IV has a high binding affinity for lung metastatic rat breast carcinoma cells
in vitro, but not for their low or nonmetastatic counterparts (JoHnson et al. 1991,
1993). The DPP IV binding affinity parallels the propensity with which these tumor
cells metastasize to the lungs. Tumor cell binding to immobilized DPP IV is
inhibited by anti-DPP IV mAb 6A3 and by soluble DPP |V, both in a dose-de-
pendent manner. No effect on tumor cell binding to DPP IV is observed with
peptide substrates to the enzymatic portion of this exopeptidase, the fibronectin-
derived peptide Gly-Arg-Gly-Asp-Ser, or with control mAbs of the same Ig class as
anti-DPP IV mAb 6A3 or mAbs that are directed against lung endothelial epitopes
other than DPP IV (JoHNsoN et al. 1993). To probe whether tumor cell binding to
DPP IV is mediated by fibronectin, lung metastatic breast carcinoma cells were
analyzed by flow cytometry for cell surface-associated fibronectin. Our data show
a high correlation between cell surface expression of fibronectin, adhesion to
DPP IV, and lung metastatic propensity. Fibronectin appears to be bound to tumor
cell surfaces by integrin receptors, as increased expression of ab, B1 and 33
integrins indicate (JoHNSON et al. 1993). Thus, fibronectin may serve as a binding
intermediary between tumor cell integrins and endothelial cell DPP IV to promote
arrest and metastasis of rat breast carcinoma cells in the lungs. This conclusion is
consistent with recent reports that associate increased expression of tumor
cell surface fibronectin and/or integrins with higher binding affinity for endo-
thelium and higher propensity for metastasis (AucusTiN-Voss et al. 1991; JOHNSON
et al. 1991, 1993; NicoLson et al. 1989). Moreover, it sheds new light on the
mechanisms by which RGD peptides inhibit tumor metastasis. Since RGD
peptides cause rapid clearance of tumor cells from the lungs after i.v. inoculation
and have an extremely short half-life in circulation (8 min) (HumpHRIES et al. 1988),
it is unlikely that these peptides exert their inhibitory role on metastasis,
as originally proposed, by blocking tumor cell adhesion to subendothelial matrix,
an event which starts approximately 4 h after i.v. inoculation of tumor cells
(JoHnson et al. 1993). Instead, RGD peptides may compete with the binding
of fibronectin to tumor cell integrin receptors, thereby preventing surface
assembly of an insoluble fibronectin matrix and tumor cell binding to endothelial
DPP IV.



118 R.C. Elble and B.U. Pauli

4 Conclusions

The recognition of endothelial cell adhesion molecules by tumor cell ligands is a
crucial step in the metastatic cascade and one that is vulnerable to therapeutic
attack. A considerable number of these molecules have been identified, mostly
having high level expression and very broad distribution, thus accounting for their
early and facile isolation. These molecules are important in invasion, migration and
angiogenesis and may play a supporting role in vascular arrest, but their distribu-
tion precludes a primary role in organ-specific metastasis. More difficult to study
have been those adhesion molecules whose expression is restricted by organ and
vascular compartment and which are far more likely to account for site-specific
metastasis. Lu-ECAM-1 expression, for example, is found in postcapillary and
small to medium-sized venules, the vascular segments favored by melanoma
cells for extravasation and metastasis. Doubtless more such molecules will be
isolated as methodologies for isolation and culture of distinct endothelial subtypes
continue to improve. Isolating the tumor cell ligands for such molecules may
depend upon closely mimicking the conditions experienced by the intravascular
tumor cell. As the study of integrins and their ligands has illustrated, confor-
mational shifts in cell surface molecules may dramatically affect the ability of
those molecules to bind others (Hynes 1992). These shifts are caused by inside-
out signalling which, in the case of the migrating tumor cell, might occur in
response to changes in matrix environment or the transition from a spread to a
rounded state and back again (RoskeLley et al. 1994). Similarly, the arcane
conformational shifts undergone by fibronectin in response to inter- and intra-
molecular interactions (AGUIRRE et al. 1994; HuHTaLA et al. 1995) have been of
paramount importance in understanding DPP |V interaction with carcinoma cells.
Clearly the potential for such cryptic transitions in receptor and ligand activity will
be a challenge in determining which interactions are most relevant to the
attachment and arrest phase of metastasis.

Another largely unexplored territory is in the events downstream from
receptor-ligand binding that lead to the formation of secondary colonies. These
events include the secretion of active proteinases and subsequent scission of
endothelial bonds to extracellular matrix and to other endothelial cells thus
allowing retraction and exposure of basement membrane (NicHoLson 1988;
Larsenie et al. 1993). The unexpected existence of heterotypic gap junctions
between tumor cell and endothelial cell provides an additional avenue for trans-
mission of signalling molecules such as 12-[S]-HETE that may expedite this
process. Further understanding of this complex interplay of events should provide
new and more specific targets for therapeutic intervention against these steps in
the metastatic cascade.
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1 Does Cell Adhesion Promote or Prevent
Cancer Invasion?

Cancer cells are genetically predisposed to contribute to the formation of a
malignant tumor. As a population they do not respect tissue boundaries, but
penetrate into the surrounding normal tissues. On their way to lymph or blood
vessels they create a path of destruction. This invasive behavior eventually gives
access to the circulation, and opens a gate to metastatic dissemination (NicoLsoN
et al. 1977; FioLer and HarT 1982; MAREEL et al. 1993).
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During the last 25 years, research on the mechanisms of tumor invasion and
metastasis has become a distinct discipline. Straightforward concepts on the role
of tumor cell motility and extracellular protease activity have led to the discovery
and characterisation of new families of motility factors and enzymes. It is easy to
conceive that typical motility factors and their receptors on the plasma membrane
of cancer cells play arole ininvasion (Stoker and GHerarpl 1991). Examples of such
ligands are autocrine motility factor (AMF) (LioTTa et al. 1986) and scatter factor/
hepatocyte growth factor (SF/HGF) (SToker et al. 1987; WEDNER et al. 1990), which
bind to their respective receptors, namely, gp78 (WaTanage et al. 1991) and the
c-met tyrosine kinase receptor (NALDINt et al. 1991). Itis also intellectually pleasing
to attribute an important role to enzymes in the mechanisms of invasion. Plas-
minogen activators {(DaNg et al. 1985), matrix metalloproteases (MurprHY et al.
1989; Sato et al. 1994), cathepsins (RocHEFORT et al. 1988) and other cysteine
proteases (SLoANE and Honn 1984), and heparinases (Viopavsky et al. 1991) all have
been claimed to be implicated in tumor invasion. Their enzymatic activity is tuned
by activators and inhibitors such as plasminogen activator inhibitors (PAls)
{MoTTONEN et al. 1992), tissue inhibitors of metalloproteases (TIMPs) (KHokHa et al.
1989) and maspin (Zou et al. 1994). Recently, receptors for some of these
proteases have been described on cancer cells (receptors for urokinase and
tissue-type plasminogen activators (EsTrReicHER et al. 1990; PLouc et al. 1991),
plasmin (Correc et al. 1992) and cathepsin D (Knupsen and WHeeLock 1992), which
localize the enzyme activity.

The role of cell-substrate adhesion molecules has been ambiguous, because
theoretically they can act either as anchors to stabilize the cell's position or as grips
for moving cancer cells. Thus, they can be interpreted both as invasion suppressor
as well as invasion promoter molecules. Laminin, a glycoprotein of the basement
membrane, is an example of this duality. The molecule can be considered as an
anchor for normal epithelial cells, and, indeed, it partly disappears during the
transition of carcinoma in situ to invasive carcinoma (ALBRECHTSEN et al. 1981) and
during embryonic ingression of the primitive streak (BorTier et al. 1989). In his
three-step hypothesis of invasion, however, Liotta presents laminin as a tempo-
rary grip, which is subsequently broken down to give way to the invading cancer
cells (Liotra 1986). The difficulty to assess the exact role of laminin in invasion is
probably due to its multiple functions. Laminin does not only mediate cell
adhesion, but also stimulates the secretion of type IV collagenase (TURPEENIEMI-
HuJanen et al. 1986), increases the motility of some cell types (FLiGIEL et al. 1985),
and stops migration of others (Coorman et al. 1991). Moreover, the effect of
laminin on cancer cells may depend on the number of integrin-type and other
laminin receptors on their plasma membranes (MecHam 1991; CastroNovo 1993).

Heterotypic cell-cell adhesion molecules regulate adhesive interactions be-
tween different types of cells. With these molecules a certain consensus has
been obtained concerning their promoting role in invasion and metastasis. Inter-
cellular adhesion molecule-1 (ICAM-1) on melanoma cells, for instance, makes
these cells more invasive through an interaction with leukocytes (JoHnsoN 1991;
PanpoLr et al. 1992). Adhesion of circulating tumor cells to the vascular
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endothelium, the initial step of extravasation, is thought to be governed by
heterotypic cell-cell adhesion (DusTiIN and SPRINGER 1991). Here, a scenario similar
to the one presented for leukocyte extravasation can be invoked (HynEs and
LANDER 1992).

Achallenge in cancerresearch is the recognition of efficient invasion suppres-
sor molecules and the exploration of the mechanisms of their regulation. Homo-
typic cell-cell adhesion molecules—which hold cells of the same type
together—are conceptually good candidates for invasion suppressors. These
molecules can be divided into two main groups: (1) the immunoglobulin super-
family showing calcium-independent cell-cell adhesion and (2) the calcium-de-
pendent cadherin superfamily (EpeLman and CrossiN 1991; GEIGER and AvaLON
1992; OrriNk 1991; BircHvEErR and Berrens 1994). Members of the immuno-
globulin superfamily that have been studied for their putative role in invasion, are
N-CAM (neural cell adhesion molecule) (Braby-KaLnay et al. 1993), DCC (deleted in
colon cancer) (FEARON and VogeLsTEIN 1990), CEA (carcino-embryonic antigen)
(WaGNER et al. 1992; Hauck and StanNers 1991) and MUC-18 (Kuzu et al. 1993). It
was, however, from the cadherin superfamily that a universal invasion suppressor
molecule for epithelioid tissues emerged, namely, E-cadherin. In this review we
will first describe the different molecular domains of E-cadherin, its interactions
with the catenins and the cytoskeleton, its localisation on the plasma membrane
and its organising activities. Next we will critically comment on the actual
evidence for considering this molecule as an invasion suppressor, with emphasis
on the regulation of its function. Finally, E-cadherin will be considered as a
possible receptor, and its down-regulation in a number of noncancerous tissues
will be discussed.

2 The E-cadherin/Catenin Complex

2.1 E-cadherin Is a Member of the Cadherin Family

The cadherins compose a superfamily of closely related cell surface molecules
that require calcium and physiological temperatures in order to establish cell-cell
adhesion. The members are usually indicated by a prefix letter that refers to the
tissue or organ in which the molecule was found originally. The three classical
cadherins are E (epithelial), P (placental) (Nose and Takeichi 1986) and N (neural)-
cadherin (Hatta and Takeich 1986), but other members such as B (HERzBERG et al.
1991; NapoLitano et al. 1991), U (HErRreNkNECHT et al. 1991), EP (GINSBERG et al.
1991), M (Kaupmann et al. 1992), R (Mivatani et al. 1992; Matsunami et al. 1993),
K(XianG et al. 1994), C (Briener and GumsINER 1994), LI (BernDORFF et al. 1994} and
OB-cadherin (Okazak et al. 1994), and cadherin-4 (TaNiHARA et al. 1994) and -5
(Suzuki et al. 1991) have been described. Another group of related molecules
called desmosomal cadherins (desmocollins and desmogleins) falls beyond the
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scope of this review and will only be mentioned in relation to the classical
cadherins. Up to now about 30 different cadherins are known.

Molecular cloning and amino acid analysis of the classical cadherins and of
other cell-cell adhesion molecules have revealed strong homology or identity
between surface molecules indicated as cadherins by one research group, or as
CAMs (cell adhesion molecules) by another. This holds for N-cadherin vs A-CAM,
and for E-cadherin vs L-CAM. Furthermore, E-cadherin was shown to be identical
to uvomorulin in mouse and cell-CAM 120/80 in humans.

The classical cadherins seem to have evolved from a common precursor gene
that has duplicated several times during evolution and has migrated to different
chromosomal locations. While the P- and the E-cadherin genes are linked, both on
mouse chromosome 8 (HaTTA et al. 1991) and on human chromosome 16
(Bussemakers et al. 1994b), the N-cadherin gene is located on a different chromo-
some, i.e., on mouse and human chromosome 18 (MivaTani et al. 1992; WaLsH
et al. 1990). Although the cadherin gene products possess similar extracellular
domains, they prefer homophilic association over interaction with other members
of the cadherin family (Nose and TakeicHi 1986).

The human E-cadherin gene, which has recently been cloned and character-
ized (Berx et al. 1995), is located on chromosome 16g22.1 (MansouRri et al. 1988;
NATT et al. 1989) in a large conserved linkage group including the loci for
chymotrypsinogen B, haptoglobin, lecithin:cholesterol acyltransferase, metallo-
thionein-1,-2, and tyrosine aminotransferase (ScHERER et al. 1989). Loci of serum
esterase 1 (EISTETTER et al. 1988) and zinc finger protein 1 (CHowbHURY et al. 1989)
have also been mapped in the immediate vicinity of E-cadherin. The E-cadherin
promoter contains a palindromic sequence, called E-pal element, with influence
on the epithelial-cell specific activity, an initiation site for transcription and a GC-
rich sequence with a putative binding site for Sp1 (BerRENS et al. 1991a; RINGWALD
et al. 1991; SorkiN et al. 1993). Interestingly, the activity of the promoter was
reduced in dedifferentiated breast carcinoma cells, indicating that the identified
elements are subject to negative regulation during tumor progression (BEHRENS
et al. 1991a). In prostate cancer cells the activity of the human E-cadherin
promoter was also suppressed, probably due to the binding of a repressor protein
(BussemakeRrs et al. 1994a). One candidate as a modulator molecule of E-cadherin
gene expression is the Slug gene product, which triggers epithelial to mesen-
chymal transitions in the embryo (NiETO et al. 1994). ‘

Allelic loss of the E-cadherin gene with skipping of exon 8 or 9 in the
remaining allele (Becker et al 1993, 1994), an in-frame deletion and a frame shift
have been found in gastric carcinomas (Oba et al. 1994). Moreover, nonsense and
missense mutations have been detected in the E-cadherin gene of carcinomas of
the endometrium and the ovaries (RisINGER et al. 1994). These phenomena indicate
that down-regulation of E-cadherin in tumors can be the result of irreversible
genomic alterations.

Remarkably, no splicing variants of the 4 kilobase (Kb) mRNA of E-cadherin
have been published up to now (GaLLIN et al. 1985; SorkiN et al. 1988). This
contrasts with the many examples of alternative splicing among cell-substrate
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and cell-cell adhesion molecules. E-cadherin is a transmembrane glycoprotein and
its turnover is fast, with a half-life of 5 h in MDCK cells (SHore and NeLson 1991).
The expression of E-cadherin was reported to be up-regulated in some cell types
by herbimycin A (Resut-BoNNETON et al. 1993), interferon-y (FEnyves et al. 1993),
estradiol (MACCALMAN et al. 1994b) and relaxin (SaccHi et al. 1994). Down-regula-
tion was described by an autocrine motility factor-like molecule (IsHisaki et al.
1994).

2.2 From E-cadherin to the Cytoskeleton

2.2.1 E-cadherinfrom Nto C

The extracellular NH,-terminal end of E-cadherin results from cytoplasmic enzy-
matic removal of part of the 135 kDa precursor to yield the mature 120 kDa
molecule. The molecule is then routed mainly towards the basolateral surface of
epithelial cells (Le Bivic et al. 1990). The enzymatic trimming-of the precursor is
essential for cell-cell adhesion (Ozawa and KEmLER 1990).

Also, extracellularly, five homologous repeated domains (CAD repeats) are
encountered, which presumably result from partial gene duplication (RINGWALD
et al. 1987). The three-dimensional structures of these domains were elucidated
recently (OverbuiN et al. 1995; SHariro et al. 1995). The domains contain two
conserved regions, which are the putative calcium-binding sites of E-cadherin.
Substitution of one amino acid (Asp by Lys or Ala) in one of these domains is
sufficient to abrogate the calcium-binding property and hence the cell-cell adhe-
sion function of E-cadherin (Ozawa et al. 1990a). It should be noted that isolated
extracellular E-cadherin fragments do not associate in the presence of calcium,
which indicates the E-cadherin-dependent cell-cell adhesion requires more ele-
ments than the calcium-binding domains only (Pokutta et al. 1994). The outermost
domain contains an HAV sequence, which appears to be essential for homophilic
recognition. Although flanked by different sequences, this HAV sequence is also
found in P- and N-cadherin, in superoxide dismutase (WiLLEms et al. 1993) and in
the fibroblast growth factor receptor (Byers et al. 1992; WiLLiams et al. 1994). Upon
calcium depletion, the five repeated domains change their organisation from a rod-
like to a more globular assembly (PokuTTa et al. 1994).

The extracellular part of E-cadherin possesses a flexible hinge region (BECker
et al. 1989), and five potential asparagine glycosylation sites (GaLuin et al. 1987).
Endoglycosidase treatments of chicken L-CAM have revealed one high mannose
and three complex oligosaccharide chains (CunningHAM et al. 1984). Glycosylation
may be important for cell-cell adhesion, but does not affect processing and
transport of the precursor towards the plasma membrane (SHore and NELSON
1991).

An 80 kDa fragment, containing the NH,-terminal and most of the calcium-
binding sites of the molecule, can be cleaved off from the extracellular part of
E-cadherin (CunNINGHAM et al. 1984; HyariL et al. 1981, BEHRENS et al. 1985). A major
cleavage site in the extracellular part of E-cadherin has recently been localised



128 M.E. Bracke et al.

(PoxutTa et al. 1994). In the presence of calcium this fragment is resistant to
trypsin, and it is recognized by the majority of polyclonal and monoclonal antibod-
ies that can neutralize the cell-cell adhesion function of E-cadherin. Calcium,
manganese and strontium can stabilize this fragment against enzymatic break-
down and sustain the function of E-cadherin, while lanthanium and cadmium have
a negative effect (HvariL et al. 1981; BeHRens et al. 198b). This fragment, also
coined UMt or Ft1, is shed into the circulation and has recently been proposed as
acirculating tumor marker in blood (Katavama et al. 1994). This region also contains
a cysteine cluster.

An extracellular region located close to the plasma membrane is also involved
in cell-cell adhesion. Binding of the DECMA-1 antibody to an epitope in the vicinity
of the cysteine cluster of this region inhibits adhesion (VEsTweser and KeMLER
1985). Reducing the disulfide bonds of the DECMA-1 region leads to an increased
trypsin sensitivity and inhibits cell compaction (Ozawa et al. 1990b).

The extracellular part of E-cadherin is connected to its cytoplasmic part via a
single hydrophobic membrane-spanning domain of 31 amino acids (Becker et al.
1989).

In the cytoplasmic part a highly conserved region common to all members of
the cadherin family is present (Ozawa et al. 1989). This region can be used as a
target to screen for the presence of cadherins immunologically. Two domains in
this region, termed CH2 and CH3, were recently found to be characteristic for all
classical cadherins, but absent or divergent in the more distantly related cadherins
such as desmosomal cadherins, T-cadherin, fat gene product, and the human ret
oncogene product (Rimm and Morrow 1994). A 20 kDa region of the cytoplasmic
part contains a number of phosphorylation sites on serine and threonine moieties
(GALLIN et al. 1987; StapperT and KeMLER 1994), and we will discuss further in this
review the possible implications of phosphorylation on the function of E-cadherin.

Last but not least, the cytoplasmic part contains a 72 amino acid recognition
site for the catenins, which forms the link with the cytoskeleton (Ozawa et al.
1990c¢). This region was recently narrowed down to 30 amino acid residues,
comprising up to eight well conserved serine residues (StapperT and KEMLER 1994).
Within this site, strong homology with the cytoplasmic tail of desmocollin has
been described.

2.2.2 Via the Catenins to the Cytoskeleton

Three types of catenins bind to E-cadherin in a noncovalent way, but additional
molecules having the same property may show up in the future (Fig. 1). These
molecules (or their mRNA) may also be present in the cytoplasm of cells that do
not express E-cadherin, such as NIH 373, L cells and avian fibroblasts, and
become associated with E-cadherin after transfection and expression of
E-cadherin ¢cDNA (Ozawa et al. 1989). The catenins are structurally related in
different species KemLeEr and Ozawa 1989) and are implicated in the cell-cell
adhesion function of E-cadherin (NacarucH and TakeicH 1990). Recently, however,
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a cadherin in the testis was determined to be responsible for the adhesion
between Sertoli cells and germ cells in the absence of catenins (Byers et al. 1994).

o-Catenin (102 kDa) is related to vinculin (HERRENKNECHT et al. 1991), and a variant,
a-N-catenin, is found in nervous tissues (Hirano et al. 1992). For both a-catenins, two
splice variants were described (UcHipa et al. 1994). The human o-catenin gene has
been assigned to chromosome 5q31 (Furukawa et al. 1994; NoLLET et al. 1995).
B-Catenin (88, 92 or 94 kDa) is homologous with plakoglobin and with the product of
the segment polarity gene armadillo in Drosophila (McCrea et al. 1991; McCrea and
GumBiNer 1991; Perer et al. 1992). The human B-catenin gene was localised at
chromosome 3p21 (Kraus et al. 1994; Van HeNnGeL et al. 1995). y-catenin (80, 83 or
86 kDa) is related to, and presumably identical to, plakoglobin (Knubsen and VWHEELOCK
1992; PiereNHAGEN and NELsoN 1993). Plakoglobin is suggested to play a suppressive
role in the tumorigenic behavior of carcinoma cells (Navarro et al. 1993). The
assembly of o-, B, and y -catenin has been analyzed in vitro using recombinant
proteins (ABerLE et al. 1994). There is evidence for the existence of two distinct
E-cadherin/catenin complexes in the same cell: one cemplex is composed of
E-cadherin, o - and B-catenini, the other of E-cadherin, a- and y-catenin {plakoglobin)
{Butz and KemLer 1994; Hinck et al. 1994a). A fourth catenin-like molecule, p120°°
(120 kDa), has recently been found to be part of the E-cadherin/catenin complex, and
four isoforms have been detected up to now (ReynoLDs et al. 1994).

Several cytoplasmic molecules other than the catenins have been reported to
associate with the E-cadherin complex, such as vinculin and talin (Dusanp and
Triery 1990), fodrin and ankyrin (NeLson et al. 1990), and Na*, K*-ATPase (NELSON
et al. 1991). These associations are stressed by the fact that some of these
molecules are endocytosed as complexes in common vesicles, when the cells are
shifted to low calcium concentrations (KARTENBECK et al. 1991). The cytoplasmic
APC gene product associates with the catenins, but not with E-cadherin (Su et al.
1993; RusINFELD et al. 1993). The Wnt-1 gene product was found to stabilize the
interaction between B-catenin and E-cadherin, and this effect was shown to
promote cell-cell adhesion (Hinck et al. 1994b). The c-erbB-2 gene product is
another molecule which was recently found to be part of the complex via
interaction with B-catenin and plakoglobin (OcHial et al. 1994a).

Catenins are believed to form the link between E-cadherin and the actin
cytoskeleton, and B-catenin (or plakoglobin) appears to be the first catenin to
interact with E-cadherin when the latter molecule is being routed towards the
plasma membrane (NacarucH and TakeicH 1990; Hinck et al. 1994a). The B-catenin
domains responsible for binding to either E-cadherin or the APC gene product
were characterized (HOLSkeN et al. 1994; Fig. 1). Once o-catenin associates with a
short region near to the NH,-terminal of B-catenin (AserLe et al. 1994) stable
connections of the E-cadherin/catenin complex with the cytoskeleton are estab-
lished. This is apparent after 10 min of cell-cell contact and reflected by the
resistance of E-cadherin to detergent extraction (McNEILL et al. 1993; VWHEELOCK
and Knubsen 1991). Furthermore, disruption of the cytoskeleton affects the
organisation of E-cadherin at the plasma membrane (Pasbar and Li 1993).
Spectrin, which colocalises with the E-cadherin/catenin complex, binds to the
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NH,-terminal region of o-catenin, a domain found to be responsible for the link to
actin (LomsarDO et al. 1994).

The formation of a link between E-cadherin and the cytoskeleton via the
catenins does not exclude, however, that the catenins of the membrane complex
can be exchanged by free o/B-catenin complexes from the cytoplasm, and that
catenins can form complexes with molecules other than E-cadherin, both in the
cytoplasm (e.g. with APC) and at the plasma membrane, e.g. with the epidermal
growth factor receptor (EGFR) (Hinck et al. 1994a; NATHKE et al. 1994). The inter-
action between f-catenin and the EGFR has been proposed as a link between
EGF-induced signals and E-cadherin function (HoscHUETzKY et al. 1994).

3 Localisation of E-cadherin at Cell Surfaces

E-cadherin is expressed by many if not all epithelial cells. The molecule is even
more widespread in the embryo, where it is transiently present in, e.g. the brain
(SHiIMaMURA and TakeicH 1992). In the adult, expression of E-cadherin is still found

P
<

Fig. 1. Functional regulation of the E-cadherin/catenin complex. Left The plasma membrane (PM}-
associated complex between E-cadherin, B- and o-catenin is illustrated. N and C, respectively NH,-
and COOH-terminal residues; HAYV, histidine-alanine-valine sequence, characteristic for the first
extracellular domain of type 1 cadherins; P, phosphorylation site. Filled circles indicate the position
of Ca®* ions at the proximal end of cadherin protomers (in accordance with HULSKEN et al. 1994,
OVERDUIN et al. 1995, SHAPIRO et al. 1995; ABERLE et al. 1994 and NATHKE et al. 1994). The binding
between E-cadherin and B-catenin may be stabilized by Wnt-1, and o-catenin is associated with the
actin cytoskeleton possibly via a hithertho unknown link molecule (question mark). Free cytoplasmic
catenin complexes may be linked to other molecules than E-cadherin, for instance to the APC gene
product. Functional inactivity of the E-cadherin/catenin complex can be due to several reasons,
including the presence of GPl-anchored, membrane-associated extracellular proteoglycans (PG). By
their large, negatively charged glycosaminoglycan side chains these molecules are thought to shield
E-cadherin from homophilic interactions (VLEMINCKX et al. 1994). Restoration of the E-cadherin
function can be achieved by 3-methylumbellipheryl- BD-xyloside (MUBX). The latter molecule acts as
an acceptor for the attachment of glycosaminoglycan moieties, which eventually results in the
synthesis of free glycosaminoglycans in the culture medium, and of naked proteoglycan core
proteins at the plasma membrane.

Right A number of molecules are depicted that have been able to correct E-cadherin function and
to inhibit invasion at least in vitro. One of these molecules is insulin-like growth factor | (IGF-1), which
can activate the IGF-l receptor (/GF-IR) at the plasma membrane via an autocrine or a paracrine loop.
The action of IGF-I can be tempered after binding to IGF binding proteins (/GFBP), which again can
be secreted via autocrine or paracrine mechanisms. Cleaving off the first three amino acids from
IGF-l yields (des1-3)IGF-I, and makes the molecule unable to bind to the IGFBP's, while increasing its
potency to activate the IGF-IR. Insulin at supraphysiological concentrations can mimic the IGF-I
effect via the insulin receptor (INS-R) or possibly via the IGF-IR. Triggering of both receptor types
activates their intrinsic tyrosine kinase (7TK) domains and leads to autophosphorylation and to
phosphorylation of cytoplasmic substrates (P). The citrus flavonoid tangeretin, the vitamin A
analogue retinoic acid and the anti-estrogen tamoxifen are able to correct the function of the
E-cadherin/catenin complex through so far unknown signaling pathways. In between the left and the
right part of the figures lies a gray shaded area, indicating our lack of knowledge concerning the
signal transducing pathways
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in arachnoid villi (YamasHima et al. 1992) and in a subset of sensory neurons
(SHIMAMURA et al. 1992). It has been used to discriminate between insulinomas
(E-cadherin positive) and glucagonomas (E-cadherin negative) of the pancreas
(MoLLERr et al. 1992).

Only traces of E-cadherin are detectable on the surface of unfertilised mouse
oocytes, whereas between 6and 11 h after activation detergent-resistant surface
expression becomes evident. Embryos at subsequent stages up to the 8-cell
stage exhibit a uniform distribution of E-cadherin at the plasma membrane. Upon
compaction, however, E-cadherin accumulates at intercellular contacts, whilst
free surface E-cadherin is reduced (CLayTon et al. 1993).

When epithelioid cells, such as MDCK dog kidney cells, form cell-cell contacts
in vitro, E-cadherin is detectable both on the apical and basolateral plasma
membranes during the first 2 days. Later on, the molecule becomes restricted to
the basolateral membrane (WouLLNeR et al. 1992), and keeps this localisation during
cell division in the polarized monolayer (ReinscH and Karsenti 1994). In most
epithelia E-cadherin is eventually associated with adherens junctions or with the
adhesion belt at the baselateral site.

Tight junctions, which are located in a more apical position with respect to
adherens junctions, form in epithelial sheets an occluding barrier for antibodies
against E-cadherin. This explains why, in vitro, antibodies that can neutralize the
E-cadherin function are unable to dissociate epithelioid cell islands on a tissue
culture substratum if added to the apical cell side via the culture medium (BEHRENS
et al. 1985). These antibodies can exert their activity only if added beneath a
porous filter support of the cells and allowed in this way to diffuse to the
basolateral region of the cells. Similar junctional organisations may be responsible
for the fact that some anti-E-cadherin antibodies decompact cell aggregates but
do not affect cell monolayers when added to the culture medium (MaILLET and
Buc-Caron 1985).

When MDCK cells are cultured on tissue culture plastic for more than 5 days,
the distribution of the catenins at the basolateral membrane becomes accentu-
ated (NATHKE et al. 1994). From apical to basal one encounters: first, the apical
junctional complex, combining the adherens and the tight junctions (high con-
centration of E-cadherin, B-catenin, actin and c-src and c-yes tyrosine kinases);
second, the lateral plasma membrane with low concentration of E-cadherin/
catenin {a and B) complexes; and third, the desmosomes, where desmoglein and
desmocollins are associated with -catenin and plakoglobin.

Recent reports show that the localisation of E-cadherin can be influenced by
culture conditions. The polarity and E-cadherin localisation of MDCK cell cysts
depend on whether they have been formed in suspension culture (apex towards
the central lumen) or in collagen gel (apex towards the outside) (WanG et al.1990).
Parathyroid hormone addition to the culture medium of rat osteosarcoma cells
induces a diffuse distribution of E-cadherin (BagicH and FoT 1994).

E-cadherin is a homophilic and homotypic cell-cell adhesion molecule, and
type-specific sorting out occurs when cadherin-negative cells, transfected with
different members of the cadherin family, are cultured together (Nost et al. 1988;
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FRIEDLANDER et al. 1989; Jarre et al. 1990). Exceptionally heterophilic adhesion
between E-and N-cadherin (Voik et al. 1987) and heterotypic E-cadherin mediated
adhesion of Langerhans cells (Tang et al. 1993) or melanocytes (TaNG et al. 1994)
to keratinocytes have been reported. Heterotypic E-cadherin mediated adhesion
has also been held responsible for the interaction of thymocytes with thymic
epithelial cells {Lee et al. 1994) and of T lymphocytes with intestinal epithelial cells
(Cepek et al. 1994).

4 E-cadherin as an Organizer

E-cadherin is not only involved in processes such as cell-cell recognition and
adhesion, but also in the induction of cell polarity. Epithelial cell polarity implicates
that the position of many cell molecules is restricted to certain regions of the
plasma membrane, e.g. close to the intercellular junctions. Cell polarity is required
for many epithelial functions, one of which is vectorial fluid transport.

When the E-cadherin gene is transfected into E-cadherin-negative cells,
the expression of a-catenin is up-regulated by posttranscriptional mechanisms
{NaGgarucHi and Tsukita 1994), and its distribution changes from diffuse cytoplas-
mic to plasma membrane-associated (OT70 et al. 1994). Recovery experiments
from functional inhibition have shown that E-cadherin is an organizer of the
junctional complex in epithelial cells (GumBINER et al. 1988). The formation
and functional integrity of not only the adherens junctions (through protein kinase
C activity) {Lewis et al. 1994), but also of tight junctions (GumBINER and Simons 1986;
Amacal et al. 1995), gap junctions (JoNceN et al. 1991) and desmosomes (AMAGAI
1995) are regulated by E-cadherin, whereby ZO-1, connexin 43 and desmoplakin
seem to be major junctional targets involved in these various junctions.

As a master molecule E-cadherin is responsible for epithelial cell polarity
McNEeiLL et al. 1990), glandular differentiation (PigNATELL et al. 1992) and epidermal
stratification (LEwis et al. 1994). Within this context it is noteworthy that E-cadherin
concentrates molecules such as urokinase-type plasminogen activator (JENSEN
and WHeeLock 1992) and epidermal growth factor receptor (Suarez-Quian and Byers
1993) at cell-cell contact sites.

It should, however, not be overlooked that other molecules such as fodrin
{(EskeLINEN et al. 1992) have also been proposed as crucial organizers of cell polarity.
Moreover, acidic fibroblast growth factor has been shown to counteract the
organizing function of E-cadherin (Boyer et al. 1992), and sustained expression of
E-cadherin does not seem to be sufficient under these circumstances to protect
NBT-I rat bladder carcinoma cells from dispersing in vitro (Bover et al. 1993). Also,
formation of desmosomes and tight junctions was observed in early (disorgan-
ized) embryos of E-cadherin knock-out mice (LARUE et al. 1994; RIETHMACHER et al.
1995).
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5 E-cadherin Is an Invasion Suppressor Molecule

The concept of E-cadherin as an invasion suppressor molecule stems from two
types of studies. First, correlation studies have shown that the molecule is down-
regulated in invasive tumors. Second, experimental up- or down-regulation of
E-cadherin leads to, respectively, inhibition and induction of invasion.

5.1 Down-Regulation of E-cadherin
in Invasive Tumors In Vivo

A number of inverse correlations has been published between the expression of
E-cadherin and tumor malignancy. Homogeneous or heterogeneous down-regu-
lation of the molecule was studied in histological sections of tumors examined via
immunohistochemical reactions or in situ hybridizations. As a general rule,
E-cadherin down-regulation in these studies was correlated with malignancy
parameters, such as tumor progression, loss of differentiation, invasion, meta-
static potential and poor prognosis. Furthermore, loss of heterozygosity for
chromosome 16q predicts an adverse outcome in cancer patients {GRunDY et al.
1994).

Down-regulation of E-cadherin was found in many carcinomas (Fig. 2). In
human pathology these tumors were localized in the skin (squamous; NiIcoLosoN
et al. 1991; CzecH et al. 1993 and basal cell carcinomas NicoLson et al. 1991;

Fig. 2. Overview of different organs and tissues in the human body that can give rise to carcinomas
in which down-regulation of E-cadherin has been documented by immunohistological techniques
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Pizarro et al. 1994), the meninges (ToHwmaA et al. 1992), the head and neck region
(ScHipPEr et al. 1991; FIELD 1992; MATTIUSSEN et al. 1993; Bowie et al. 1993; McNEILL
et al. 1990; SorscHER et al. 1995), the esophagus (MivaTa et al. 1990; SHiozakl et al.
1991; Kapowaki et al. 1994; SHiozaki et al. 1993), the thyroid (BraBaNnT et al. 1993),
the lungs (BoHM et al. 1994b), the female breast (SHiozaki et al. 1993; BéHM et al.
1994a; RasBriDGE et al. 1993; MoLL et al. 1993; Oxa et al. 1992a; LiproNEN et al.
1994), the stomach (SHiozaki et al. 1993; Oka et al. 1990; SHiNo et al. 1991;
SHiMoyamA and HiroHAsHI 1991b; MaTsuura et al. 1992; Oka et al. 1992b; SHiNo et al.
1992:; Maver et al. 1993; Cal et al. 1994), the liver (SHiMoyama and HiroHasH 1991a),
the pancreas (MoLLER et al. 1992), the kidney (TerPe et al. 1993; KaTAGIRI et al.
1995), the colon (Van DEr WURFF et al. 1992; Nigam et al. 1993; KiNseLLA et al. 1993;
Dorupi et al. 1992, 1993; Van AKeN et al. 1993; KINSELLA et al. 1994), the female
genitalia (Honpa 1992; INnoue et al. 1992; Mori et al. 1994; Sakuraci et al. 1994), the
bladder (BrRINGUIER et al. 1993; VET et al. 1994; Otro et al. 1994) and the prostate
(Bussemakers et al. 1992; GiroLbr adn ScHaken 1993; O1ro et al. 1993; MacCaLman
etal. 1994a; UmBas et al. 1992, 1994). An example of differential down-regulation
of E-cadherin can be found in some human adenocarcinomas: cells in the
intravascular component show a higher E-cadherin expression than those in the
extravascular component (CowLey and SmitH 1995).

In experimentally transplanted invasive tumors in the mouse, down-regula-
tion of E-cadherin was observed with human keratinocytes (NicoLson et al. 1991)
and MDCK dog kidney cells (MaREeL et al. 1991). The same holds for rat prostate
cancer populations in syngeneic animals (BussemMAkeRrs et al. 1992).

The mechanisms behind this down-regulation in vivo have not yet been
elucidated. Experiments with MO4 murine cells transfected with the dog
E-cadherin cDNA under the control of a constitutively active promoter have
shown the molecule to be sensitive to down-regulation in vivo. Tumors raised by
these cells in syngeneic animals indeed showed down-regulation or mutation of
the transfected dog E-cadherin at the transcriptional level, and were invasive (Gao
1993). The down-regulation of E-cadherin expression was rapidly reversible after
ex vivo explantation of the tumor cells. The host factors responsible for the down-
regulating effect are now a matter of further investigation in our laboratory. The
down-regulation of E-cadherin by an autocrine motility-like factor in human oral
squamous cell carcinoma cell line may be relevant in this respect (IsHisaki et al.
1994).

Exceptionally, E-cadherin was found to be expressed homogeneously in
invasive human lung adenocarcinoma (MaTsuura et al. 1992) and esophageal
(Kapowaki et al. 1994) and gastric carcinoma (SHIMOYAMA and HirRoHAsHI 1991a). This
phenomenon suggests that under certain circumstances, E-cadherin may not
be sufficiently active as an invasion suppressor. One of the reasons for the
disfunction of the E-cadherin-catenin complex may be the down-regulation of
a-catenin, as shown in cancers of the esophagus, stomach, colon and breast
(SHiozaki et al. 1994; Breen et al. 1993; MaTtsuil et al. 1994; OcHial et al. 1994b).
Another reason may be a 107 amino acids deletion in the NH,-terminal region of
B-catenin, as described in a human stomach cancer cell line. This mutated
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B-catenin still interacts with E-cadherin, but not with a-catenin (Ovama et al. 1994;
KawanisHi et al. 1995).

5.2 Experimental Evidence In Vitro
for the Invasion Suppressor Role of E-cadherin

More direct evidence for the invasion suppressor role of E-cadherin could be
gathered from experiments in vitro. Some of these experiments are biochemical
equivalents of the immunohistological studies and confirmed, for instance, that
highly and weakly metastatic cell sublines derived from the same murine ovarian
tumor, showed, respectively, low and high E-cadherin expression, as evidenced
by western and northern blots (HasHimoTo et al. 1989). Human ascites cells from
solid ovarian tumors expressed significantly less E-cadherin and were more
invasive in vitro than their counterparts in the primary tumors (VEATCH et al. 1994).
In other studies experimental up- and down-regulation correlated with cell-cell
adhesion, cell aggregation and compaction without reference, however, to inva-
sion (TANG et al. 1994; Ao and ERrickson 1992; Fasre and GaRcla DE HERREROS 1993;
BRraDLEY et al. 1993).

The most powerful evidence to consider E-cadherin as an invasion suppres-
sor was derived from invasion experiments with cell lines differing in their
expression of E-cadherin. The invasion assays used range from the formation of
invasive and metastatic tumors in syngeneic or immunodeficient laboratory
animals, over organotypic cultures made up of confrontations between aggre-
gates of tumor cells and living embryonic heart fragments (confronting cultures) to
penetration into nonliving substrates such as Matrigel and type | collagen gels.
Although the presence of potentially up- and down-regulating factors of
E-cadherin may differ substantially among these assays, the overall results appear
to confirm an inverse correlation between E-cadherin expression and invasion.

Invasion was inhibited by transfection of the E-cadherin cDNA into constitu-
tively E-cadherin-negative cell lines (CHen and OBrink 1991; BEHRens et al. 1991b;
Frixen et al. 1991; VLEMINCKX et al. 1991). Induction of invasion in constitutively
E-cadherin-positive cell lines was achieved by antagonizing the expression of the
molecule via the introduction of a plasmid encoding E-cadherin-specific antisense
mMRNA (VLEMINCKX et al. 1991), via ras and polyoma middle T oncogene transfection
(Horrman et al. 1993; CHasTre et al. 1993), via Epstein-Barr virus transfection
(FAHRAEUS et al. 1992), or via antibodiés that neutralize the adhesion function of
E-cadherin (CHen and Ogrink 1991; BEHRENs et al. 1991b; VLEMINCKX et al. 1991;
Frixen et al. 1991; Doki et al. 1993. In mammary carcinoma cells, down-regulation
of E-cadherin seems to be necessarily accompanied by expression of the interme-
diate filament component vimentin (typical for epithelial to mesenchymal transi-
tions) for invasion to occur (SomMMERs et al. 1991; BAE et al. 1993). E-cadherin may,
however, "override" the vimentin-associated invasiveness in this type of cells
(THompsoN et al. 1994). Overexpression of the erb-B2 receptor in human mam-
mary carcinoma cells has been correlated with aggressiveness and was shown to
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inhibit the expression of E-cadherin in vitro (D'Souza and TAYLOR-PAPADIMITRIOU
1994). In a number of studies invasion could be switched on and off by down- and
up-regulation of E-cadherin within the same population of cells (CHen and Ogrink
1991; BeHrens et al. 1991b; VLemineckx et al. 1991; Frixen and NaGamINE 1993).

The concept of E-cadherin as an invasion suppressor was further confirmed
by correlation studies, in which the invasiveness in vitro was tested for a number
of E-cadherin-positive and-negative human cell lines. These studies included
bladder, breast, lung, pancreas (Frixen et al. 1991), esophagus (Doki et al. 1993),
colon (KiNsELLA et al. 1994) and endometrium (Mori et al. 1994) cell lines. Again
invasion was correlated with absence of E-cadherin in these cell lines.

6 Functional Regulation
of the E-cadherin/Catenin Complex

Up to now we have been concentrating on a large number of observations and
experiments that led to the straightforward conclusion that E-cadherin can be
considered as an invasion suppressor molecule in epithelial cells. However, a
small number of exceptions to this rule, namely invasion of tumor cell populations
showing homogeneous E-cadherin expression, have been reported. Cases of
invasive human lung, esophagus and stomach cancers with an homogenous
immunohistochemical staining pattern for E-cadherin were already mentioned
(Kapowaki et al. 1994; Matsuura et al. 1992; SHiMovama and HiroHasHl 1991a). In
laboratory animals HaCaT keratinocytes can form invasive nodules (Boukamp and
Fusenig 1993) and human MCF-7/6 breast carcinoma cells can give rise to invading
and metastatizing tumors (Correc et al. 1990), both with homogenous expression
of E-cadherin, as evident from immunohistochemistry. Also invasion in vitro was
found with murine (NMuMG) (VLEmMINCkx et al. 1994) and human (MCF-7/6) (Bracke
et al. 1991) mammary cells that show homogeneous E-cadherin expression.
MDCK cells were also found to be invasive after passage through the peritoneal
cavity, without down-regulation of their E-cadherin expression at the plasma
membrane (VANDENBOSSCHE et al. 1994). The rat colon cancer cell line DHD/PROb
is invasive both in vivo and in vitro, while it maintains homogeneous E-cadherin
expression. For the latter cells, invasiveness depends on the collaboration of
tumor-associated myofibroblasts (DiMANCHE-BOITREL et al. 1994b). Together, these
data suggest that invasion can also be the result of the putative functional
inactivity or inactivation of E-cadherin at the tumor cell surface.

6.1 For What Reasons May E-cadherin Be Functionally Inactive?

A number of discrete experimental mutations obtained with cells in vitro have
allowed identification of critical regions for functional integrity of E-cadherin.
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Impaired aggregation and/or compaction was the result of mutations in the
domains that are involved in enzymatic trimming of the precursor (Ozawa and
KemLer 1990), calcium binding (Ozawa et al. 1990a) or complex formation with the
catenins (KemLer and Ozawa 1989; NacarucHl and TakeicHl 1988). Theoretically,
similar mutations in vivo could also render E-cadherin inactive and abrogate its
invasion suppressor function. However, mutations in the E-cadherin gene appear
to be infrequent events, and, so far, functionally inactivating mutations have not
been equivocally demonstrated in natural tumors, although candidates for such
mutations were reported. A point mutation in exon 7 with possible functional
impact (Asn to Ser) was recently detected in two cases of invasive mammary
carcinoma (Kanai et al. 1994). In two human diffuse-type gastric carcinomas, point
mutations in exons 8 and 10 result in, respectively, Asp to Ala and Val to Asp
changes (Becker et al. 1994). In endometrial carcinomas, point mutations in exons
12 and 13 resultin Ala to Phe and Leu to Val changes, respectively, whereas exons
16 in an ovarian carcinoma bears a point mutation resulting in a Ser to Gly change
(RisINGER et al. 1994). Except for the last mutation, all other mentioned changes
affect the extracellular domain of E-cadherin. Experiments have suggested that
lack of expression of a-catenin may be at the base of a functional defect of the
E-cadherin-catenin complex. This is the case for both human PC-9 lung (SHIMOYAMA
etal. 1992; Opa et al. 1993), PC-3 prostate (MorToN et al. 1993) and several colon
{BReen et al. 1993) carcinoma cells, apparently due to deletions in the o-catenin
gene. Moreover, down-regulation of o-catenin was found to correlate with
invasion and lymph node metastasis of human esophagal carcinomas (Kabowaki
et al. 1994). Navarro et al. suggested that a defect iny-catenin or plakoglobin may
be responsible for E-cadherin/catenin inactivity, although no direct evidence for
this relation is available at the moment (Navarro et al. 1993). Low levels of
plakoglobin were also expressed by invasive human breast cancer cells (SOMMERS
et al. 1994). Another interesting finding is the deletion of the B-catenin gene in a
human gastric cancer cell line (Ovama et al. 1994; KawanisHi et al. 1995).

Tyrosine phosphorylation of the E-cadherin complex appears to be a rapid
mechanism to down-regulate the function of the E-cadherin/catenin complex.
Transfection experiments with the v-src oncogene have shown that the tyrosine
kinase activity of its gene product preferentially increases B-catenin tyrosine
phosphorylation, and this leads to impaired cell compaction (MatsuyosHi et al.
1992) and invasiveness in vitro ({BeHRENS et al. 1993). Hepatocyte growth factor
and epidermal growth factor, whose receptors both colocalize with E-cadherin
(CrepaLDl et al. 1994; Suarez-Quian and Byers 1993), also enhance tyrosine
phosphorylation of B-catenin and plakoglobin in human carcinoma cells with
concomitant cell scattering in vitro (SHIBAMOTO et al. 1994; HoscHUETzky et al. 1994).
Treatment with epidermal growth factor indeed counteracts E-cadherin mediated
junctional assembly and induces a more invasive phenotype (SHiozaki et al. 1995).
Furthermore, tyrosine phosphorylation of B-catenin can be obtained with tyrosine
phosphatase inhibitors, such as pervanadate, and these treatments reduce cell
compaction (MaTtsuvosHi etal. 1992). The src gene product inhibitor herbimycin, by
contrast, stimulates cell compaction (MaTsuyosHi et al. 1992).
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Other observations concerning phosphorylation of the complex may be
relevant to understand its function, but the link with cell-cell adhesion or invasion
has not been shown yet. E-cadherin can, for instance, act as an initiator of gap
junctional organisation and function via phosphorylation of connexin 43 (MusiL
etal. 1990); the role of this phenomenon in cancer invasion is not known. Tyrosine
phosphorylation of plakoglobin is essential to prevent its interaction with the APC
gene product and could in this way interfere with APC signals {SHisaTA et al. 1994).
The complex formation of B-catenin and plakoglobin with the c-erbB-2 gene
product suggests that this tyrosine kinase receptor may also participate in the
regulation of the function of the E-cadherin/catenin complex (OcHial et al. 1994a).
Finally, since p120°* is a tyrosine kinase substrate for growth factor receptors and
for the src gene product, it may also play a role in signal transduction from ligand-
triggered receptors towards the E-cadherin/catenin complex (RevnoLps et al.
1994).

Little has been published on the role of glycosylation in E-cadherin function.
Inhibition of N-linked glycosylation by tunicamycin had no effect on E-cadherin
mediated cell aggregation (SHiIRAYOsH! et al. 1986). A possible role of cell surface
proteoglycans in the function of E-cadherin has recently been described
(VLEMINCKX et al. 1994; VANDENBOSSCHE et al. 1994). Indeed, functional inactivity of
the E-cadherin/catenin complex was shown to be due to the presence of GPI-
anchored, membrane-associated extracellular proteoglycans (VLEMINCKX et al.
1994). By their large negatively charged glycosaminoglycan side chains these
molecules are thought to shield E-cadherin from homophilic interactions. Restora-
tion of the E-cadherin function could be achieved by addition of 3-methyl-
umbellipheryl-B-o-xyloside. The latter molecule acts as an acceptor for the
attachment of glycosaminoglycan moieties, which eventually results in the syn-
thesis of free glycosaminoglycans in the culture medium and of naked proteo-
glycan core proteins at the cell surface.

6.2 Correction of the Function
of the E-cadherin/Catenin Complex

From both a scientific and a therapeutic point of view, correction of the defective
function of the E-cadherin/catenin complex appears to be an interesting goal. For
this we examined a number of variants of the human MCF-7 cell line, which was
originally derived from the pleural effusion of a metastasizing mammary adeno-
carcinoma {SouLE et al. 1973). Variants were obtained from different laboratories,
and their MCF-7 origin was confirmed by specific immunoreactive markers
{Coorman et al. 1991). All variants were confronted in vitro with embryonic chick
heart fragments, cultured in suspension for 8 days, and their interaction with
the chick heart fragments evaluated by histologic analysis (MAReeL et al. 1979).
Some variants {e.g., MCF-7/6) invaded the heart tissue, while others (e.g. MCF-7/
A7) failed to do so (Bracke et al. 1991). The presence of an apparently intact
E-cadherin/catenin complex at the plasma membrane of both MCF-7/6
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and MCF-7/AZ cells was demonstrated via multiple techniques (immunocyto-
chemistry, immunohistochemistry, co-immunoprecipitation, flow cytometry and
western blotting) (Bracke et al. 1993). From these data we concluded that the
E-cadherin/catenin complex was unable to exert its invasion suppressor function
in MCF-7/6 cells.

Comparison between invasive MCF-7/6 and noninvasive MCF-7/AZ cells
revealed differences in cell-cell adhesion in vitro. A fast aggregation assay,
inspired by the work of TakeicHi (1977) and Kabmon et al. 1990), starts by detaching
cells from their plastic tissue culture substrate under conditions that should leave
the E-cadherin/catenin complex functionally intact. By Coulter counter measure-
ments, the initial number of particles in suspension is compared with the number
of particles after 30 min of aggregation (Bracke et al. 1993). In this assay MCF-
7/6 cells showed poor aggregation in contrast with their noninvasive MCF-7/AZ
counterparts. MCF-7/AZ aggregation was specifically inhibited in the presence
of monoclonal antibodies directed against a functional domain of E-cadherin
(HECD-1, SHimovama et al. 1989; MB2, Bracke et al. 1993), but not by other
monoclonals binding to other glycoproteins of the plasma membrane (e.g. 5D10,
PLessers et al. 1990). These results indicate that E-cadherin at the surface of MCF-
7/6 cells is not functionally active. As mentioned before, our current research is
aimed at finding agents that are able to correct the E-cadherin/catenin complex
function in the invasive MCF-7/6 variant as far as cell-cell adhesion and invasion
suppression are concerned.

6.2.1 Insulin-Like Growth Factor | Corrects
the Defective Cell-Cell Adhesion and Invasion Suppressor
Functions in Human Breast Carcinoma Cells

Insulin-like growth | (IGF-1) is a small 7kDa polypeptide hormone with multiple
functions, as reflected by the many names that were given to this molecule in the
past: sulphation factor, nonsuppressible insulin-like activity-soluble (NSILA-S),
multiplication stimulating activity (MSA) and somatomedin C (DaucHabay 1992).
Secreted by hepatocytes under the regulation of growth hormone, IGF-l is
released into the blood and can act as an endocrine factor. More recently,
however, short-range paracrine (JENNISCHE et al. 1992) and autocrine (Sara 1992)
effects have been elucidated. We have shown that IGF-I can correct the defective
cell-cell adhesion function of the E-cadherin/catenin complex in the invasive MCF-
7/6 cell variant at near-physiological serum concentrations (Bracke et al. 1993).
Fast aggregation is stimulated by IGF-I within 30 min, and the effect is independ-
ent from de novo protein synthesis. This increased aggregation is mediated by
E-cadherin, since it can be blocked by the monoclonal anti-E-cadherin antibodies
HECD-1 and MB2. IGF-l interacts with the IGF-I receptor on the MCF-7 cell surface
(De LeoN et al. 1988). This receptor is a heterotetramer of two o two B subunits.
We have described this receptor on MCF-7/6 cells by Scatchard analysis, flow
cytometry and immunoprecipitation with the anti-IGF-l-receptor monoclonal anti-
body o IR3 (Fig. 1). The a subunits contain a cysteine-rich region, while the B
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subunits possess tyrosine kinase activity. Furthermore, the anti-IGF-I receptor
monoclonal antibody inhibited completely the effect of IGF-l on MCF-7/6 aggrega-
tion. MCF-7 cells express in addition insulin receptors that show homology to
the IGF-I receptor (MounTJoy et al. 1987), and insulin is indeed able to mimic the
IGF-I effect on cell aggregation, albeit at supraphysiological concentrations. The
insulin effect was not blocked by the monoclonal antibody alR3, indicating that
insulin does not act via the IGF-I receptor, but presumably via its own receptor. It
is not excluded that our cells possess a hybrid of the IGF-I and the insulin receptor,
which s less sensitive to IGF-l and insulin than the proper IGF-| or insulin receptors
respectively (MoxHam et al. 1989). Insulin-like growth factor Il (IGF-11) has its own
type of receptor and was not able to induce fast cell aggregation of MCF-7/6 cells.

Signal transduction from the triggered IGF-I receptor starts with switching on
its intracellular tyrosine kinase activity, which leads to autophosphorylation of the
receptor in our MCF-7/6 cells and to phosphorylation of (a) cytoplasmic
substrate(s) (Jacoss etal. 1983; Kabowakl et al. 1987). For the insulin receptor
these phosphorylations have been shown to result in ras-activation through a
cascade of a number of rapid molecular interactions (Skonik et al. 1993;
BaLTENSPERGER et al. 1993). We have shown that activation of E-cadherin-mediated
aggregation of MCF-7/6 cells can be blocked by a number of tyrosine kinase
inhibitors:genistein (26 pM), Me-2,5-diOH cinnamate (50 pM) and 2-OH-5-(2,5
diOH benzyl) aminobenzoic acid (10 pM). The goal of our current research is
to reveal possible effects of IGF-l on the phosphorylation of catenins and
E-cadherin. As mentioned above, phosphorylation of B-catenin has recently been
shown to modulate the function of the E-cadherin/catenin complex.

Extracellular regulation of IGF-| as a trigger for its receptor is mediated by the
insulin-like growth factor binding proteins (IGFBPs). These proteins are present in
blood (PaLka and PeTerkorsky 1988), and are also secreted by MCF-7 cells in their
culture medium. Six species of IGFBPs have been characterized, five of which
may be secreted by MCF-7 cells (Figueroa and Yee 1992). Ligand blotting of MCF-
7/6 conditioned media with "*®Habeled IGF-I revealed at least three bands. While
in a few cases binding of IGF-I with an IGFBP was reported to result in an increase
of IGF-I potency, this usually prevents binding of the ligand to its receptor
(Fiueroa and Yee 1992).

The impact of IGFBPs on the correction of E-cadherin-mediated cell-cell
adhesion function via IGF-| can be illustrated by the potency of (des1-3)IGF-I. The
latter is a natural truncated variant of IGF-I which lacks the first three NH,-terminal
residues (Sara et al. 1986). This variant has lost most of its binding affinity for
IGFBPs and is about 100 times more potent in activating E-cadherin mediated fast
aggregation of MCF-7/6 cells, as compared with nontruncated IGF-I. A possible
autocrine loop via this truncated IGF-I is not excluded in some types of MCF-7
cells, sirice (des 1-3)IGF-l has been shown to be produced by at least some MCF-7
cells (Ocasawara et al. 1988). Preliminary data on the secretion of IGF-| into the
MCF-7 culture medium indicate that with the noninvasive MCF-7/AZ variant
higher levels are found than with the invasive MCF-7/6 variant (data in collabora-
tion with J.-M. Kaurman). When added to the medium of confronting cultures of
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MCF-7/6 cells with embryonic chick heart fragments, IGF-I exerted an anti-
invasive effect which was reversible upon omission of the factor (Bracke et al.
1993). Again, this effect appeared to be mediated by the IGF-I receptor, as
it could be blocked by a monoclonal antibody against the IGF-l receptor.
Our finding that IGF-l receptor triggering prevents invasion in vitro should
be compared with studies on human mammary tissue samples indicating
production of IGF-I by stromal cells of nonmalignant specimens and production
of IGF-I| by stromal cells of invasive carcinomas (CuLLEN et al. 1991; Paik 1992).
Recently, it was also found that expression of high levels of IGF-I receptor in
mammary tumors is an indicator of better prognosis (PEYRAT and BONNETERRE
1992: Para et al. 1993).

6.2.2 The Citrus Flavonoid Tangeretin Also Corrects
the Defective Function of the E-cadherin/Catenin Complex
via by a IGF-1 Receptor-Independent Mechanism

Flavonoids are interesting tools to study the mechanisms of mammary tumor
invasion. Examples are the weak estrogen and strong tyrosine kinase inhibitor
genistein (MarTIN et al. 1978; Akivama et al. 1987), the ppB0°° inhibitor quercetin
(Graziant 1986), the laminin-binding anti-invasive flavanol (+)-catechin (BRacke
et al. 1987), the synthetic 3,7-dimethoxy flavone (PArRMAR et al. 1994), and the
biological response modifier flavone acetic acid (CHing and Bagutey 1987).
Tangeretin is a flavonoid extractable from citrus plants, which was retained in a
screening program for potential anti-invasive molecules in the assay with
embryonic chick heart (Bracke et al. 1989). This molecule inhibits the invasion of
virus-transformed MO4 mouse cells and of MCF-7/6 cells. As a polymethoxy-
lated flavonoid, tangeretin is stable both in vitro and in vivo. After oral adminis-
tration via the drinking water, it is found in the liver of laboratory mice (BRACKE
et al. 1990).

Tangeretin corrects the defective function of the E-cadherin/catenin complex
in MCF-7/6 cells in a way that resembles the effect of IGF-I. Tangeretin induces
MCF-7 fast cell aggregation (Bracke et al. 1994a). This phenomenon is mediated
by E-cadherin, since it can be blocked by the anti-E-caherin monoclonal antibodies
HECD-1 and MB2. It is not dependent on de novo protein synthesis, since
cycloheximide does not inhibit the tangeretin effect. The flavonoid effect, how-
ever, differs from the IGF-| effect in that it does not seem to require triggering of
the IGF-I receptor, as evidenced by the lack of effect of alR3, the monoclonal
antibody that inhibits the function of this receptor. Furthermore, tangeretin does
not induce tyrosine autophosphorylation of the |GF-| receptor.

Experiments with estrogen-primed female nude mice are going on to explore
whether tangeretin can prevent liver metastases from MCF-7 tumors raised in the
spleen (Korper et al. 1982). Such experiments are also inspired by the retarding
effect of flavone acetic acid on the development of spleen-derived artificial liver
metastases (Glavazz et al. 1988).
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6.2.3 Retinoic Acid Induces Fast Aggregation
of Human MCF-7/6 Breast Cancer Cells

All-trans-retinoic acid (RA) is a vitamin A derivative with opposite effects on
invasion depending on the type of tumor cells under study. When added to the
medium of confronting cultures with embryonic chick heart fragments, RA
inhibits invasion of MCF-7/6 cells, but induces invasion in the constitutively
noninvasive cell variant MCF-7/AZ (Bracke et al. 1991). RA affects multiple
functions of MCF-7/6 cells: it decreases fast plasma membrane motility, it
increases the enzymatic activity of tissue-type transglutaminases (Bracke et al.
1992) and in increases cell-cell adhesion. Thus, the anti-invasive effect of RA on
MCF-7/6 can be explained by inducing a less motile, more rigid and more strongly
adherent cell population.

Fast aggregation of MCF-7/6 cells was increased by addition of RA to the
medium (Bracke et al. 1994c). This effect was about maximal after pretreatment
of the cells for 4 h and was concentration-dependent. The anti-E-cadherin mono-
clonal antibodies HECD-1 and MB2 were able to block the effect of RA on cell
aggregation, which indicates that RA specifically corrects the defective function
of the E-cadherin/catenin complex in these cells. The RA effect was not sensitive
to cycloheximide, which shows that de novo protein synthesis is not required.

The mechanism of action of RA on MCF-7/6 cells is not well understood. RA
is considered to be a morphogen (GiGUERe et al. 1987; EicHeELE 1993) that pen-
etrates the plasma membrane and is transported in the cytoplasm towards the
nucleus via the cytoplasmic RA-binding protein (CRABP) present in MCF-7/6 cells
(Bracke et al. 1992). Interaction with the nuclear RA receptors modulates gene
transcription, and other molecules can interact with this zinc-finger mediated
phenomenon (Maper et al. 1993). Cycloheximide insensitivity makes classical
promotion of DNA transcription/translation of relevant genes by RA rather improb-
able. Up to now we have also gathered information leading us to believe that RA
does not act via triggering of the IGF-I receptor, because neither blocking of this
receptor by the monoclonal antibody «lR3 nor inhibition of its tyrosine kinase
activity diminish the effect of RA on fast aggregation.

In another human mammary cancer cell line, SK-BR-3, RA has been shown to
induce the expression of E-cadherin in vitro (ANzaNo et al. 1994). This observation
indicates that RA can influence E-cadherin mediated cell-cell adhesion via multiple
mechanisms.

6.2.4 Correction of E-cadherin Mediated Cell-Cell Adhesion
by the Anti-estrogen Tamoxifen

Tamoxifen has proven to be useful in the adjuvant therapy of mammary carci-
noma and has been found to act on several targets implicated in tumor invasion.
Tamoxifen inhibits estradiol binding to its receptor (MADER et al. 1993), increases
natural killer cell activity (ManpeviLLE et al. 1984), increases the secretion of
transforming growth factor (TGF)-B (KnaBsE et al. 1987), reduces the secretion of
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TGF-a (Koga and SutHERLAND 1987) and reduces cell-matrix adhesion (MiLLON et al.
1989). Recently we have found that tamoxifen also restores the defective
E-cadherin function in MCF-7/6 cells; it increases fast cell aggregation and inhibits
invasion, in the chick heart assay (Bracke et al. 1994b). This anti-invasive effect
in vitro contrasts with the results of other laboratories, in which tamoxifen was
found to stimulate MCF-7 invasion (THompsoN et al. 1988). Apart from differences
in the MCF-7 variants and in the assays for invasion used in both studies, the
control cultures to which the treated ones are compared with are definitely not
similar as far as the presence of estrogens is concerned. In our study, the control
cultures are kept in culture medium supplemented with fetal bovine serum, and
these cultures show invasion. In the other study, the controls are kept serum-
free, and they show no invasion. So, depending on the presence of estrogens in
the controls and on their invasive behavior, one can presumably observe an anti-
invasive or an invasion promoting effect of tamoxifen.

Tamoxifen increases MCF-7/6 aggregation at 10® M or higher, but not at
lower concentrations. The metabolites 4-OH-tamoxifen and N-desmethyl-tamoxi-
fen also increased MCF-7/6 aggregation, but were less potent than tamoxifen
itself.

The effect of tamoxifen on fast cell aggregation resembles the effect of
tangeretin, as it is fast (observable within minutes) and mediated by E-cadherin
(inhibited by the monoclonal anti-E-cadherin antibody HECD-1). It is not inhibited
by the protein synthesis inhibitor cycloheximide nor by the monoclonal anti-IGF-I-
receptor antibody alR3.

It is tempting to speculate that the estrogen receptor on MCF-7/6 is involved
in the tamoxifen effect, since estrogen receptor-negative human breast cell lines
(SKBR-3 and HBL-100) do not respond to tamoxifen in the fast aggregation assay.
One can argue that too high concentrations (10° M or higher) are required for the
effects described above. Studies on intratumoral tamoxifen concentrations, how-
ever, have shown that 10° Mis usually exceeded in human mammary carcinomas
after daily oral intake of one tablet (20 mg) of tamoxifen by the patient (JOHNSTON
etal. 1993). We therefore believe that the restoration of the E-cadherin functionin
human mammary carcinoma cells may contribute to the established therapeutic
benefit of tamoxifen in breast cancer patients.

7 Can E-cadherin Be Considered as a Receptor?

In the above mentioned experiments E-cadherin has been considered as an
effector molecule that can be activated by external triggers. Recent reports,
however, have led to the E-cadherin/catenin complex to be considered as
a receptor too. The high degree of sequence similarity between B-catenin and
the armadillo gene product in Drosophila suggests that B-catenin is involved
in developmental signaling. Microinjection of anti-B-catenin indeed perturbs
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Xenopus development (GumsiNER 1993). This raises the possibility that f-catenin
isinvolved in a similar (same?) signaling pathway as the Wnt factor. In Drosophila,
armadillo distribution in the cell is indeed regulated by the Wingless signal, which
is homologous to the vertebrate Wnt signal, and by Zeste-White 3 kinase (PEIFER
et al. 1994). Furthermore, both E-cadherin (MaTsuzaki et al. 1990) and Wnt (Otson
et al. 1991) expression are able to stimulate gap junctional communication
between adjacent cells, which may be considered as a reflection of changes in
E-cadherin-mediated cell-cell adhesion (Moon et al. 1993). Together those data
indicate that the E-cadherin/catenin complex may be part of a signaling path-
way(s).

Other experiments have strengthened this view by showing that E-cadherin,
upon homophilic binding, can activate protein kinase C, which leads to assembly
of tight junctions (BaLpa et al. 1993). A signaling role for E-cadherin was also found
in the down-regulation of integrin expression during terminal differentiation of
keratinocytes (HobivaLa and WaTT 1994).

With relation to invasion, an inverse link has been established between the
expression of E-cadherin and of urokinase-type plasminogen activator (u-PA).
Immunological blocking of the E-cadherin function in human breast cancer cells
leads to invasiveness into type | collagen, along with increased u-PA expression
(Frixen and NacgamINE 1993). This invasion appeared to be u-PA-dependent, since it
could be stopped by applying neutralizing antibodies against the u-PA activity.

A few recent reports indicate that E-cadherin mediated cell-cell adhesion is
correlated with an increase in the fraction of nonproliferating cells (SaccHi et al.
1994; WartaBe et al. 1994; DimancHE-BoITREL et al. 1994a). Future research will be
necessary to elucidate whether or not E-cadherin possesses a receptor function
which controls cell growth in epithelioid cells.

8 Down-Regulation of E-cadherin Is Not a Unique Feature
of Cancer Cell Populations

Down-regulation of E-cadherin in epithelia is a common phenomenon in embry-
onic morphogenesis. At the morula stage of the pig, cycles of compaction/
decompaction are accompanied by alterations in E-cadherin distribution (Rema
et al. 1993). After gastrulation some epithelia modulate from an E-cadherin-
positive towards an E-cadherin-negative state (CrossiN et al. 1985; EpeLmMAN et al.
1987). One example is the process of neurulation, in which the developing neural
tube increases its N-CAM expression and down-regulates L-CAM (the E-cadherin
analogue in chicken) (EbeLmaN et al. 1983; THiery et al. 1984). Another example is
found in the developing murine cochlea: E-cadherin in the reticular lamina is
important in maintaining a barrier between fluid compartments with different
composition {endolymph and perilymph). During formation of fluid spaces in the
organ of Corti, E-cadherin disappears from the lateral cell membranes, which
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suggests that down-regulation or redistribution of E-cadherin facilitates the
process of fluid space opening (WHiTLon 1993).

Other physiological processes in which E-cadherin is down-regulated are
trophoblast formation and liver regeneration. While the use of E-cadherin null
mutant embryos has demonstrated that this molecule is necessary to form a
trophectodermal epithelium (LARUE et al. 1994; RIETHMACHER et al. 1995), fusion of
cytotrophoblast cells to syncytiotrophoblast later on coincides with down-regula-
tion of E-cadherin at the transcriptional level (CoutiFaris et al. 1991). The causal
relation between these two phenomena was stressed by the demonstration that
neutralizing antibodies against E-cadherin inhibit cell fusion and that fusion-
incompetent choriocarcinoma cell lines do not down-regulate E-cadherin. During
liver regeneration after partial hepatectomy, down-regulation at the transcrip-
tional level was observed, when the regenerating tissue was compared with
normal liver (GLuck et al. 1992).

Down-regulation of E-cadherin has been observed in a few nonmalignant
pathologies. Reduced staining of E-cadherin has been reported at the periphery of
some acantholytic keratinocytes in Darier's disease and Hailey-Hailey disease
(Burge and ScHomBerG 1992). Both skin diseases are characterized by reduced
adhesion between keratinocytes. In murine polycystic kidney disease another
example can be found of down-regulation of E-cadherin (Rocco et al. 1992). The
down-regulation is apparent in the epithelial cells of proximal and collecting
tubules and is accompanied by low mRNA levels for E-cadherin. The gene
responsible for human polycystic kidney disease has been localized on chromo-
some 16 (ReeDERs et al. 1985).

9 Conclusions

E-cadherin is a transmembrane glycoprotein with both extracellular and intra-
cellular interactions in epithelial cells. The extracellular binding is usually homo-
philic and homotypic, while cytoplasmic interaction with the cytoskeleton via
catenins is imperative for functional integrity. These interactions attribute a cell-
cell adhesive and an invasion-suppressive role to this molecule.

Down-regulation of E-cadherin is a common characteristic of invasive epi-
thelial tumors. E-cadherin and the catenins are highly conserved molecules. Apart
from gross deletions of chromosome 16 that involve the E-cadherin gene,
mutations seem to be infrequent, except for particular tumor types. No natural
splicing variants have been found so far. Factors from the host have been held
responsible for frequent E-cadherin down-regulation in invasive tumors. Charac-
terization of those putative factors and revealing their action targets is one of the
goals of future research.

Impaired function in the presence of an intact E-cadherin/catenin complex
points towards another level of modulation. Posttranslational modulations via
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proteolytic modification, glycosylation and/or phosphorylation are now under
study. From a clinical point of view, up-regulating molecules of the E-cadherin
function may be of great value in the future therapy of cancer. Molecules with
such an up-regulating action so far include IGF-I, tangeretin, RA and tamoxifen.
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1 Introduction

Individual epithelial tumor cells disseminated to mesenchymal organs early during
primary tumor development can now be identified with monoclonal antibodies
directed to cytokeratins as obligatory constituents of the epithelial cytoskeleton
(for review see PaNTEL and RIETHMULLER, this volume) Among the various organs
investigated bone marrow appears to play a prominent role as indicator organ of
such micrometastatic spread. Bone marrow is an easily accessible organ which
normally lacks any epithelial cells. Thus, consecutive marrow samples can be
taken from individual patients and "foreign" epithelial cells can be easily detected
by use of anti-cytokeratin monoclonal antibodies. Moreover, bone or bone mar-
row is one of the major sites of skeletal metastasis in several types of epithelial
tumors, including cancer of the breast, prostate or lung.

In contrast to the well-documented prognostic significance of "isolated tumor
cells disseminated to bone marrow (ITC-BM)" (ScHumok et al. 1991, 1992;
LINDEMANN et al. 1992), their biological characteristics remain poorly understood.
This igriorance is particularly disturbing in diseases like colorectal cancer, in which
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the presence of ITC-BM was revealed as a strong and independent predictor for
reduced overall metastatic relapse, while manifest skeletal metastasis occurred
rarely (LINDEMANN et al. 1992). Thus, tumor cells detected in bone marrow at the
time of surgery of the primary tumor may not necessarily have the potential to
form clinically detectable metastases in this particular environment, but may
rather remain dormant for years. Support for the concept of dormancy is also
derived from the clinical observation that distant metastases can manifest
themselves as late as 10 years after the excision of a primary tumor.

Despite a prevalence of minimal residual cancer of about 30% throughout
different types of carcinomas, such advances are rendered more difficult by the
extremely low frequency of ITC-BM of 10°-107°. In a first attempt, we therefore
designed and applied immunocytochemical double marker assays to phenotype
ITC-BM derived from different types of epithelial malignancies. These assays
provide new insights into the biology of bone marrow micrometastasis. The
present review focuses on biological characteristics of micrometastatic carci-
noma cells in bone marrow, including molecules that. mediate cell adhesion,
immune responsiveness and proliferation at the secondary site.

2 Histogenetic and Tumor-Associated Markers

Critics of reports describing the assessment of isolated carcinoma cells in bone
marrow guestioned the epithelial origin of these cells. Doubie marker and fluores-
cence in situ hybridization analyses, however, helped to resolve these concerns.
Aberrant cytokeratin expression in single bone marrow cells could be excluded by
labeling of bone marrow preparations with monoclonal antibodies CK2 to cyto-
keratin-18 and either T29/33 to CD45 (ScHumok et al. 1987) or V9 to vimentin
(PANTEL et al. 1995), both of which are reliable markers for hematopoietic cells
(GaTTER et al. 1985). While all of the hematopoietic cells were either CD45-positive
or vimentin-positive, cytokeratin-positive epithelial cells consistently lacked de-
tectable expression of these mesenchymal marker proteins (Fig. 1A,B).

In patients with prostatic cancer, we recently performed double marker
assays employing monoclonal antibodies specific for prostate-specific antigen
(PSA; RiESENBERG et al. 1993). Among the first 13 bone marrow samples admitted
to this study, coexpression of PSA on cytokeratin-positive cells was seen in five
(38%) samples, thereby revealing the prostatic origin of ITC-BM (Fig. 1C). This
incidence is consistent with the rate of PSA expression in primary carcinomas and
the LNCap cell line (GALLEE et al. 1986). The malignant nature of cytokeratin-
positive cells in bone marrow of prostate cancer patients was supported by the
recent work of Pallavicini and colleagues (PaLLavicint et al. 1995), showing that
these cells are cytogenetically aberrant. Taken together, these findings suggest
that cytokeratin-positive cells detectable in bone marrow aspirates from patients
with prostatic cancer are descendants of the primary tumor.
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Fig. 1A-C. Histogenetic antigens on cytokeratin-positive micrometastatic carcinoma cells (white
arrows) assessed by double labeling assays. A Monoclonal antibody T29/33 to CD45 (black arrow);
x1600. B Monoclonal antibody V9 to vimentin; silver reflection of immunogold-silver staining (black
arrow); x800. C Monoclonal antibody ER-PR8 to PSA (black arrow); x2800

3 Proliferation-Associated Antigens

Manifest skeletal metastasis is frequent in breast, lung and prostate cancer, less
frequent in gastric cancer and rare in colorectal cancer. Yet, the incidences of {TC-
BM in patients without overt metastasis (M) appear to be similar in these types
of carcinomas amounting to somewhat around 25%-35% (PaNTEL et al. 1995).
These data suggest that the capacities of disseminated epithelial tumor cells to
home in bone marrow might be similar, whereas their potential to outgrow in this
new environment might differ considerably. Applying our double labeling tech-
niques, we observed that the proliferative fraction of ITC-BM obtained at the time
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Table 1. Coexpression of proliferation-associated markers on isolated carcinoma cells disseminated to
bone marrow

Tumor type Number of patients per total number of patients
POX-AP double labeling® IG-AP double labeling®
Ki-67-positive Ki-67-positive p120-positive
ITC-BM ITC-BM ITC-BM
Breast cancer 1/9 0/3 1711
Gastric cancer 077 01 4/13
Colorectal cancer 077 0/6 5/12
Total 1/23 0/10 10/36

ITC-BM, isolated tumor cells disseminated to bone marrow;

2 Atotal of 4.0 x 10° nucleated cells per bone marrow aspirate were stained with monoclonal antibody
CK2 and monoclonal antibodies to either ki-67 or p120 (FB2), respectively, using either an immuno-
peroxidase (POX)-alkaline phosphatase (AP) double labeling method or an immunogold(IG)-AP
double labeling technique; the number of ITC-BM per 4.0 x 10° mononuclear cells ranged from 1 to
307 {mean: 38.5) ITC-BM with no apparent differences among the various tumor types and stages

of surgery of the primary tumor appears to be small in all subgroups of patients
analyzed (Table 1). Surprisingly, Ki-67 antigen, known to be present in all phases
of the cell cycle except G, and early G, (Geroes et al 1983, 1984), was only
detectable in one of 33 patients with cytokeratin-positive ITC-BM. As internal
positive controls, Ki-67-positive hematopoietic marrow cells were present in all
specimens (Fig. 2A). False negative results were further excluded by the fact that
a sufficient number of micrometastatic cells (on average about 40 ITC-BM per
patient) has been evaluated in this study (PanTEL et al. 1993c).

A possible underestimation of the actual proliferative fraction might have
occurred in our approach because the native Ki-67 is known to be quite unstable.
We therefore re-examined an additional subgroup of 36 marrow specimens
employing the monoclonal antibody FB2 to the nucleolar antigen p120, of which
detectable levels appear throughout early G, and and peak in S phase (FREEMAN
et al. 1988). Although ITC-BM expressed p120 in ten (28%) out of the 36 cases
(Fig. 2B), the fraction of double-positive cells per specimen only amounted to
10% (Table 1). Since p120 is known to be undetectable in nonmalignant hema-
topoietic bone marrow cells (FREEMAN et al. 1988), the consistent absence of
any p120-positive cells in control aspirates supported the specificity of our
results.

The reduced proliferative reactivity of ITC-BM at this early stage of dissemi-
nation hampers therapeutic approaches with S phase specific chemotherapeutic
agents and is consistent with the well-known phenomenon of tumor cell dor-
mancy (PaNTEL et al. 1993 a~c). This phenomenon may be explained by experimen-
tal data showing that the acquisition of at least some characteristics of metastatic
behavior, such as mutations of proto-oncogenes confering invasive potential
or changing the adhesive interactions of individual cells, can occur prior to
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Fig. 2A-D. Expression of proliferation-associated antigens, tumor suppressor genes and oncogenes
on cytokeratin-positive micrometastatic carcinoma cells (white arrows). A Monoclonal antibody MIB-1
to Ki-87; silver reflection of immunogold-silver staining (black arrow). Patient with invasive lobular
breast cancer {(pT2 G3 pN1 M1); x1200. B Monoclonal antibody FB2 to p120 (black arrow). Patient with
adenocarcinoma of the colon (pT2 G2 pNO M1); x1600. C Polyclonal antiserum CM1 to TP53; silver
reflection of immunogold-silver staining (black arrow). Patient with adenocarcinoma of the colon (pT2
G2 pN1 MO0); x1600. D Monoclonal antibody 9G6 to p185™“(black arrows). Patient with invasive ductal
breast carcinoma (pT2 G2 pNO MO0); x1200

unrestrained growth (FioLer and HarT 1982; Price et al. 1989).Thus, cells which
have undertaken the first steps in the metastatic cascade (i.e. leaving the primary
tumor) may develop their full growth potential only years later. It is therefore
important to define markers on ITC-BM that predict their transition from a
dormant into a proliferative state.
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4 Tumor Suppressor Gene and Oncogene Products

By delaying the transition of cells from a quiescent state into S phase, wild-type
p53 protein allows DNA repair to take place, thereby exerting a control function
sometimes also addressed as "guardian of the genome" (LaNE and BENcCHIMOL
1990). Loss of this function may therefore result in the destabilization of the
genome by an increased number of mutations that are carried over to the next
generation of cells. Since many mutations in the p53 gene lead to the expression
of a stabilized mutant protein (Ieco et al. 1990), accumulation of this protein has
been claimed as a marker of malignant disease in diagnostic cytopathology (HaLL
et al. 1991). It was therefore obvious to evaluate whether such accumulation can
be detected in ITC-BM by double marker analysis. Counter to our expectations,
coexpression of p53 protein (TP53) on ITC-BM was only found in four (6%) of the
63 specimens examined in this series (Fig. 2C) and was entirely absent in another
series applying further epithelial markers for the detection of ITC-BM, such as
monoclonal antibodies to cytokeratin-19 and to an epitope shared by various
cytokeratin molecules (PaNTEL et al. 1993d). Thus, in our hands immunodetection
of TP53 appeared of little value for the identification of individual micrometastatic
carcinoma cells in bone marrow. The rare detection of increased TP53 levels in
these cells argues against the assumption that protein-stabilizing mutations in the
p53 gene provide a selective advantage for early tumor cell dissemination.
Although this hypothesis needs to be tested in molecular analyses, indirect
support for the presence of wild-type pb3 gene derives from our observations
that most cytokeratin-positive cells in marrow appear to be in G, or early G, phase
(PANTEL et al. 1993a-c).

Previous studies have shown that gene amplification and overexpression of
c-neu are associated with a more aggressive growth in human breast and ovarian
cancer (BERGER et al. 1988; BiancHi et al. 1993; SLamon et al. 1989:; Tiwari et al. 1992;
VarLey et al. 1987). In this context, immunodetection of p185™ by antibodies has
been shown to be correlated with overexpression of the oncoprotein (VENTER et al.
1987). To assess this important growth factor receptor associated with the malig-
nant transformation of epithelial cells, cytokeratin-positive aspirates from carci-
noma patients were stained for p185™" overexpression (Fig. 2D). In contrast to
proliferation-associated markers, we frequently observed oncogene overexpres-
sion on ITC-BM. As demonstrated in Table 2, patients with breast cancer exhibited
distinctly higher incidences of c-neu expression on ITC-BM than did patients with
gastrointestinal cancer at corresponding tumor stages. However, in both groups of
patients, the incidence of cells coexpressing p185™" was positively correlated with
tumor progression (Table 2). All of the analyzed breast carcinoma patients with
manifest distant metastases (M,) exhibited p185™ on ITC-BM as compared to
about 50% of the patients with regional disease (M,). Interestingly, the majority of
the latter patients had been classified as node-negative by routine histopathological
examination, which indicates that cancer cells expressing relevant growth factor
receptors are released from the primary tumor in early phases of tumor progression.
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Table 2. Incidence of c-neu overexpression on isolated carcinoma cells disseminated to bone marrow

Tumor type Number of patients per total number of patients with p185™“-positive
ITC-BM (%)?
Breast cancer
Total 48/71 (67.6)°
M, 23/23 (100.0)°
M, 25/48 (52.1)
Gastrointestinal cancer
Total 14/50 (28.0}
M, 9/21 (42.9)
M, 5/29 (17.2)
Gastric cancer 6/22 (27.3)
Colorectal cancer 8/28 (28.6)

ITC-BM, isolated tumor cells disseminated to bone marrow

°Atotal of 4.0 x 10°nucleated cells per bone marrow aspirate were stained with monoclonal antibody
CK2 and monoclonal antibody 9G6 to the extracellular domain of p185™, using either an immuno-
peroxidase-alkaline phosphatase double labeling method (n=80) or an immunogold-alkaline phos-
phatase double labeling technique (n=41). Number of cytokeratin-positive ITC-BM per 4.0 x 10° mono-
nuclear cells ranged from 1 to 265 (mean: 18.1 cells) with no apparent differences among the various
tumor types and stages

®p=0.0001 as compared to gastrointestinal cancers (y ? test)

°p=0.0004 as compared to overt metastasis (y * test)

4p=0.05 as compared to overt metastasis (y * test)

Recent in vitro data reported that expression of p185™“ in human cells can
induce a change in the homotypic epithelial adhesion interactions via down-
regulation of E-cadherin expression (TavLor-PapabimiTRIOU 1994). It is therefore
conceivable that p185™-positive micrometastatic cells have been positively
selected from a small metastatic subpopulation within the primary tumor by
suppressing the metastasis suppressor function of E-cadherin. This conclusion,
though tentative, points to c-neu expression as a marker of dissemination. In
addition, the increased incidence of c-neu expression on metastatic tumor cells
found in advanced stage patients suggests that such expression may also support
the survival and/or outgrowth of these cells in the marrow environment. It may be
therefore interesting to know whether proteins claimed to act as natural ligands
for the c-neu receptor (Horrvan 1992; Lupu et al. 1992; PeLes et al. 1992) are
expressed in ITC-BM or bone marrow cells.

5 Proteins Relevant to the Immunological
Anti-tumor Defense

Although isolated tumor cells present in an accessible environment, such as bone
marrow, should be preferential targets for immune effector cells, it appears that
ITC-BM can survive for extended periods of time without being killed by the
immune system (RIETHMULLER and JoHnson 1992). In principle, this discrepancy



170 S. Braun and K. Pantel

might be due to an inability of immune effector cells to recognize these cells and/
or to an anergic state of the effector cells. In a firstattempt to address the problem
of how ITC-BM escape recognition by immune effector cells, we applied our
double marker assay to phenotype ITC-BM for the expression of HLA class |
molecules (Fig. 3A), which present tumor-specific peptides via the T cell receptor
to T lymphocytes (HAMMERLING et al. 1989; PanTEL et al. 1991). In total, 25 (46%)
of B4 patients yielded cytokeratin-positive ITC-BM that lacked a detectable
expression of HLA class | molecules. In patients with breast cancer, the percentage

Fig, 3A-C. Expression of HLA class | antigens and adhesion molecules on cytokeratin-positive
micrometastatic carcinoma cells (white arrows). A Monoclonal antibody W6/32 to HLA class | antigens
(black arrows). Patient with invasive ductal breast carcinoma (pT2 G2 pN1 MO0); x 800. B Monoclonal
antibody PG5.1 to plakoglobin; sitver reflection of immunogold-silver staining (black arrow). Patient with
sguamous lung carcinoma (pT2 G2 pNO MQ); x1000. C Monoclonal antibody 17-1A to EGP-40; silver
reflection of immunogold-silver staining (black arrow). Patient with invasive ductal breast carcinoma
(pT1 G2 pNO MO); x1600
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increased to 65% HLA class |-negative carcinoma cells in bone marrow as
compared to only 27%-29% in patients with gastrointestinal carcinomas (Table 3).
This observation matches well with the high incidence of metastatic disease of
the bone or the bone marrow occurring in breast cancer patients. It is therefore
conceivable that down-regulation of HLA class | molecules is an effective mecha-
nism to escape from the anti-tumoral immune defense mediated by cytotoxic T
lymphocytes. Moreover, the overall incidence of HLA-negative tumor cells in the
bone marrow is higher than that reported for the respective primary tumors
(HAMMERLING et al. 1989), an observation which further supports the latter assump-
tion that down-regulation of HLA class | molecules may confer a selective survival
advantage to ITC-BM.

Several families of adhesion molecules participate in an effective immune
response by mediating the tight binding of leukocytes to their target cells (Hoaa
and Lanpis 1993; SprinGeER 1990). One of these molecules, the intercellular
adhesion molecule-1 (ICAM-1), mediates leukocyte binding through its interaction
with the integrins o, f, (LFA-T) and o,,B, (Mac-1}. ICAM=1-is normally not ex-
pressed by epithelial cells, though it can be induced by a variety of stimuli and is
sometimes expressed by carcinoma cells in vivo {JorNsoN et al. 1989; PassLick
etal. 1994). Expression of ICAM-1 on cytokeratin-positive cells in the bone marrow
was found in 13 (42%) of 31 patients with completely resectable non-small cell
lung carcinoma and appeared to be of prognostic significance. Those patients
with ICAM-1-positive micrometastatic cells had a reduced rate of tumor relapses
and cancer-related deaths as compared to those patients with ICAM-1-negative
tumor cells. Local and distant recurrence of lung cancer, or death directly related
to the disease, occurred predominantly in patients with ICAM-1-negative ITC-BM,
whereas only a few patients with ICAM-1-positive ITC-BM succumbed to distant
metastatic disease. Even though the number of patients both examined immuno-
cytochemically for ICAM-1 expression (n = 31) and evaluated prospectively for the
course of the disease (n = 19) is considerably low thus far, our data suggest that
ICAM-1-mediated binding of leukocytes may facilitate an effective immune
response. This observation is consistent with studies on renal cell carcinoma in
which the expression of ICAM-1 by the primary tumor was correlated with well
differentiated tumors having a good prognosis (TomiTa et al. 1990). A recent study

Table 3. Deficient expression of HLA class | molecules on isolated carcinoma
cells disseminated to bone marrow

Tumor type Number of patients per total number of patients with HLA
class I-negative ITC-BM (%)*

Breast cancer 17/26 (65.4)

Colorectal gancer 5/17 (29.4)

Gastric cancer 3/11 (27.3)

A total of 4.0x 10° nucleated cells per bone marrow aspirate were stained
with monoclonal antibody CK2 and monoclonal antibody W6/36 to an extracellular
of HLA class | domain using immunoperoxidase-alkaline phosphatase double
labeling
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unraveled the induction of ICAM-1 by protein kinase C after stimulation with neu
differentiation factor (NDF), also called heregulin (Bacus et al. 1993). NDF is a 44
kDa glycoprotein that stimulates tyrosine phosphorylation of the p185™ receptor
and induces phenotypic differentiation of certain breast carcinoma cell lines to
growth-arrested and milk-producing cells. Thus, expression of p185™* may exert
a dual role for the malignant potential of ITC-BM, depending on the ligand present
in the local environment.

An alternative approach to unraveling structures involved in the onset of
micrometastatic spread is to evaluate possible correlations between the pheno-
type of primary breast carcinomas and the presence of ITC-BM. Expression of
ICAM-1, known to facilitate metastatic spread of melanoma cells (Jornson et al.
1989), had no apparent influence on the metastatic behavior of primary non-small
cell lung cancer cells (PassLick et al. 1994). By contrast, MENARD and colleagues
revealed that the expression of the 67 kDa laminin receptor on primary breast
cancer cells may support tumor cell dissemination into lymph nodes and bone
marrow (MARTIGNONE et al. 1993; Ménarp et al. 1994).

The frequent down-regulation of HLA class | molecules as well as the
modulation of ICAM-1 expression appear to influence the recognition by immune
effector cells and might thereby exert a significant effect on the survival of ITC-
BM. Moreover, down-regulation of HLA class | antigens on residual tumor cells
has also severe implications for future therapeutic approaches using genetically
modified cancer vaccines (ParboLL 1993). The potential effectiveness of such
vaccines has been proven in animal models and the first clinical trials have been
initiated to evaluate their safety and efficacy in patients with advanced solid
tumors (NageL and FELGNER 1993; ParpoLL 1993). However, this active immuniza-
tion approach works only if the residual tumor cells are recognized as foreign by
T lymphocytes. It is therefore important to investigate whether the deficient
expression of HLA class | molecules on ITC-BM can be up-regulated by systemic
administration of class l-inducing cytokines such as interferon-y.

6 Epithelial Cell Adhesion Molecules

The flexibility in the adhesive interactions of metastatic cells with different cell
types plays an important role in the initiation of tumor cell emigration from the
primary location to secondary sites (BEHRENS et al. 1992). In carcinomas, loss of
homotypic adhesion is one of the first steps required for the successful dissemi-
nation of tumor cells (HART et al. 1989). in the case of epithelial organs, a network
of intercellular adhesive junctions is responsible for the tight integration of an
individual cell within the tissue (Schwarz et al. 1990). The adherens junction
complex is organized around the transmembrane E-cadherin protein that organ-
izes a complex of cytoplasmatic proteins, including o-catenin, B-catenin and
plakoglobin, a B-catenin relative found in desmosomes (ScHwarz et al. 1990). The
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adherin-catenin complex mediates adhesion, cytoskeletal anchoring, and sig-
naling. Catenins can also form a compiex with the product of the tumor suppres-
sor gene APC, which may mediate transmission of a growth regulatory signal
(Preirer 1993). Employing our double marker assay, we were able to study the
expression of plakogiobin on ITC-BM. Among the first 25 bone marrow samples
admitted to this study, we found that in 17 (68%) samples expression of
plakoglobin appears to be absent or at least below the immunocytochemical
detection level in ITC-BM. In contrast, microaggregates of carcinoma cells present
in bone marrow again appear to express plakogiobin (Fig. 3B). Therefore, it is
conceivable that down-regulation of plakoglobin expression participates in mecha-
nisms that determine the disseminative capacity of an individual carcinoma cell,
whereas the up-regulation of expression might be necessary for solid metastasis
formation at the secondary site.

Another interesting homophilic cell-cell adhesion molecule is the epithelial
glycoprotein 40 (EGP-40, also known as GA733-2, ESA, KSA, and the 17-1A
antigen) encoded by the GA-733-2 gene, which is expressed on the basolateral
cell surface in most human simple epithelia (GOTTLINGER et al. 1986b). The protein
is also found in the vast majority of carcinomas and has attracted attention as a
tumor marker (GOTTLINGER et al. 1986a). Recently, Litvinov and colleagues (LiTvinoy
et al. 1994) provided the first evidence that EGP-40 is an epithelium-specific
intercellular adhesion molecule which acts in a calcium-independent manner. in
its biological behavior EGP-40 resembles members of the immunoglobulin super-
family that comprises cell adhesion molecules. Therefore the name Ep-CAM
was proposed. Our present double marker analysis demonstrated a presumably
modulated, differential expression of EGP-40 on ITC-BM (Fig. 3C). Minimal
residual breast and colorectal carcinoma cells remained EGP-40-negative in nine
of 16 and two of six cases, respectively. Similar to the desmosomal adhesion
molecule plakoglobin, down-regulation of EPG-40 expression might permit
tumor cells to be released from contact-mediated controls within the primary
tumor.

Since the expression of EGP-40 on ITC-BM is less frequently down-regulated
than plakoglobin, it might serve as a suitable target for antibody therapy. This
hypothesis has been recently sustained in colorectal cancer patients without clinical
signs of overt distant metastases (stage Dukes C) who were treated in a rando-
mized clinical trial with the murine monocional antibody CO17-1A specific for EGP-
40 (RIETHMULLER et al. 1994). Randomized administration of this antibody was found
to reduce the overall death rate by 30% and decrease the recurrence rate by 27%.

7 Concluding Remarks

To obtain further insights into the biology behind the phenomenon of minimal
residual cancer, we designed and applied immunocytochemical double marker
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assays, which allow the detection and characterization of individual microdissemi-
nated carcinoma cells in bone marrow. Our present data support the view that
down-regulated expression of epithelial cell adhesion molecules on ITC-BM might
be important to initiate early tumor cell dissemination. The survival of ITC-BM and
thereby the influence they exert on the prognosis of individual cancer patients
appears to be affected by the presence of molecules mediating an effective
immune response, such as HLA class | molecules or ICAM-1. The acquisition of
a selective survival advantage for ITC-BM may not necessarily comprise their
ability for immediate autonomous proliferation in the bone marrow environment.
Concordant with the phenomenon of dormancy, cells which have gained the
potential to leave the primary tumor might develop their full metastatic potential
only years later. This assumption is also supported by recent experimential
observations that metastatic behavior and growth characteristics of individual
cells are essentially controlled by two different sets of genes (FibLER and RADINSKY
1990; LioTtra et al. 1991). At present, it is unclear which changes in ITC-BM lead to
the transition from dormancy to active proliferation and formation of overt
metastases. Among many potential factors, the expression of growth factor
receptors might be essential. The frequent overexpression of p185™ on ITC-BM
could be the result of early selection within the primary tumor which might be
explained by the observation that this expression results in down-regulation of the
desmosomal adhesion molecule E-cadherin. After tumor cells have settled in
bone marrow, p185™" may mediate at least two distinct pathways: (1) the growth
factor activity of the tyrosine kinase receptor can support extended survival and
outgrowth of solid metastases, or (2) binding of NDF/heregulin may lead to
increased elimination of tumor cells by leukocytes due to induction of ICAM-1
expression of ITC-BM.

In addition to the investigation of biological features of ITC-BM, the applica-
tion of double marker assays may contribute to the identification of cell surface
target antigens suitable for passive antibody therapy. Support for the efficacy of
antibody therapy is derived from the adjuvant trial on patients with Dukes C
colorectal cancer, recently reported by RETHMULLER and the German Cancer Aid
17-1A study Group (RIETHMULLER et al. 1994). While it is clear that a major
consideration for the successful application of antibody therapy is the choice of
the appropriate disease stage in which the tumor cells are accessible for intrave-
nously administered immunoglobulins (RIETHMULLER and JoHNsoN 1992), other
aspects need to be taken into account. To cope with antigen heterogeneity a
combination of antibodies directed to independently expressed antigens should
be more efficient than a single agent (RIETHMULLER and JoHNnsoN 1992). In this
context, p185™ expression frequently observed on ITC-BM appears to be another
suitable target.

In conclusion, the present review demonstrates that, beyond the mere
presence of micrometastatic cells in bone marrow, additional information can be
obtained by double marker analyses. The phenotyping of ITC-BM may give new
insights into the so often unpredictable and erratic course of an individual tumor.
A cautionary note as to too far-reaching conclusions must be added since the
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number of carcinoma cells detectable per patient is rather small. With the
development of new techniques like single-cell polymerase chain reaction and
the in vitro expansion and isolation of micrometastatic cells, it may also be
possible to determine the characteristic genotypic features of those cells. Careful
follow-up is needed to prove conclusively that the clinical significance of our
approach is superior to the current procedures of risk assessment. However,
expression of proliferation-associated markers by disseminated tumor cells may
indicate both that viable tumor cells are still present and that they pose a particular
risk for later clinical relapse.
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1 Introduction

The progressive loss of expression of a fully differentiated epithelial phenotype is
a hallmark of carcinoma progression in both humans and animals. In the mouse
skin system, for example, the loss of epithelial differentiation is accompanied by
the appearance of malignant properties. In this well-studied system, chemical
carcinogenesis generates multiple benign tumors, a proportion of which develop
to form squamous cell carcinomas and, in extreme cases, spindle cell carcinomas
thatare highly invasive and metastatic tumors (StoLer et al. 1993). The transforma-
tion from squamous into spindle cells is characterized by the loss of epithelial
features and the acquisition of a fibroblastic appearance. Analogous changes from
an epithelial morphology to a fibroblast-like phenotype, correlating with the
progression to malignancy, have also been observed in epithelial tumors derived
from other sites, including colon and breast. Whether or not these phenotypic
alterations can be regarded as authentic epithelium-to-mesenchyme transitions
(EMTs), similar to those observed during embryogenesis, remains to be clarified.
Nevertheless, since the maintenance of epithelial cell differentiation acts as a
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suppressor of malignancy (HARris 1990}, it is essential to study the genetic and
epigenetic events controlling the cellular program driving the transformation of
epithelial cells into fibroblast-like cells. In that context, numerous in vitro models
have been designed to clarify some aspects of tumor progression. Using this
approach, several genes have been identified as potential tumor activators or
suppressors: for example, E-cadherin, an epithelial cell adhesion molecule, has
been demonstrated to act in vitro as a tumor suppressor gene (Frixen et al. 1991),
while the mutant H-ras gene is responsible for the increased invasiveness of
epithelial cell lines (MAREEL et al. 1991). Similarly, the mechanisms which govern
the reversible, nongenetic changes from an epithelial phenotype to a more
fibroblastic one have been analyzed by using normal or transformed cells in
culture. Identifying by in vitro methods the signals and target molecules responsi-
ble for carcinoma and, more generally, for epithelial cell scattering is a first and
necessary step before in vivo studies can be devised to validate the findings made
in vitro (Fig.1).

2 Are Epithelium-to-Mesenchyme Transitions
Inductive Events?

Considering that cancer cells are subjected to chromosomal instability which
generates cells with different genotypes, the question arises as to whether EMT-

Fig. 1. Epithelium-to-mesenchyme transition. In response to extrinsic or intrinsic signals, epithelial
cells turn off genes encoding junction-associated proteins, and start to express vimentin intermediate
filaments. Cells now display the characteristic mesenchymal front end-back end polarity that allows
them to elongate and move out through gaps formed in the basement membrane
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like events arising in carcinoma cells are "spontaneous” processes, which are
achieved in certain cells having acquired a certain genotype, or whether they are
induced by external factors to which cells are responsive. If the first hypothesis is
true, the genetic modifications leading to the acquisition of a motile, fibroblast-like
phenotype are expected to be irreversible. If the second one is correct, EMT
processes are expected to be reversible, cells ceasing to express a fibroblastic
phenotype as soon as the inducing molecule disappears. The validity of one of
these hypotheses is still a matter of debate, since observations arguing for each
of them have been reported. On the one hand, as stressed before, the loss of
genes involved in cell-cell interactions or the mutational activation of several
oncogenes is accompanied by the acquisition of an invasive and metastatic
phenotype. On the other hand, metastases derived from carcinomas often exhibit
epithelial characteristics similar to those of the parental tumor, suggesting that the
process of tumor cell dispersion might be reversible. However, the two hypoth-
eses can be reconciled in a unifying scheme, in which one could postulate that the
genetic alterations resulting in cell dispersion involve primarily genes coding for
proteins implicated in the cellular events leading to EMT.

The in vitro studies devoted to the analysis of EMT of normal and transformed
cells have led to the description of different modes of induction. Interestingly,
there is a network of potential interplays between the distinct types of inducers
that could explain how EMT is regulated. It should be noted, however, thatin vitro-
induced EMTs are generally reversible. Therefore, EMT can be regarded, in many
aspects, as a model system for carcinoma cell dispersion, but it does not produce
cells irreversibly "dedifferentiated” into fibroblast-like cells.

3 The Different Modes of Induction

3.1 Growth Factors

There is increasing evidence that growth factors, discovered on the basis of their
growth-promoting actions, have multiple effects and elicit a wide range of
biological responses. Interestingly, their activities on cell differentiation appear to
involve requirements opposed to those implicated in mitogenesis, since it is well
established that cell proliferation and differentiation are two antagonistic proc-
esses: cells usually cease dividing when they differentiate and, conversely,
differentiation events are inhibited when cells enter the cell cycle. The EMT-
inducing effect of growth factors can be related to a differentiating activity, since,
in general, growth factors cannot elicit simultaneously mitogenesis and EMT
responses (SHioTa et al. 1992; VaLLEs et al. 1990b; GEIMER and BADE 19971; MIETTINEN
et al. 1994). Similarly, the platelet-derived growth factor (PDGF)-stimulated moto-
genic response of fibroblasts is maximal in growth-arrested cultures (GROTENDORST
1984; HucHes and McCuLLocH 1991). However, there are exceptions to this rule.
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Epitaxin, a fibroblast-derived motility factor for epithelial cells, simultaneously
increases cell proliferation and motility (SHiMonaka and YAMAGUCH! 1994).

Many growth factors have been demonstrated to promote in vitro EMTs.
Epidermal growth factor {EGF) promotes the in vitro migration of normal kera-
tinocytes (BArranDON and GREEN 1987), intestinal epithelial cells (BLay and Brown
1985), liver epithelial cells (Babe and FeinoLer 1988), and pancreatic carcinoma
cells (KLEMKE et al. 1994) and induces the generation of fibroblast-like cells from
normal mammary epithelial cells in culture (Stamprer and BarTLEY 1988). Trans-
forming growth factor (TGF)}-a. which is a ligand of EGF receptors, converts
bladder carcinoma cells into fibroblasts (GavriLovic et al. 1990). We also found that
fibroblast growth factor (FGF)-1 elicits a scattering response of cultured bladder
carcinoma cells (VALLES et al. 1990a) (Fig. 2). The prototype of growth factors
endowed with a scattering activity toward epithelial cells is hepatocyte growth
factor (HGF), also named scatter factor (SF). This factor, which is secreted
predominantly by mesenchymal cells, is capable of dispersing a variety of normal
and tumor epithelial cells (Rosen et al. 1994). Recently, challenging discoveries
have modified the current ideas on the biological role of SF. When mouse
fibroblasts are cotransfected with cDNAs encoding SF and its cognate receptor
(c-met), they are converted into epithelial-like cells (TsarraTy et al. 1994). Accord-
ingly, anti-SF antibodies inhibit the differentiation of metanephric mesenchymal
cells into epithelial precursors of metanephric rudiments grown in culture (WooLr
et al. 1995). If the positive effects of SF on the regulation of two opposite
processes (i.e. epithelium-mesenchyme and mesenchyme-epithelium transitio-
ns) are to be reconciled, it implies that SF would rather act as an "interconverting
factor" between epithelial and mesenchymal programs, suggesting that the two
apparently antagonistic transdifferentiation events could share common denomi-
nators. Elucidating the precise contribution of growth/scatter factors during
morphogenetic events implying transdifferentiation processes between the epit-
helial and mesenchymal programs is an ongoing area of research.

3.2 Extracellular Matrix

As for growth factors, the effects of matrix macromolecules on cell motility is well
documented. The requirement of cell adhesion to extracellular matrix (ECM) in the
generation of cellmovement is absolute, since cells have to exert tractional forces
on their substrate in order to migrate. However, it is clearly established that cell-
matrix interactions made during cell locomotion must be labile, in order to allow
cell translocation. Requirements of cell-matrix interactions have been demon-
strated in many types of migratory cells: for example, neural crest cells utilize
matrix fibronectin and tenascin for their oriented emigration from the neural tube
(Erickson 1990), and the migration of retinal ganglion axons on astroglial cells is
mediated in part by laminin (NEUGEBAUER et al. 1988). However, the requirement of
matrix molecules in promoting and sustaining cell movements is not necessarily
associated with a role for these matrix components in the induction of EMT.
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Fig. 2A-D. Fibroblast growth factor (FGF-1}-induced of epithelium-to-mesenchyme transition (EMT)
NBT-Il cells is accompanied by cell dissociation and acquisition of cell motility. The NBT-iI rat bladder
carcinoma celis were processed for immunofluorescence microscopy with a desmoplakin mono-
clonal antibody (A,B). NBT-II cells were cultured under standard conditions (A) or in the presence of
30 ng/ml FGF-1 (B) for 18 h. A cells are linked by numerous desmosomes, as revealed by the bright
desmoplakin cortical staining. B After incubation with FGF-1, desmoplakin immunoreactivity dis-
appears from the cell surface and is now found in the cytoplasm, suggesting that desmosomes are
internalized. C, D Video microcinematography recordings of NBT-II cells under standard conditions
(C) or after addition of 30 ng/ml FGF-1 (D). C The tracks are very short, showing that NBT-II epithelial
cells are not motile, while the length of the tracks in D is dramatically increased, demonstrating that
FGF-1 induces cell movement

Nevertheless, the role played by ECM components in EMT processes has been
demonstrated in few cases.

As in the case of growth factors, it is well established that the ECM can exert
differentiating activities (Hau 1993). Remarkably, transdifferentiation from an
epithelial program of differentiation to a mesenchymal one, which defines EMT
events, is switched on by culturing a variety of differentiated epithelial cells in
collagen gels (Hay 1993). This EMT event can be inhibited by retinoic acid, which
promotes basement membrane formation, suggesting that the basal lamina,
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which determines the maintenance of an epithelial phenotype, can counteract the
EMT-promoting effects of collagen. Basement membranes could therefore serve
as negative regulators of EMT, explaining why epithelial tissues are normally
protected from scattering. Collagen could therefore exert its scattering effects
only when the basal lamina is destroyed, as happens during tumor progression.

We demonstrated that collagen fibrils, and not only tridimensional collagen
gels, can induce EMT of carcinoma cells in culture (Tucker et al. 1990). Further-
more, the scattering activity of growth factors can be modulated by specific
matrix molecules: SF-mediated scattering of MDCK cells is enhanced in the
presence of fibronectin (Ciark 1994). We also demonstrated that FGF-1-pro-
moted dispersion of NBT-Il carcinoma cells is augmented in the presence of
collagen (Tucker et al. 1991). The cooperation between matrix and growth factors
might reflect a positive interference between matrix-mediated cellular signals
leading to EMT and those induced by growth factors, or it might simply result from
the fact that matrix elements display positive effects on cell dispersion by acting
mechanically as permissive substrates for cell locomotion.

In other cases, matrix molecules are capable of repressing the cytokine-
promoted EMT, as illustrated by the fact that fibronectin inhibits the EGF-induced
scattering of liver epithelial cells (Bape and Nitzeen 1985). Whether ECM compo-
nents exert their negative effect by interfering with cytokine-mediated signals or
by simply acting as nonpermissive substrates for cell translocation remains
unclear. Interestingly, the proliferative response of several types of normal and
tumor cells to various growth factors has been shown to be inhibited by collagen
fibrils (NisHivama et al. 1991), suggesting that the composition of the ECM might
also influence the development of tumors.

4 Signaling Cascades and Downstream Targets
in Cytokine- and Matrix-Mediated
Epithelium-to-Mesenchyme Transitions

4.1 Cell Adhesion Molecules

Adhesion molecules are obvious targets of growth factors and ECM-mediated
scattering signals. Epithelial cells are interconnected by intercellular junctions in
which cell adhesion molecules (CAMs) assume recognition and adhesion roles
(Fig. 3). During EMT, intercellular adhesion is weakened or abrogated, allowing cell
dispersion to occur. In the NBT-II carcinoma cell line, FGF-1 induces the break-
down and internalization of desmosomes, correlating with cell dispersion. Among
the different components of desmosomes, desmoglein, a cadherin-like cell-
adhesion molecule, is rapidly down-regulated (Bover et al. 1989). Apart from
desmosomal cadherin-like components, much attention has been paid to E-
cadherin modulation during EMT processes, since it was long recognized that this



Model Systems of Carcinoma Cell Dispersion 185

Fig. 3A,B. The structure of epithelial junctions. A Desmosome; B adherent junction. Only the major
proteins interacting in the junctions are represented. The location of some signaling molecules
represented in this figure is tentative

calcium-dependent cell adhesion molecule plays a fundamental role in the estab-
lishment and maintenance of epithelial structures (Mece et al. 1988; McNeiLL et al.
1990). In agreement with the current view on adhesion systems, E-cadherin is
lost from colocarcinoma cells undergoing phorbol-ester induced cell scattering
(Fasre and DE Herreros 1993). Accordingly, a partial or complete absence of
E-cadherin expression has been observed in several types of carcinomas of high
invasive potential associated with a dedifferentiated phenotype (Maver et al.
1993; BRINGUIER et al. 1993; Oka et al. 1993; GamALLO et al. 1993; NAvARRO et al.
1991). However, cell scattering, correlating with an increase in invasive and
metastatic potentials, is not necessarily associated with a down-modulation of
E-cadherin, although the adhesive properties of the carcinoma cells are clearly
altered. Cadherin function depends on its interactions with cytoplasmic
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molecules, the catenins, which mediate the binding of the COOH-terminal portion
of cadherins with actin filaments (GumBsiNER 1993). In few reported cases, altera-
tion in cell-cell adhesion in carcinoma cells results from the loss of a- or B-catenin,
due to gene mutations (SHIMOYAMA et al. 1992; KawanisHi et al. 1995). In some
puzzling cases, no down-modulation of any component of the cadherin adhesive
complex could be observed. For example, during the FGF-1-induced EMT of NBT-
Il carcinoma cells, E-cadherin expression is not modified. Furthermore, trans-
fection of E-cadherin cDNA into NBT-II cells, leading to stable overexpression of
the molecule, does not prevent cells from FGF-1-induced dissociation and scatter-
ing, indicating that EMT does not result from a down-regulation of E-cadherin
(Bover et al. 1991). In the cases in which the levels of expression of cadherins and
cadherin-associated molecules are not decreased, posttranscriptional modifica-
tions of the cadherin adhesion system might account for the reduced cell-cell
adhesion observed during in vitro EMT or in vivo scattering of carcinoma cells.
SHiBamoTo and colleagues found PB-catenin and plakoglobin/y-catenin tyrosine
phosphorylated during EGF and SF-stimulation of in vitro carcinoma cell scattering
(SHiBAMOTO et al. 1994). Concurrently, pp60“* was shown to cause tyrosine
phosphorylation of E-cadherin and B-catenin (BeHrens et al. 1993), of B-catenin
alone (Martsuyoshi et al. 1992) or of o- and B-catenins (HamaGucH! et al. 1993),
associated with inactivation of the cadherin adhesion system. However, a disrup-
tion of the cadherin-catenin complex as a result of tyrosine phosphorylation was
never observed. The effects of catenin phosphorylation on the function of the
adhesive complex remain therefore to be clarified.

Tyrosine kinases of the Src family phosphorylate other substrates related to
B-catenin: p120, previously implicated in EGF-, PDGF- and colony-stimulating
factor-1a (CSF-1)}-induced signaling, has been shown to contain four copies of the
Arm repeat found in B-catenin, plakoglobin, and armadillo, the Drosophila homo-
log of plakoglobin (RevynoLps et al. 1992). p120 is associated with E-cadherin
complexes and, like B-catenin and plakoglobin, its Src-induced tyrosine phosphory
lation does not cause its disruption from the cadherin-based adhesion complex
(ReynoLDs et al. 1994).

In the context of cancer progression, it is noteworthy that -catenin associ-
ates directly with the tumor suppressor protein adenomatous polyposis coli
(APC), whichis frequently found mutated in colocarcinomas (RUBINFELD et al. 1993;
Su et al. 1993). Association with APC occurs via the Arm domain of B-catenin,
suggesting that Arm is an important motif for mediating protein-protein interac-
tions in adhesion complexes. Therefore, it is critical to determine whether
tyrosine phosphorylation of the catenin family, mediated by scatter factors and
oncogenic Src kinase, affects the association between APC and catenins and how
this could lead to alterations in cell-cell adhesion.

The cadherin complex can also undergo positive regulations, leading to
increased adhesiveness. In that respect, recent reports have provided evidence
that the signaling molecule Wnt-1 up-regulates the expression of E-cadherin and
plakoglobin (BrapLEY et al. 1993), stabilizes the association between B-catenin and
E-cadherin (Hinck et al. 1994), and induces an epithelioid transformation of PC12
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pheochromocytoma cells (SHACKELFORD et al. 1993). Understanding how different
modes of regulation of E-cadherin complexes are orchestrated during EMT events
is a central goal in the field.

4.2 Integrins

Matrix macromolecules capable of triggering in vitro EMTs are also essential for
sustaining the migratory behavior of mesenchymal cells generated by EMT
processes. Therefore, integrins that are the cellular receptors for ECM compo-
nents are likely candidates for participating in EMT. Cell surface integrins are
composed of anacand aff subunit linked by noncovalent bonds. The 13a and eight
B subunits can combine to form the 21 known integrins with different bin-
ding specificities. Integrins mediate cell-matrix as well as cell-cell interactions
(GumeiNer 1993). In fibroblasts, integrins are primarily localized at the basal cell
surface, where they often cluster in complexes called focal adhesions or focal
contacts (BurriDGE et al. 1988) (Fig. 4). Integrins were first considered as mechani-
cal links between matrix and cells. It was then recognized that integrins partici-
pate in signaling processes, eventually leading to cell remodeling (Hynes 1992). In
some cases, integrins have to be activated in order to exert their adhesive
function. The molecular steps that couple cell activation to changes in the ability
of an integrin to bind its extracellular ligand are far from being elucidated.

Fig. 4. Focal contact structure. The integrins bind to matrix macromolecules and at the same time
interact with cytoskeletal components, which connect the transmembrane integrins with the actin
filaments. The illustrated location of signaling molecules is tentative
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However, changes in integrin adhesiveness are likely to arise from modifications
in the affinity of the integrins for their ligands. The effector mechanisms that
mediate this change in integrin affinity are not understood; they might include
phosphorylation of the cytoplasmic tail of the a and B subunits (Diamonp and
SPRINGER 1994).

Among matrix macromolecules, collagen is a major component capable of
inducing in vitro EMT (Hay 1993). As demonstrated in our laboratory, while
collagen and FGF-1 can induce separately the EMT of NBT-Il carcinoma cells, the
combination of both inducers greatly enhances the scattering response, suggest-
ing that the two inducing machineries share common denominators (Tucker et al.
1991). Integrins, and particularly the collagen-specific integrins, are obvious
candidates for playing this role. In that context, it is interesting to note that the
EGF-induced EMT of a normal mammary epithelial cell line can be specifically
inhibited by blocking antibodies directed against the integrin a2f1, which is a
major collagen-binding integrin (MaTTHAY et al. 1993). 21 might therefore
represent one key element in the regulation of matrix and growth factor-induced
EMT. How the signal caused by integrin ligation to collagen can produce the same
effects as those generated by growth factor binding to its cellulat receptors, and
how the two types of inductions can cooperate are unsolved questions. However,
signaling molecules involved in transducing the message emanating from acti-
vated growth factor receptors have recently been shown to participate in integrin-
mediated signaling pathways and could therefore represent converging points in
the growth factor and ECM-induced EMTs (see below).

In addition to its role in EMT processes, o231 has been implicated
in collagen-induced morphogenesis of normal mammary epithelial cells
(BerbicHEVSKY et al. 1992} and is involved in the contraction of collagen gels
induced by fibroblasts in culture (ScHiro et al. 1991). It is also implicated in
metastasis of rhabdomyosarcoma cells (CHaN et al. 1991) and is a marker of
melanoma cancer progression (KLein et al. 1991). In contrast, its expression is
often altered in carcinomas (Jutiano and VARNER 1993). Therefore, the role of a2(31
in pathological EMT processes leading to carcinoma cell invasion and metastasis
remains uncertain.

4.3 Signaling Cascades

With respect to growth factor-induced EMT, two related questions can be
formulated: (1) Is EMT regulated by a signaling pathway, initiated at the plasma
membrane by the ligation of growth factor receptors and achieved in the nucleus
by specific regulation of mRNA transcription? (2) What is the molecular basis for
the cellular decision allowing cells to escape from growth factor-induced mitogen
esis and to enter a pathway leading to EMT?

As a first approach, we have observed that confluent cultures of NBT-II
carcinoma cells are stimulated to enter mitosis but not EMT, and, conversely, that
sparse cultures undergo EMT but are growth-inhibited upon stimulation with
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FGF-1 (VaLLEs et al. 1990b). The culture conditions in which cells are placed can
therefore give information capable of directing cells toward the scattering or the
mitogenic response. Since epithelial differentiation depends on the degree of cell
compaction and is maximized in high density cultures, it is reasonable to speculate
that this culture condition, reflecting a high degree of epithelial differentiation, can
prevent cells from undergoing EMT. By using sparse and confluent cultures as
tools for discriminating the two effects of FGF-1, we have determined that the
scattering response is controlled by a signaling pathway different from that
regulating mitogenesis (Bover and ThiERY 1993). The FGF-1-induced EMT is
inhibited by a rise in intracellular cAMP concentrations, which does not pertub
FGF-1- mediated entry into cell division. The inhibitory role of cAMP has also been
demonstrated in EGF-induced cell scattering of rat liver epithelial cells (MaNske
et al. 1990).

The signaling pathways generated by different scattering factors might vary
according to the type of inducing molecule. In that respect, the EMT occurring
during embryonic heart formation is controlled by the activity of a member of the
TGFB family (PoTTs et al. 1991). This process is positively regulated by tyrosine
kinases but, in contrast to the FGF-1-induced EMT of NBT-II cells, it is not
affected by an increase in cAMP levels (Runyan et al. 1990). Tyrosine kinase
activities are generally implicated in cytoskeletal modifications leading to cell
motility. This might result from the involvement of pp125™X a focal contact-
associated tyrosine kinase, in signal transduction during cell interactions with
ECM. FAK is considered as a point of convergence between integrin and growth
factor signaling pathways (ZacHary and RozencurT 1992): it is activated by integrin
ligation to matrix macromolecules and by a number of cytokines (ZacHary et al.
1992; Horoik et al. 1994; ZacHary and RozenGurt 1992; SEUFFERLEIN and ROZENGURT
1994). Interestingly, integrin-mediated activation of FAK induces its association
with GRB2 adaptor protein and with c-src protein kinase, resulting in the activation
of mitogen-activated protein kinase (ScHLAEPFER et al. 1994). This might be the
point at which integrin- and mitogen-mediated pathways converge. The associa-
tion of FAK with the Src family of tyrosine kinases can induce the targeting of Src
molecules to focal contacts, where they are preferentially localized (Cogs et al. 1994).

In addition, HGF/SF stimulates the Ras-guanine nucleotide exchanger
(Graziani et al. 1993), which is required for the scattering activity of SF (HARTMANN
etal. 1994). In agreement with these results, Ras activity is continuously required
throughout the process of endothelial cell motility (Fox et al. 1994). Taken
together, these data suggest that Ras activity, stimulated by either growth factor
binding to the cell surface or integrin engagement, might be a central regulator of
processes involving cell motility. Interestingly, the other small GTP-binding pro-
teins rho and rac have been implicated in growth factor-induced actin reorganiza-
tion (RidLey and HalL 1992; RipLey et al. 1992; Noses and HaLL 1995). These
proteins could also participate in cytokine-mediated motogenic responses which
also involve the reorganization of actin cytoskeleton.

Phospholipase C, another signaling molecule that binds to a number of
activated growth factor receptors, is necessary for EGF-induced motility of NR6
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fibroblastic cells {(CHEn et al.1994), but not for FGF-mediated motility of L6
myoblasts or CHO fibroblasts (CLyman et al. 1994).

A signaling cascade thus appears to be required for EMT to proceed. The
specificity of it, as opposed to signals leading to mitogenesis, remains obscure.
The same type of cellular decision applies in the biological systems in which
mitogenesis and cell differentiation can be alternatively induced by the same
growth factors. During the stimulation of PC12 cells by insulin or EGF, MAP
kinase is activated in the two pathways leading to either cell division or neuronal
differentiation. However, the intensity and the duration of MAP kinase activation,
associated with the entry of the enzyme into the nucleus, are high in insulin- or
EGF-mediated cell differentiation and weak during mitogenesis. The duration of
MAP kinase activation is directly correlated with the level of activation of insulin or
EGF receptors and can be modulated by modifying the number of receptors
expressed at the cell surface (Dikic et al. 1994; Traverse et al. 1994). The choice
between EMT and mitogenesis could be governed by mechanisms similar to
those for proliferation and differentiation.

5 Are Epithelium-to-Mesenchyme Transitions
Regulated by Master Genes?

In order to proceed, EMT clearly requires transcriptional activity. Gene expression
is modified to a large extent. For example, several secreted proteins are specifi-
cally associated with the EGF-induced fibroblastic state of differentiation (BAbe
and FeinpLER 1988), and the secretion of collagenases is rapidly induced during
TGF-o-mediated EMT (GavriLovic et al. 1990). The synthesis of cytoskeletal
proteins is also affected: cytokeratins gradually disappear and vimentin starts to
be expressed (Bover et al. 1989). Given the coordination and large extent of
changes in gene expression, it is tempting to assume that a group of genes under
the control of a putative master gene exist for the mesenchymal phenotype and/
or another for the epithelial phenotype. EMT would be therefore associated with
the switch-on of the mesenchymal program and/or the switch-off of the epithelial
program.

The nature of master genes, if they exist, remains elusive. E-cadherin, which
is capable by itself to induce some aspects of epithelial differentiation (MEGE et al.
1988; McNEILL et al. 1990), does not bring about the full range of transformations
of mesenchyme to epithelium and therefore cannot be considered as the unique
master gene controlling the epithelial program. A recent report has shown that the
function of Pax-2, a transcription factor belonging to the paired-box (Pax)-contain-
ing family of morphogenetic regulatory genes, is required for the mesenchyme-
to-epithelium conversion arising in the developing kidney (RoTHENPIELER and
DRressLER 1993). Pax-2 might be important for the condensation of kidney mesen-
chyme and, like other Pax genes, for the subsequent delineation of boundaries
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between induced and noninduced cells. However, Pax-2 is not the only gene
controlling mesenchyme-to-epithelium conversion, since N-myc is also an impor-
tant factor during the early stages of epithelium formation (Stanton et al. 1992).
The same kind of genetic cascade, controlling a complex series of events might
also operate in EMT. In that respect, Slug, a zinc finger transcription factor
homologous to the Drosophila snail gene, is expressed in epiblast cells shortly
before they emerge and migrate as mesenchyme during the process of gastru-
lation. Slug is also expressed by precursors of neural crest cells shortly before the
onset of cell emigration from the neural tube. Moreover, treatment of embryos
with Slug antisense oligonucleotides results in the impairment or lack of EMT of
neural crest cells and of mesodermal cells (NiETo et al. 1994). Thus, Slug appears
as a key factor in the regulation of EMT. In addition, the activation of the product
of the cellular immediate-early gene c-fos, but not of c-myc, is capable of
triggering the EMT of normal mammary epithelial cells (Reichmann et al. 1992).
Therefore, it is tempting to postulate that EMT is not under the control of a single
master gene, but that a series of genetic modifications, temporarily coordinated,
bring about the morphogenetic process of EMT. It would be interesting to
elucidate whether dispersion of carcinoma cells is controlled by transcription
factors similar to those believed to operate during embryonic EMTs.
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1 Introduction

The occurrence of metastasis requires detachment of metastatic tumor cells of
the primary tumor. It is known that loss of several adhesion molecules by cells of
the primary tumor is involved in this event, for example, E-cadherin in carcinomas
(FrixeN et al. 1991) and o4 integrin in melanomas (Qian et al. 1994). Migrating
metastatic cells enter the blood vasculature or the lymphatics through which they
are transported to peripheral organs. In the periphery the cells must adhere in
some way to the vascular endothelium before they can extravasate and form a
secondary tumor. This chapter describes the adhesion molecules a6 and ov
integrins and shows at what point they are involved in the adhesion and migration
of metastatic tumor cells.

Adhesion of circulating cells to vascular endothelium followed by extra-
vasation is best studied with leukocytes of the immune system. Recently it has
been suggested that similar mechanisms can be found in tumor cells undergoing
metastasis. Adhesion to endothelium is not merely a one-molecular event: it is a
complex multimolecular mechanism (IMHorF and Dunon 1995). Three laboratories
recently presented a model describing how hemopoietic cells from the immune
system.can interact with the endothelium before they finally extravasate (ButcHER
1991; ScHwEIGHOFFER and SHAw 1992; SprINGER 1994). This model shows in three
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steps how circulating cells, including metastasizing cells, interact with the
endothelium. There is a first, low-affinity interaction with the endothelium which
leads to rolling of loose adherent cells along the vascular surface mediated by
adhesion molecules of the selectin or integrin families (Mackay 1995). It then
requires a second step, which is called triggering, the activation of integrins
present on the circulating cell. This mechanism consists of chemokines
(Bagaiouint and DaHINDEN 1994; Durum and OppeNHEIM 1993; Tanaka et al. 1993) and/
or by platelet/endothelial cell adhesion molecule 1 (PECAM-1/CD31 (PiaLl et al.
1993; Tanaka et al. 1992). We know that almost 20 different chemokines can be
expressed by endothelial or other cells; upon contact with the rolling cell on the
endothelium chemokines activate the integrins. Only after this triggering mecha-
nism does a circulating cell come to a halt on the vascular endothelium before the
cell extravasates.

2 Integrins

Integrins are classical adhesion molecules that can interact with ligands, which are
mostly components of the extracellular matrix (Hynes 1992). However, some
integrins can also mediate cell-cell interactions. For instance, a4B1 integrin is a
receptor for fibronectin, but it also binds to the transmembrane vascular cell
adhesion molecule 1 (VCAM-1}); 04B7 integrin binds to the mucosal endothelial
addressin cell adhesion molecule 1 (MAdCAM-1); aEB7 binds to epithelial
E-cadherin, and alLB2 and aMB2 integrins bind to the family of intercellular cell
adhesion molecules. It is important to remember that the ligand specificity of B1
and B2 integrins depends mostly on the associated o-chain, and that the ligand-
binding site is not always active. Upon intracellular signals integrins undergo a
rapid transition from a nonadhesive, low-affinity state to a transient, high-affinity
state. Itis likely that the increased adhesiveness is due to a conformational change
of the integrin molecules caused by activation of the cells, for instance, by
chemokines. On the other hand, integrins can also transduce the information of
ligand binding from the outside into the cell. For example, a6f1 integrin occu-
pancy leads to the tyrosine phosphorylation of 52 and 90 kDa proteins; o3p1
integrin signaling leads to a 55 kDa phosphoprotein whereas signal transduction
by abB1 integrin has no effect on the phosphorylation of these proteins (JEwELL
et al. 1995). Engagement of a6 integrin by the ligand laminin has been shown to
regulate chemotaxis receptors (BLoop and Zetter 1993). The signaling may be
transmitted by cytoskeletal elements which are associated with the integrin B
chain. Interestingly, signal transduction by integrins is involved in the regulation of
the cell adhesion process. Two such mechanisms take part in tumor metastasis,
one mediated by the a6 integrin and the other by the avB3 integrin.
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3 06 Integrin

We recently discovered that a6 integrins expressed by vascular endothelium and
by cells of the immune system are involved in the colonization of the mouse
embryonic thymus by pro-T lymphocytes (Ruiz et al. 1995). A closer investigation
of this mechanism revealed that it clearly resembled what is seen during metas-
tasis. We used a B16 melanoma cell subline which is highly metastatic for the lung
and found that these cells effectively adhered to frozen sections of a mouse lung
(Ruiz et al. 1993). When this adhesion assay was performed in the presence of an
antibody (EA-1) which recognizes the a6 chain of the a6p1 and 06p4 integrins, the
melanoma cells no longer adhered to the lung tissue. We were then interested in
determining whether the antibody would react in a similar way in vivo. For this
reason we injected B16 melanoma cells into the tail veins of C57BI/6 mice; after
12 days we observed metastatic melanoma nodules in the lung. When the same
experiment was carried out in the presence of the EA-1 anti-a6 integrin antibody,
no nodules appeared in the lung, i.e., the tumor cells were not able to colonize the
lung. The next question to address was how and where the 06 integrin exerts its
role as an adhesion molecule. It was found that a6 integrin is expressed by almost
all blood vessels on the luminal and basal cell membrane, hence accessible for
circulating cells, and is used by the blood vessel itself to adhere to the surrounding
extracellular matrix. We found that blocking of the a6 integrin on the luminal side
of the blood vessel can prevent the colonization of the lung by metastatic
melanoma cells (Ruiz et al. 1993). This suggests that the a6 integrin may have a
ligand on the circulating metastatic cell. To study this we made soluble recom-
binant a6B1 integrin and removed the transmembrane and cytoplasmic portions.
The o-chain was linked to an immunoglobulin Ck domain which was used as a tag
for affinity purification by anti-Cx antibodies. The soluble a6B1 integrin was coated
as a substrate onto the surface of culture dishes. Preliminary experiments
suggested that in an adhesion assay the cells can adhere to this recombinant
molecule. From this we concluded that the aBB1 integrin may have a putative
ligand which mediates cell-cell contact between the circulating metastatic cells
and the vascular endothelium. Cellular ligands for the a6 integrin expressed by the
human egg have recently been found on sperm. They are involved in the binding
and fusion of sperms to the egg and have partial homologies to disintegrins
(ALMEIDA et al. 1995). It remains to be seen whether molecules with disintegrin
domains also play a role in a6 integrin—endothelial interactions.

When adhesion assays using the a6 integrin were performed, it was appar-
ent that in addition to the vascular endothelium many tumor cells also expressed
the o6 integrin on their cell surface. When o6 integrin expressed by B16
melandgma cells was blocked by antibodies, the melanoma cells no longer formed
experimental metastases in vivo (Ruiz et al. 1993). Together with the experiments
described above this suggested that o6 integrins on both the vascular endo-
thelium and the tumor cells were actively involved in the metastatic invasion
process. The presence of a6 integrin on cancer cells prompted us to investigate



198 B.A. Imhof et al.

several primary human tumors. In collaboration with K. FriebricHs (Hamburg),
F. Franke (Giessen), and H.J. Terpe (Giessen), invasive breast tumors of 119
patients were analyzed, and the disease course was followed over 70 months:
105 patients survived this period while 14 died from the effects of metastasis.

It was clear from the beginning that in normal breast tissue the a6 integrin
was strongly expressed by epithelial cells from the mammary gland, and that the
expression was enriched at contact regions of epithelial cells and the connective
tissue; thus a6 integrin expression was polarized (Terpre et al. 1994). The most
striking finding with the tumors was that many lost the expression of a6 integrin
(24%; FriebricHs et al. 1995). As shown by many laboratories, benign tumors from
different tissue origin can downregulate o6 integrin expression. In contrast,
metastatic head, neck, and skin carcinomas highly express the o6 integrin
(TENNENBAUM et al. 1992; WoLr and CARey 1992; WoLr et al. 1990). After inspection
of allthe 119 tumors in our study a large number was found that still expressed the
ob integrin at different levels. However, the expression of a6 integrin was no
longer polarized and directed to the extracellular matrix as in normal tissue, but it
was expressed on all the tumor cells in a nonordered, nonpolarized way. Since the
tumors were observed at long term, it was possible to compare the survival rate
of the patients with the expression of a6 integrin. All the patients with non-a6
integrin-expressing tumors survived. In the group of 63 patients who showed
tumors with high a6 integrin expression 10 patients died from metastasis. This
indicates that a6 integrin expression is related to enhanced metastatic spread of
tumor cells which ultimately leads to death.

The mechanism by which the a6 integrin provoke the tumor cell to interact
with the vascular endothelium seemed to be complex. The o6 integrins are
classical adhesion molecules. However, we found that upon ligand occupancy of
the ab integrin on the endothelium, tumor cells adhered better by a factor of two
to three. This increased adhesion could be obtained by crosslinking part of the
endothelial a6 integrin with a low concentration of antibodies. As this effect
occurred only at 37°C and was energy dependent, we suggest thata6 integrin can
activate an additional adhesion molecule by intracellular signaling.

4 ovp3 Integrin

As mentioned above, benign tumors can downregulate o6 integrin expres-
sion, and metastatic tumors highly express a6 integrins (FRIEDRICHS et al. 1995;
TeNNENBAUM et al. 1992; Wour and Carey 1992; WoLr et al. 1990). Similar modulation
of expression by benign and malign tumors can also be found with the integrin ovf33.
It shows a low expression in benign tumors but high expression in malignant
metastases (ALBetba and Buck 1990; Fiaroo et al. 1995; Nip et al. 1992). We
recently developed an antibody that blocked the adhesion of tumor cells to
endothelium and recognized the adhesion molecule PECAM-1/CD31. This is
expressed by most immune cells and by all vascular endothelial cells. PECAM-1
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is a transmembrane glycoprotein of the immunoglobulin gene superfamily (IgSF),
with six Ig-like homology units mediating leukocyte-endothelial interactions. The
adhesive interactions mediated by PECAM-1 are complex and include homophilic
(PECAM-1/PECAM-1) or heterophilic (PECAM-1/X) contacts. It was assumed that
the heterophilic ligands for PECAM-1 would bind to the Ig domain 2. Recently we
found that domain 2 can bind to the avB3 integrin which, as like PECAM-1, is
expressed by leukocytes, endothelial cells, tumor cells, and cells from various
other tissues (ALBeLbA and Buck 1990; GiancoTTi and MainiEro 1994; PiaLl et al.
1995). PECAM-1 has been shown to be a ligand for avB3 integrin by the
construction of recombinant, soluble PECAM-1 fusion proteins (PiaLi et al. 1995).
These consisted of the extracytoplasmic |g domains 1-6 (CD31-6D), 1-3 (CD31-3D),
and 1-6 lacking domain 2 (CD31-6DA2). Similar to the a6 integrin constructs,
all three PECAM-1/CD31 molecules were linked to an immunoglobulin Cx
domain. Upon coating these molecules to culture dishes, cells adhered to the
CD31-6D and the CD31-3D forms, but no adhesion was obtained to the CD31-
6DA2. Further experiments suggested that cell binding to -CD31-6D is due to
homo- and heterophilic interactions, whereas binding to CD31-3D is exclusively
heterophilic. Because the CD31-3D form required a heterophilic ligand and did not
interact homophilically with intact PECAM-1, we investigated the cellular interac-
tion with the CD31-3D form to identify the heterophilic ligand. Two monoclonal
antibodies against the av integrin chain and one against B3 blocked cell adhesion
to CD31-3D coated surfaces. Many antibodies against adhesion molecules, such
as the al, a6, a4, and B1 integrins, had no effect. Furthermore, after covalently
coupling onto sepharose beads the CD31-3D molecule was able to precipitate
ovB3 integrin from a lysate of '®l-iodinated surface proteins of endothelial cells
and lymphocytes.

In conclusion, we demonstrated that avB3 integrin is a new ligand for
PECAM-1 (PiaLi et al. 1995). This integrin seems to interact directly with the Ig
domain 2 of cellular PECAM-1. However PECAM-1 domain 2 is not active in all
PECAM-1 molecules, and it may depend on activation of PECAM-1 itself. Such
regulation may depend on signaling mediated by the cytoplasmic residue of the
molecule since it has been shown that heterophilic, calcium-dependent adhesion
is hampered when PECAM-1 is truncated at its cytoplasmic domain (DelLisser
etal. 1994; KirscHBauM et al. 1994). Several PECAM-1 molecules are expressed by
vascular endothelium; they are generally identical in their extracellular domains
but vary in their cytoplasmic tails due to alternative splice products of the mRNA.
Thus expression of a membrane adhesion molecule by a cell does not necessarily
imply that this molecule is active and can bind to its potential ligand. |dentifying a
PECAM-1 which can bind the avB3 integrin will require assaying of the function,
for example, by testing cell adhesion to coated avB3 integrin molecules.

We 'have recently found that RGD peptides can block the interaction of the
avB3 integrin with the PECAM-1 molecule. Several laboratories have shown
that RGD peptides also block metastasis, in particular the homing of metastatic
tumor cells to the lung in an experimental system (GiancoTT and Mainiero 1994;
HumpHRIES et al. 1986). Until now it was thought that RDG peptides interfere with
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platelets’ interaction with the tumor cell or with the adhesion of tumor cell
integrins with the extracellular matrix. We are now testing the hypothesis that
these peptides can block the first contact of the tumor cell with the vascular
endothelium; this may explain why RGD peptides are extremely potent inhibitors
of metastasis.

Further evidence for the involvement of avf3 integrin in extravasation
comes from a recent study which showed that antibodies to integrin-associated
protein (IAP) block transendothelial migration (Coorer et al. 1995). Integrin-
associated protein is a 5 transmembrane protein which pairs with and regulates
avp3 integrin (LINDBERG et al. 1993).

5 Cell Migration Along the Endothelial Cell
Precedes Extravasation

Before a metastatic cell can leave the vascular system it must adhere to the
endothelium and then migrate along the endothelial cells until it reaches the
endothelial cell-cell junctions. Extravasation starts by breaching the endothelial
junctions. Cell migration along the endothelial cell wall is mediated by several
endothelial molecules simultaneously serving as ligands for adhesion molecules
expressed by the migrating cell. The guestion was how a migrating cell can
integrate the interactions with several different adhesion molecules simultane-
ously. We investigated cell migration mediated by endothelial VCAM-1 and
its ligand o4B1 integrin, known to be involved in tumor metastasis (Rice and
BeviLacaua 1989), and the pair of adhesion molecules PECAM-1 and awvB3 integrin.
The speed of cell locomotion was studied by coating culture dishes with recom-
binant VCAM-1 or PECAM-1 (CD31-3D). Analysis was performed by measuring
the tracks of migrating cells recorded with a video-microscope equipped with a
time-lapse machine. The more CD31-3D molecules that were coated, the better
the cells migrated (concentrations 0.1-2.4 uM). In contrast, a more complex result
was obtained with cells migrating along VCAM-1. Upon coating low concentra-
tions of VCAM-1 (0.1 uM) the cells migrated slowly. Coating with higher amounts
of V-CAM (0.3 uM) caused the cells to migrate with a higher optimal speed, but
they became immobilized when the coated VCAM-1 concentrations reached
saturation at 2.4 yM. Briefly, VCAM-1, the ligand for the a4B1 integrin, provoke
optimal cell migration when only a small number of the cellular integrin molecules
are occupied; interaction of all a4B1 integrins by VCAM-1 leads to immobilization.
Preliminary experiments suggest that the two molecular adhesion pairs of a4p1
integrin/VCAM-1 and avB3 integrin/PECAM-1 influence each other, for example,
ligand occupancy of the o3 integrin modulates the speed of locomotion of cells
migrating along VCAM-1 coated surfaces. This illustrates that integrins can
transduce signals into cells (see above), and that they can influence the function
of other adhesion molecules (in this case the o4B1 integrin).
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Fig. 1A, B. The adhesion and migration steps of a metastatic tumor cell before it enters a target tissue
by extravasation. A The involvement of o6 integrins, B The involvement of avB3 integrin in this
process

6 Conclusion

To form a growing secondary tumor, a metastasis, the tumor cell which has
detached from the primary tumor must leave the vascular system by trans-
endothelial migration. Transendothelial migration can be initiated only after trap-
ping the circulating cell from the blood stream by tight adhesion to the vascular
endothelium. This process is mediated mainly by integrins and their ligands. We
recently found that o831 integrins are mediators for metastatic tumor cell adhe-
sion to the vascular endothelium of the lung (Ruiz et al. 1993). Furthermore, we
discovered that the ligands for a6 integrins which mediate this cell-cell interaction
are different from the ECM component laminin. However, the interaction of tumor
cells with laminin by a6 integrins is necessary for the adhesion of the cell to the
subendothelial ECM during extravasation. After leaving the blood vessel o6
integrins may again mediate cell-cell contacts, as shown with metastatic carcino-
mas which adhere to hepatocytes in the liver (KEmPERMAN et al. 1993). Thus, a6
integrins may trap a circulating tumor cell on the vascular endothelium, mediate
contact of the tumor cell with the endothelial basement membrane, and establish
a final cell-cell contact in the target tissue (Fig. 1a).

Furthermore, our results show that PECAM-1present on the surface of vascular
endothelial cells can interact with avp3 integrins expressed by circulating cells,
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including metastatic tumor cells. This interaction may simply contribute to the
tight adhesion of a tumor cell to the endothelium. Previous research has demon-
strated that the avB3 integrin plays an active role in cell migration along ECM
components (LeavesLey et al. 1992). PECAM-1 expressed by the vascular endo-
thelium might represent a surrogate substrate for the migration of an avfp3-
expressing tumor cell along the endothelium towards the intercellular junctions,
where immobilized ECM components are generally absent. in addition, the awvB3/
PECAM-1 interaction may regulate cell migration indirectly by interfering with the
04p1 integrin/lVCAM-1 adhesion pair, most probably with a signaling mechanism.
Once a metastatic tumor cell has breached the endothelial layer, the cellular avp3
integrin has access to the subendothelial ECM. This interaction may then promote
invasive migration into the appropriate microenvironment of a target tissue
(Fig. 1b).

To conclude, tumor cells can metastasize by binding to a6 or av integrins.
Both molecules mediate adhesion of tumor cells to the vascular endothelium;
PECAM-1 is a ligand for avB3 integrins, and a cellular ligand for a6 integrin is still
to be identified. Blockihg of the a6 and awv integrins can prevent metastasis, and,
finally, the a6 integrin can be used as a marker for aggressive tumors especially in
breast carcinoma.
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1 Introduction

Penetration of host basement membranes by maligant cells is the critical event in
tumor invasion and metastasis. Basement membranes are specialized extra-
cellular matrices that underlie epithelia and endothelia and surround muscle,
nerve,and fat. The major glycoprotein of the basement membrane is laminin, a
large, multidomain protein (Beck et al.1990). Cancer cells need to cross host
basement membranes several times during the metastatic cascade: when de-
taching from the primary tumor, during intra- and extravasation, and at the
metastatic site during the penetration of organ parenchyma, muscles, and nerves.
It has been hypothesized that the attachment of tumor cells via cell-surface
receptors to components of the basement membrane, and inparticular to laminin,
is the prerequisite for basement membrane penetration (Liotra 1986). Normal and
cancer cells express a variety of cell-surface proteins that are capable of binding to
laminin (Mercurio1990). Laminin receptors include several integrins (ABeLbA and
Buck 1990), as well as a variety of nonintegrin proteins (Mercurio1990), including
a 67-kDa high-affinity laminin receptor.

In 1983 three independent laboratories reported the isolation and the purifica-
tion of a 67-kDa protein that specifically bound to laminin. The 67-kDa laminin-
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binding protein was purified by laminin affinity chromatography from murine
fibrosarcoma cell extracts (Maunorr and WicHa 1983), from detergent mem-
brane extracts of mouse skeletal muscle (LesoT et al. 1983), and from mouse
melanoma cells (Rao et al. 1983). Cell-surface iodination studies showed that the
67-kDa laminin-binding protein was a cell-surface protein (MaLiNoFF and WicHA
1983), therefore it was designated the 67-kDa laminin receptor (67LR). By 1986,
the 67LR had been isolated and identified from a large number of cell sources (For
review see CastroNovo 1993). In addition, there was evidence that expression of
the 67LR was increased in malignant cells and that its overexpression directly
correlated with metastatic aggressiveness of cancer cells (LioTTa 1986).

The 67LR may also bind to type |V collagen (Senior et al. 1989), type V collagen
(MinaFRA et al. 1992), and elastin (MecHam et al. 1989). Alternatively, there may
exist a family of similar, but not identical 67-kDa receptors that bind to different
extracellular matrix ligands (SoBet 1993).

2 Molecular Cloning and Biosynthesis

Attempts to isolate and to determine the coding sequence of the 67LR resulted in
cDNA clones that encoded a putative precursor, whose synthetic relationship
with the 67LR is still the object of several controversies. The original cDNA clones
(Wewer et al.1986) were isolated from a human umbilical vein endothelial cell
expression cDNA library using a monoclonal antibody raised against a 67-kDa
protein that had been purified by laminin affinity chromotography from a detergent
extract of human breast cancer metastatic tissue cell membranes. The antibody
recognized a 67-kDa protein on immunoblots of cancer cell extracts and specifi-
cally inhibited the binding of laminin to the cancer cell surface (LioTTa et al. 1985).
The identity of the cDNA clones as encoding a 67LR sequence was demonstrated
by the complete homology between a cDNA-deduced 12 amino acid sequence
and microsequenced cyanogen bromide-generated peptide fragments of purified
human placental 67LR (WeweR et al. 1986).

Full length mouse cDNA clones encoding the 67LR were isolated by hybrid-
izing cDNA libraries with restriction fragments from the original partial clones {(Rao
et al. 1989). Primer extension experiments demonstrated that such full-length
clones contained the complete 5' end of the corresponding mMRNA. Interestingly,
human 67LR cDNA clones were isolated by differential expression in colon
carcinoma cells (Yow et al. 1988; Konpon et al. 1992), as well as by using an
antibody that had been raised againsta highly expressed protein on the surface of
human small-cell lung carcinoma (Van DeN OuweLanD et al. 1989).

Surprisingly, the full-length ¢cDNA clones coded for a polypeptide that was
only 295 amino acids long, with a calculated molecular mass of 32 kDa (Rao et al.
1989; Yow et al. 1988; MakriDEs et al. 1988). The rabbit reticulocyte lysate cell-free
translation product of selectively hybridized laminin receptor mRNA or of in vitro
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synthesized RNA encoded by the clones exhibited, on sodium dodecylsulfate
(SDS)-polyacrylamide gels, an apparent molecular mass ranging from 32 to 43 kDa
(Rao et al. 1989; CasTroNovo et al. 1991a; Makripes et al. 1988; McCaFrRey et al.
1990; RasaccHi et al. 1990; AutH and BrawerMaN 1992). In addition, cell extracts
demonstrated an immunologically reactive protein with the same size range
which was smaller than expected (Rao et al. 1989; CastroNovo et al.1991a,b;
McCaFrReY et al. 1990).

In our laboratory, the nascent polypeptide had an apparent mobility on SDS-
polyacrylamide gels of 37 kDa (Rao et al.1989; CasTroNoOvO et al. 1991a,b). Pulse-
chase experiments suggested that the 37-kDa molecule was incorporated into the
mature 67LR (CasTroNovo et al. 1991a). Therefore, the existence of a precursor—
product relationship between the 37-kDa molecule and the 67LR was postulated
and the former was designated 37-kDa laminin receptor precursor (37LRP). On
human cancer cell immunoblots, cDNA-deduced antisynthetic peptide antibodies
recognized either the 67LR, the 37LRP, or both molecules (Rao et al. 1989;
CastroNovo et al. 1991a).

Posttranslational modifications responsible for the transformation of the
37LRP into the mature 67LR are still unknown. The 37LRP sequence does not
contain asparagine-linked oligosaccharide attachment sites (Rao et al.1989;
Grosso et al. 1991), microsomal membranes failed to increase the size of in vitro
translated 37L.RP (Grosso et al.1991). and purified 67LR does not contain suffi-
cient carbohydrate to be stained by periodic acid schiff reagent (CASTRONOVO
et al. 1991a). Transfection of the 37LRP cDNA into eukaryotic cells, which are
constitutively able to produce the 67LR, resulted in an increased expression of
37LRP but not of the 87LR. Therefore it was proposed that the 67LR might be the
product of the association of the cytoplasmic 37LRP with another gene product
that confers lectin-binding properties on the membrane-bound 67LR and is a rate-
limiting factor for its synthesis (CastroNovO et al. 1991a). Recently, it has been
found that laminin is able to induce synthesis of both the 37LRP and the 67LR in
tumor cells and that this effect requires protein synthesis (Romanov et al. 1995).
Further insights into the existence of a synthetic relationship between the 37LRP
and the 67LR have been obtained by epitope-tagging experiments showing that
epitope-tagged 37LRP is incorporated into a tagged, membrane-bound 67LR
(MonTuorl et al., submitted for publication).

The cytoplasmic 37LRP polypeptide may also have functions other than
laminin binding. Some studies have suggested that p40, the mouse protein
homologous to the 37LRP, interacts with ribosomes and may play a role in
polysome formation (AuthH and Brawerman 1992). It is worthwhile noting that
37LRP homologs in mammalian species (e.g., bovine, rat, mouse, human and
hamster) all have an intact laminin-binding domain (see below), and share 99%
identity. Proteins with partial {less than 60%) homology to the mammalian 37LRP/
p40 have been identified in nonmammalian species such as yeast (Davis
etal. 1992), hydra (KeppeL and SHaLLER 1991), Drosophila (Kimand Baker 1991), and
Arabidopsis (GarciA-HERNANDEZ et al. 1994). The latter proteins do not possess a
laminin-binding domain (AxeLos et al.1993) and show some homology (less than
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30% for the Arabidopsis homolog) to acidic ribosomal proteins. It is an intriguing
feature that the homology of all the nonmammalian 37LRP/p40 homologs so far
characterized with the mammalian polypeptides is limited to the amino-terminal
part of the molecule. The carboxy-terminal part, which has been described as
containing the laminin-binding domain in the mammalian proteins, shows no
sequence homology (AxeLos et al. 1993). Due to their lack of an intact laminin-
binding domain, nonmammalian 37LRP/p40 homologs possess other cell func-
tions distinct from laminin binding, e.g., in the translation process (GARcIA-
HerRNANDEZ et al. 1994) or in interaction with the cytoskeleton (KeppeL and SHALLER
1991). These functions might be conserved to at least some extent in the
mammalian protein (AuTH and BrawermAN 1992). Importantly, we propose that in
mammalian cells, a new function appears, namely, laminin binding due to the
presence of a laminin-binding domain in the carboxy-terminal part of the molecule
(CasTrONOVO et al. 1991b).

3 Membrane-Associatedand Laminin-Binding Domains
in the 37LRP

In addition to its coding capacity being shorter than expected, other unexpected
features of the 37LRP include the absence of a traditional signal peptide and the
lack of a classic 20 amino acid-long transmembrane domain. Computer analysis of
the 37LRP sequence defined a nonclassical membrane domain that was 16 amino
acids long in a nonhelical region of the receptor (Castronovo et al. 1991b).
Immunofluorescence studies using antisynthetic peptide antibodies to distinct
regions of the 37LRP identified the computer-predicted membrane domain
(residues 86-101) as an actual membrane-associated domain, and showed that
the carboxy two-thirds of the 37LRP were in the extracellular space, while
domains in the amino-terminal third of the 37LRP were either buried in the
membrane or were localized in the cytoplasm (CasTronovo et al. 1991b).
Peptide G, a 37LRP-derived 20 amino acid-long synthetic peptide containing
residues 161-189, specifically bound to laminin with nanomolar affinity (K,=50
nM) and eluted the 67LR from a laminin-affinity column (CastroNovo et al.1991b).
Immunofluorescence studies with antipeptide G antibodies confirmed that pep-
tide G was expressed on the cancer cell surface (Castronovo et al. 1991b). In
addition, a monoclonal antibody to a 37LRP-derived sequence overlapping the
peptide G region competed with laminin for binding to living human metastatic
breast cancer cells in vitro (Ranman et al. 1989). These data confirmed the
hypothesis that the 37LRP contained a membrane-associated domain and a cell-
surface laminin-binding region, characteristics that one would expect of the 67LR.
Furthermore, a trpE-37LRP fusion protein expressed in bacteria resulted in
increased laminin binding (Sivanova 1992), and eukaryotic transfection of anti-
sense 37LRP RNA inhibited laminin-mediated adhesion of aggressive human
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colon carcinoma cells, while sense RNA had the opposite effect (MaruNE and
Ravikumar 1992).

4 Mediation of Cancer Cell Attachment
by the Laminin-Binding Domain

Attachment of cancer cells to endothelium is an important step in the metastatic
cascade. Endothelial cells express, on their apical surface, the 67LR. Therefore,
cancer cells that are often coated with secreted laminin can adhere to endothe-
lium via a direct interaction between the laminin on their surface and the 67LR on
the endothelial cells. In fact, 37LRP-derived peptide G was able to inhibit the
adherence of laminin-coated melanoma cells to endothelial cells, in vitro
(CastroNnovo et al. 1991¢). But, more importantly, peptide G enhanced tumor cell
adherence to exposed subendothelial matrix in vivo, with an increase in lung
metastases when peptide G-treated tumor cells were injected into nude mice
(TaragoLETT! et al.1993). These studies suggested that direct adhesion of tumor
cells to the subendothelial matrix is a major pathway for hematogenous meta-
stases, and that tumor cell-matrix interactions may be more important than tumor
cell-endothelial cell attachment in the metastatic cascade.

Peptide G has also been reported to inhibit the binding of laminin to heparin
and heparan sulfate, and heparin was reported to inhibit the direct binding of
peptide G to laminin (Guo et al. 1992), leading to the suggestion that interaction
between peptide G and laminin might be heparin-dependent. However, recent
studies have demonstrated that peptide G can bind to heparanase-treated laminin
(D. BeLotm, G. TaraBoLETTI, V. CastrRoNOvO, and M.E. SoBEL, in preparation).

5 Interaction with a Specific Region of Laminin

Laminin is a large cross-shaped molecule with three short arms and one long arm
(ENGEL et al. 1981). Initially, experiments using laminin fragments suggested that
the interaction between cells and laminin was mediated by a domain of laminin
located around the intersection of the four arms (Barsky et al. 1984). Sequences
such as YIGSR (GrarF et al. 1987) or LGTIPG (MecHam et al. 1989), located on the
short arm of laminin close to the intersection, have been proposed as the
binding site for the 67LR. By rotary shadowing method and electron microscopy,
the site of the specific interaction between purified 67LR and laminin was
localized on the long arm of laminin, close to the intersection (Cioce et al. 1993). In
addition, iodinated 67LR specifically bound to a chymotrypsin-resistant fragment
of laminin that contained a small piece of the long arm, but not to a pepsin-
resistant laminin fragment that did not contain that segment of the long arm (Cioce
et al. 1993).
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Recently, immunogold electron microscopy studies showed that the 67LR
and the laminin integrin receptor alpha 6 beta 1 were colocalized in cytoplasmic
granules that are exported to the cell surface upon exposure to laminin ((Romanov
et al. 1994).

6 Expression in Normal and Cancer Tissues

Initial studies showing increased expression of the 67LR in cancer tissues
compared to normal adjacent tissues were performed by immunoperoxidase
staining with a monoclonal antibody raised against human metastatic breast
cancer 67-kDa receptor (Horan-HanD et al. 1985).

Affinity purified polyclonal antibodies raised against synthetic peptides have
also been used in immunohistochemical studies, demonstrating increased ex-
pression of the 67LR in a wide variety of human adenocarcinomas, including those
of colon, breast, stomach, and liver (DaiboNe et al. 1991; D'Errico et al. 1991;
Grigionl et al. 1991; Cioce et al.1991). Immunocytochemical studies performed on
fine-needle aspiration biopsies of suspect breast lesions with anti-37LRP syn-
thetic peptide antibodies made it possible to predict the malignant nature of most
breast carcinomas (CastrRonovo et al. 1990).

Two monoclonal antibodies directed against the 67LR of small-cell lung
carcinoma cells have also been used to study breast carcinoma progression
(MARTIGNONE et al. 1992,1993). Infiltrating carcinomas showed high immunoreacti-
vity, while in situ carcinomas and benign lesions were poorly reactive (MARTIGNONE
etal. 1992). A statistically significant correlation was found between poor progno-
sis and high expression of the 67LR protein (MARTIGNONE et al. 1993). Recently,
it has been shown that the expression of the 67LR in breast tumors can be
predictive of their metastatic potential. The presence of cells expressing the 67LR
in bone marrow micrometastases has been shown to be correlated with its
expression in the primary tumor (MenaARD et al. 1994). A multiparametric study
conducted on node-negative breast cancers showed in a multivariate analysis for
relapse-free survival that the joint variable of neovascularization and 67LR expres-
sion was the strongest prognostic factor (Gasparini et al. 1995). Furthermore, the
simultaneous expression of c-erbB-2 oncoprotein and 67LR showed a predicting
potential analogous to that of the lymph node status in breast cancer (COLNAGHI
1994).

In colorectal adenocarcinomas, western blot, northern blot, and in situ hybridi-
zation experiments also showed an increased expression of the 67LR compared
with normal tissue (Cioce et al. 1991; CastroNovo et al. 1992; Campo et al. 1992). In
particular, on northern blots 37LRP mRNA Ievels were increased 3- to 23-fold over
adjacent normal mucosa (CasTronovo et al. 1991d). In situ hybridization studies
demonstrated that colon adenocarcinomas had increased expression of the
37LRP mRNA, while adenomas had normal levels of the mRNA (Campo
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etal. 1992). Thus, it was suggested that in colon cancers the increased expression
of the 67LR is not an early event in disease progression (Camro et al. 1992).
Interestingly, studies on 67LR expression in fetal and adult rat intestine have
shown that overexpression of the 37LRP mRNA is a feature of the fetal intestine
and of the undifferentiated, mitotically active crypt cells (Rao et al. 1994).

The pattern of expression of the 67LR in cervical neoplasm was clearly
different from that found in colon cancers. In adenomatous lesions, increased
mRNA levels were a very early event in disease progression, while mRNA
expression in squamous lesions did not differ from normal cells (DemETER et al.
1992). Furthermore, 67LR expression appeared to be correlated with cell prolifera-
tion rather than invasiveness (DEMETER et al. 1992).

In ovarian cancers, the expression of the 87LR was also increased and directly
correlated to the invasive phenotype of tumor cells (VAN pbeEN BRULE et al.1994a).
Invasive trophoblast showed, by northern and western blot analysis, an increased
67LR expression from 7 weeks to 12 weeks of gestational age, when invasi-
veness is maximal; afterwards the levels were decreased (VAN DEN BRULE
et al.1994b). Interestingly, the same studies showed that the 67LR and another
laminin-binding protein, recently named galectin 3,are inversely modulated as the
invasive phenotype of cancer cells progresses, with upregulation of the former,
and down-regulation of the latter (VAN DEN BRULE et al.1994a,b).

Recently, a new function has been hypothesized for the 67LR. When lung
cancers infiltrated by gamma/delta T lymphocytes were compared with lung
cancers infiltrated by alpha/beta T lymphocytes, the former were characterized by
overexpression of the 67LR, which led to the suggestion that the 67LR might
account for gamma/delta T-cell recognition (FERRARINI et al. 1994).

7 Conclusions

In a large variety of adenocarcinomas, increased expression of the 67LR is a
molecular marker of metastatic potential and aggressiveness. The selective
overexpression of this nonintegrin receptor suggests that the cancer cell modu-
lates its use of the various extracellular matrix receptors during tumor progression.
Future studies to define the regulatory regions of the receptor genes will further
elucidate the molecular mechanism involved during the metastatic process.
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1 Introduction

Adhesion molecules are an essential prerequisite for the development of
multicellular organisms (EpeLman1983,1986;YApP et al. 1994). They are now known
to guide morphogenesis and organogenesis and are involved in the maintenance
of organ structures (ANDERSONT990;HyNEs 1992a; Knubson and Knubson 1993;
NaTHKE et al. 1993). Adhesion molecules are of the utmost importance for most
functional activities of the immune system (SpriNGER 1990; DusTIN and SPRINGER
1991; SHimizu et al. 1992; VeEstTweBER 1992; RATNER 1992; CLaRrk et al. 1992; Parbi
etal. 1992; Simmons et al. 1994) and are thought to be involved in tumor progression
(HemLer 1990; DebHar 1990; Jornson 1991; McCartHy et al. 1991; Rusciano and
BurGger 1992; LesTer and McCARTHY 1992; Evans 1992; BEHRENS 1993; ZETTER 1993;
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GLinsky 1993; Mivasaka and Tovama-SoriMacH! 1993; GiancoTTi and MAINIERO 1994).
The number of adhesion molecules discovered is still growing and at present they
are grouped in five families: integrins, selectins, cadherins, the immunoglobulin
(Ig) superfamily, and hematopoietic cell adhesion molecules (HCAM), the latter
group including CD44 (WiLLiams and BarcLay 1988; RuTisHAUSER et al. 1988; Yone
and KHwaisa 1990; ALeeLba and Buck 1990; HemLER 1990; SpriNGeR 1990; GEIGER and
AvaLan 1992; PosTico and SANCHEZ-MADRID 1993; TuckweLL et al. 1993; CarLos and
Hartan 1994; BircHMEIER and BEHRENS 1994). Especially integrins, the |g super-
family, and HCAM consist of a multitude of members, a number which is
increased by combinatorial variations of heterodimers and by changes in glycosy-
lation and in the protein structure, frequently due to alternative splicing of pre-
MRNA (HorrmaN and EpeLMaN 1983; WiLLiams and BarcLay 1988; SPRINGER 1990;
HavNES et al. 1991a; HyNEs 1992b; SonNENBERG 1993; LEsLEY et al. 1993a; ScREATON
etal. 1993). This complexity of structures correlates with a multitude of functions.
Cell adhesion molecules mediate either cell-cell or cell-matrix interactions or
both. Above and beyond this, they are frequently involved in signal transduction,
resulting in altered patterns of gene expression (EpeLman 1986; WiLLiaMs and
BarcLay 1988; SPRINGER 1990; JoHNsoN 1991; RuostatHi 1991; Lasky 1992: Goribis
and BRUNET 1992; HyNEs 1992b; Bosman 1993; HumPHRIES et al.1993; Juuiano and
HaskiLL 1993; Giancotti and MaiNiERO 1994; RosaLes and JuLiano 1995). In view of
the complexity of structure—function relationships of the whole array of adhesion
molecules, this report will only summarize some of the known features of CD44
and point out possible links between the functions of CD44 isoforms in lympho-
cytes and metastasizing tumor cells.

CD44 comprises a family of glycoproteins with variable N- and O-linked
glycosylation sites (HuGHEs et al. 1981; JALKANEN et al. 1986; OmaRy et al. 1988;
GoLDSTEIN et al. 1989; Kansas et al. 1989; Zrou et al. 1989; QuackensUsH et al.1990;
LokesHwaRr and BOURGUIGNON 1991; Camp et al. 1991a). The so-called standard or
hematopoietic form (CD44s) spans a region of seven extracellular exons, a
transmembrane exon, and a cytoplasmic exon (Ibzerba et al. 1989; WoLrre
et al.1990; BosworTH et al. 1991), which can be short (exon 9) or long (exon 10)
(GoLbsTeIN and ButcHer 1990). Between exon 5 and exon 6, up to ten additional so-
called variant exons can be inserted (GUNTHERT et al. 1991; JacksoN et al. 1992;
ScreaToN et al. 1992; ToLe et al. 1993; Screaton et al.1993). Although multiple
combinations of variant exons have been described, there are some which are
differentially expressed or at least predominantly found on defined tissues such
as the epithelial form (Coorer et al. 1992), the keratinocyte type (BrowN et al.
1991; HagGERTY et al. 1992), or the reticulocyte type (IsoLa et al. 1991). Translation
of the variant exons has been suggested to follow the 3'- to 5'-end rule. However,
there are exceptions inasmuch as individual cells can express a multitude of
combinations of splice variants, in which the individual combinations do not
necessarily contain sequential exons. Depending on the state of activation,
individual cells can repeatedly change the splicing of CD44 pre-mRNA. The
mechanisms which regulate alternative splicing of CD44 are as yet unknown,
although there are preliminary reports on regulation of the CD44 promoter by ras
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and of altered splicing after hyaluronidase treatment (Hormann et al. 1993; TaNABE
et al. 1993b).

CD44 is an adhesion molecule with binding domains for hyaluronate (HA)
(Mivake et al. 1990b; Mivake and Kincape 1990; Arurro et al. 1990; CuLty et al. 1990;
UNDERHILL 1992; YanG et al. 1994). Two HA-binding sites have been described
(PeacH et al. 1993). HA binding is thought to be influenced by the cytoplasmic tail
(Liao et al. 1993; NeamEe and Isacke 1993), but the membrane-proximal domain
appears not to be involved (HE et al. 1992). Not all CD44* cells bind to HA, but HA
binding can be induced by cross-linking (LesLey et al. 1993b), which is thought to
result either in conformational changes or in a redistribution of CD44 in the cell
membrane (LesLey et al.1992). Furthermore, O-glycosylation sites are important
for CD44~HA interaction (LokesHwaRr and BourcuigNon1991). CD44 also binds to
fibronectin (LokesHwAR et al. 1994; JALkaneN and JALKANEN 1992), laminin and type
V collagen (IsHi et al. 1993), and gycosaminoglycans (TovaMA-SoRiMACHI and
Mivasaka 1994). The molecule is known to be involved in the assembly of the
extracellular matrix (Knubson et al. 1993; NeaMe and BArry 1993; LesLEy et al.1993).
For some functions, binding to the cytoskeleton via ankyrin is essential (LokesH-
WAR et al. 1994; Lokeswar and BourcuieNonN 1992; BourcuigNoN et al. 1992). CD44
variant isoforms (CD44v), in particular, are linked via the esrin-radixin-moesin
(ERM) family to the actin-based cytoskeleton (Tsukita et al. 1994). There are three
phosphorylation sites at the intracytoplasmatic tail, and binding to the cytoske-
leton is not observed in the phosphorylated state (Neame and Isacke 1992).

CD44 displays a large array of functional activities, most of them related to
the hematopoetic system; these will be described in more detail in the following
sections. CD44 is essential in hematopoiesis (Lewinsorn et al. 1990), and it is
known to be involved in lymphocyte homing (SHimizu and SHaw 1991). During
lymphocyte activation, CD44 functions as a costimulatory molecule (HAYNEs et al.
1991b). Finally, it has been reported to augment lytic activity of cytotoxic T cells
(SeTH et al. 1991), of double-negative thymocytes (WaneG 1993), and of natural killer
(NK) cells {Yang and Binns 1993; Tan et al. 1993).

More recently, attention has been paid to the expression of CD44 during
ontogeny (WHEATLEY et al. 1993; SReTAVAN et al. 1994), in particular in view of its
function as one of the more abundant hyaluronan receptors. CD44 is expressed
early during ontogeny and the pattern of expression partially follows the hyaluro-
nan profiles (WHEeATLEY et al. 1993); it has been suggested that hyaluronan is
involved in the formation of the early mesoderm, the differentiation of the
craniofacial mesenchyme, and the morphogenesis of the axial skeleton (FENDERSON
et al. 1993). Interestingly, it was also reported to degrade hyaluronan (Hua et al.
1993; UNDERHILL et al. 1993; CuLty et al. 1992; Sampson et al.1992), a function
which could be of importance in the formation of ducts, cavities, and canniculi as,
for example, required in the formation of the respiratory tract, the homeostasis of
cartilage tissue (Hua et al.1993; Epwarps et al. 1994), and the formation of dermal
condensations (UnperHILL 1993). Independent of the concomitant presence of
hyaluronan, expression of CD44 has also been noted on instructive epithelia
(WHEATLEY et al. 1993).
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CD44v isoforms are less abundantly expressed. Although most epithelia and
the hematopoietic organs are CD44v* during ontogeny (WRTH et al. 1993; WEBER
et al. 1996; Terre et al. 1994), in adults expression of CD44v is mainly restricted to
the skin, the epithelium of the gut, and a variety of glands (WirTH et al. 1993;
KenNEL et al. 1993; Hirano et al. 1994; Fox et al. 1994). In all instances, expression
of CD44v was linked to a high rate of cell division (WIrTH et al.1993; TerrE et al.
1993). Interestingly, even within the CD44v* tissues, different cell layers express
distinct CD44v isoforms. This implies a strictly regulated mechanism of splicing
and is indicative of divergent functions (GUNTHERT 1993; HARDINGHAM and FOSANG
1992: HaynEs et al. 1991a).

CD44v isoforms were first described on a metastasizing rat tumor line
{(MaTzku et al.1983).This pancreatic adenocarcinoma predominantly expressed the
variant exons v4—v7 (GUNTHERT et al. 1991). Since metastasis formation of locally
growing tumors could be initiated by the transfer of CD44v4-v7 or CD44v6-v7
cDNA (GUNTHERT et al. 1991; Rupy et al. 1993) and metastatic spread could be
inhibited (Reser et al.1990; SeiTer et al. 1993) by an antibody, 1.1ASML, recogniz-
ing an epitope on exon v6 (Matzku et al. 1989; GUNTHERT et al. 1991), it was
hypothesized that CD44v and in particular exon v6 may be of special importance
for tumor progression (TARIN and MaTtsumara 1993a,b; THomas 1993; Koorman et al.
1993a; HEeRRLIcH et al. 1993). Screening of human tumors did not unequivocally
support this assumption (Fox et al. 1994). However, as described in detail below,
for some human malignancies expression of CD44v could be proven to be linked
to tumor progression.

Taking the physiological and pathological patterns of expression of CD44, it
can be assumed that distinct isoforms of the molecule may play a role in cell-cell
and cell-matrix adhesion as well as in cell motility leading in concert to organ-
specific homing and to signal transduction initiating cell proliferation, differentia-
tion, and/or cytokine, protease, and enzyme activation. We have started to
evaluate whether this hypothesis can hold true and whether defined isoforms can
be linked to distinct functions. As a physiological model system, we chose
lymphocyte maturation and activation. Finally, published and preliminary evidence
was viewed from the aspect of compatible requirements in lymphocyte matura-
tion/activation and tumor progression.

2 CD44 in Hematopoiesis

2.1 Expression of CD44 on Hematopoietic Precursor Cells
During Ontogeny and in Adults

The main hematopoietic organ during development is the liver. Later on hemato-
poiesis is observed in the spleen and, starting around birth, bone marrow
becomes (and remains for life) the major origin of hematopoietic cells, which —
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with the exception of T cells — leave the bone marrow as naive, but mature cells.
T cells behave exceptionally inasmuch as they require a further step of maturation
within the thymus.

Bone marrow cells of humans and mice are known to express CD44 (CLark
et al.1992; Reuss-BorsT et al. 1992). More detailed analyses revealed that the latest
pluripotent stem cell likely will be CD44* (AnTica et al.1994). The earliest myeloid
precursors are also CD44 high; when committed to the monocyte lineage the
cells remain CD44 high, while commitment to granulopoiesis is accompanied by
transient downregulation. The erythroid lineage remains CD44 high throughout
development (Kansas et al. 1990; SugimoTo et al. 1994). ExpressiononB and T cells
also varies with the stage of maturation. At early stages they are CD44", including
prothymocytes in the liver (HorsT et al. 1990a; Rvan et al. 1990; BeLL and Zamoyska
1991; Haic et al. 1992; Lunp-JoHANSEN and TersTarrEN1993); pre-B cells are largely
negative and during intrathymic maturation T cells also downregulate CD44
(Horst et al. 1990a; CoLtapo et al. 1991; WiLkinsoN et al. 1993), while mature T and
B cells again express CD44. Monocytes and mast cells are also CD44 * (VALENT
et al. 1990; Prieto et al. 1994), and maturation of pre-NK to NK cells requires
interaction of CD44 with HA (DeLrino et al. 1994). Since maturation of hemato-
poietic cells is essentially dependent on stroma cell interactions (LEwiNSOHN et al.
1990), it is interesting to note that CD44 is also expressed on bone marrow
stromal cells (CLark et al. 1992; Reuss-BorsT et al. 1992) as well as thymic stromal
cells (LEresanT et al. 1990).

Our own preliminary data on bone marrow stromal cells and stem cells/
progenitor cells of the mouse suggest that both express CD44s and CD44yv,
whereby the patterns of CD44 splice variants in stromal cells and hematopoietic
stem cells/progenitor cells appear to berelated, exons vb and v9 mRNA being the
most prominent (V. Zawapzki, unpublished observation). These variant exons are
also found on hematopoietic precursor cells of the rat, which in addition hybridize
with exon vB-specific probes (R. ArcH, unpublished observation). In the rat, we
also investigated surface expression of CD44s and CD44v6 on hematopoietic
organs throughout fetal development by immunohistology starting at day 8 of
gestation. Expression CD44s was already noted at this early stage in primitive
vessels and blood cells. Expression of variant isoforms was not observed before
establishment of hematopoiesis in the liver. Later on, the thymic epithelium as
well as the immigrating prothymocytes stained brightly with anti-CD44s and anti-
CD44v6. In the newborn rat, hematopoietic cells of the liver, thymus, and spleen
still expressed CD44s and CD44v6, although only a few cells stained with
1.1ASML and only with low intensity. Bone marrow (both stromal elements and
the majority of stem cells/progenitor cells) was CD44s* for life. Expression of
variant isoforms was only detected after birth and was restricted to a small
populatjon of large cells (Table 1).
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Table 1. Expression of CD44 standard (s) and variant 6 (v6) isoforms in hematopoetic cells during
ontogeny of the rat

Organ Anti-CD44 CD44 expression
Day of gestation Age
14 15 16 17 18 19 21 NB AD
Liver s + ++ ++ ++ ++ + + +(25.1) (ntl)
v6 + + ++ ++ + + + -(2.9 (nt)
Thymus s + ++ ++ ++ + + ++(98.3) ++(97.8)
v6 + ++ ++ + + + +(55.6) -{2.1)
BM s - + + + +(35.2) ++ (77.8)
v6 - - - - -(2.7) +(18.3)
Spleen s - + + + +(47.3) ++(64.3)
v6 - - - + +(14.5) ~(5.2)

The figures in parentheses indicate the percentage of positive cells found by fluorescence-activated
cell sorter (FACS). BM, bone marrow; NB, newborn; AD, adult; nt, not tested; ++, strong; +, distinct;
+, weak; - absent

2.2 Evidence for Functional Requirement of CD44 Standard
and Variant Isoforms in Hematopoiesis

CD44 is known to play important roles in the differentiation and proliferation of
hematopoietic progenitor cells at different maturation stages in the bone marrow
microenvironment (KoBayasHi et al. 1994). As early as 1990 Mivake et al.described
that in long-term bone marrow cultures of the mouse, no cobblestone areas
appeared in the presence of anti-CD44s and nonadherent progenitors did not
develop. CD44 could be shown to be required for myelopoiesis as well as for
lymphopoiesis (Mivake et al. 1990a; Kincape 1991, 1992; KincaDe et al. 1993). Since
antibodies which did not interfere with HA binding of CD44 were inhibitory as
well, it can be assumed that prohibition of binding to HA of the stroma layer was
at least not the dominating function of CD44 in hematopoiesis (Mivake et al. 1990).
Similarly, it was notan Fc-receptor-mediated effect, since cobblestone formation
was also inhibited by anti-CD44 F(ab'), fragments (S. KHALDOYANIDI et al., submit-
ted). Inhibition of hematopoiesis by anti-CD44s was mainly restricted to stem cells
and early progenitors i.e., anti-CD44s displayed no (Mivake et al. 1990) or only
minor effects (S. KHALDOYANIDI et al., submitted) on colony formation of committed
progenitors in soft agar cultures. Since anti-CD44s interfered predominantly with
the maturation/expansion of stem cells and /or early progenitor cells, we can
assume that expression of CD44s was required either for interactions between
stem cells/progenitor cells and stromal elements or that by ligand binding growth-
promoting signals were transferred into the hematopoietic stem cell/precursor
cell. These two assumptions are not mutually exclusive.

In fact, at least part of the anti-CD44s-mediated blockade relies on inhibition
of cell division. When freshly harvested bone marrow cells were incubated with
an anti-CD44s antibody (IM-7) and then treated with [2H]-thymidine, upon transfer
into lethally irradiated mice a significant decrease in the number of stem cells
which had undergone suicide was noted. There is, however, evidence that
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anti-CD44 also blocks an interaction between stem cells and stromal elements,
which appears to be essential in hematopoiesis (see below).

Due to the lack of CD44v-specific antibodies in the mouse, there is little
information available about whether and at what stage of maturation expression
of CD44s or CD44v may be required in hematopoiesis. Competition studies with
glutathione-S-transferase (GST)-CD44v fusion proteins did not reveal strong
effects in long-term bone marrow cultures (LTBMC) of the Dexter type. Thus
granulopoiesis appears to be largely independent of CD44v expression. Consider-
ing B cell maturation in LTBMC, it appears that fusion proteins containing the exon
v9influence B cell progenitor maturation. In line with this was the observation that
after sublethal irradiation and intravenous application of GST-CD44v9 fusion
protein, a higher number of B cell progenitors were recovered in bone marrow and
spleen after 7-14 days (M.ZoLLER unpublished results).

As already mentioned, in the rat there is at least one CD44v-specific antibody
available, which recognizes an epitope on exon v6, and a small population of rat
(and human) bone marrow cells stains brightly with anti-€D44v6. Establishment
of rat LTBMC in the presence of anti-CD44v6 revealed that in particular matura-
tion of the adherent stem cell population required expression of CD44v. As in
mouse LTBMC, anti-CD44s prohibited the development of nonadherent progeni-
tors at least during the first 5-7 weeks of culture. Anti-CD44v6 displayed only a
minor effect during the first 2-3 weeks. Thereafter, however, the cultures
contained exclusively stromal cells, and hematopoiesis did not recover on omis-
sion of anti-CD44v6, while it did recover in cultures transiently containing anti-
CD44s (Fig. 1).

Maturation of hematopoietic stem cells essentially requires interaction with
the stromal environment (LewinsoHN et al. 1990). Hence, the question arose of
whether expression of CD44s and CD44v is required for stroma formation and/or
whether CD44s and CD44v are involved in stem cell/progenitor cell-stroma
interactions. To answer the first question, mouse and rat LTBMC were irradiated
and the surviving stromal cells were cultured in the presence of anti-CD44s
(mouse and rat) or anti-CD44v6 (rat only). Neither anti-CD44s nor anti-CD44v6
displayed any macroscopically visible influence on stroma cell survival. Cultures
even contained lipocytes, one of the constituents critically involved in stem cell
maturation (S. KHALDOYANIDI et al.; submitted). In addition, during establishment of
LTBMC, noinfluence of mouse or rat anti-CD44s on stroma formation was noted.
However, in the presence of anti-CD44v6, stroma formation of rat bone marrow
was significantly delayed. The same observation was made for stroma formation
of human bone marrow cells. Taking into account that the stromal cells did not
express CD44v6, itis tempting to speculate that as a result of CD44v6 (stem cells/
progenitor cells)-ligand (stroma cells) interaction signals are transduced which
facilitate stroma formation. Since, however stem cell/progenitor maturation was
also completely inhibited in the presence of anti-CD44v86, a binary mode of signal
transduction has to be assumed.

While granulocytes, monocytes, and B cells can mature in the microenviron-
ment of bone marrow, maturation of T cells requires passage through the thymus.
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Fig. 1. Influence of anti-CD44 standard(s) and anti-CD44 variant 6 (v6) isoforms on stem cell proli-
feration and maturation. Rat bone marrow cells were kept for 13 weeks in culture and the number of
nonadherent cells in the culture supernatant was evaluated at weekly intervals. In cultures containing
anti-CD44s (Ox50), significantly lower numbers of nonadherent cells were detected. A similar, although
less pronounced effect was seen with anti-CD44v6 (1.TASML). Cultures kept with anti-CD44s or anti
CD44v6, but not those with an isotype-matched control antibody went into crisis after 6-8 weeks of
culture, cells dying with features of apoptosis. When anti-CD44s and anti-CD44v6 were removed from
the culture (arrow), cultures originally containing anti-CD44s recovered, while in those originally
containing anti-CD44v6 nonadherent cells did not reappear. The stroma layer appeared unaltered in all
instances. Ig, immunoglobulin

A possible influence of CD44v in T cell maturation was evaluated in transgenic
mice, which express rat CD44v4-v7 under the control of the Thy1 promoter on
thymocytes and peripheral T cells (Mot et al.1996). When syngeneic, lethally
irradiated mice were reconstituted with bone marrow cells from control mice or
CD44v4-v7 transgenic mice, no significant difference in the recovery of bone
marrow and spleen cells was noted. However, repopulation of the thymus was
significantly accelerated. The same was true when transgenic and non-transgenic
mice were sublethally irradiated and expansion of surviving stem cells was
investigated. In both situations the reconstitution advantage of bone marrow cells
from transgenic mice was abolished in the presence of anti-CD44v6, but was not
affected by anti-CD44s (M.Z6LLER, unpublished results). Since the transgene is
not expressed before the CD4*/CD8* stage of T cell maturation, it is likely that
expression of CD44v6 provides a growth advantage during the intrathymic
selection processes.

Taken together and notwithstanding that CD44 might be replaced by distinct
adhesion molecules, CD44 apparently plays an essential role in stem cell prolifera-
tion, expansion, and maturation. According to published evidence and in line with
our findings, CD44s provides (upon ligand interaction) proliferation-initiating
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signals for early progenitors of all three hematopoietic lineages. CD44v, on the
other hand, may be primarily involved in transducing signals (between stromal
cells and stem cells and in late maturation steps of B cells and T cells) that initiate
differentiation.

3 CD44 and Immune Response

3.1 Expression of CD44 on Mature Lymphocytes
and During Lymphocyte Activation

The vast majority of peripheral lymphocytes in human, mouse, and rat express
CD44s. CD44 is expressed on T cells, B cells (especially the CD5* subset), and
antigen presenting cells (GaBRILOVICH et al. 1994; Aske et al..1994). Furthermore,
CD44s is upregulated during lymphocyte activation (HamiLton et al. 1991; LesLey
and Hyman 1992). This is a rather late event (PRINCE et al. 1992). It is accompanied
either by post-translational modifications or by different association with other
cellular components (HaTHcock et al. 1993). Differences in N-linked glycosylations
have also been described for activated macrophages. In contrast to resting
macrophages, which may or may not be phosphorylated, in activated macro-
phages CD44 is always phosphorylated and not linked to the cytoskeleton (Camp
et al. 1991a). Furthermore, upregulation accompanies transient activation of the
HA receptor function (LesLey et al. 1994), which requires protein synthesis but no
association with the cytoskeleton (Murakami et al. 1994), although binding to HA
apparently leads to linking of CD44 to the actinomycin contractile system via
ankyrin (BourcuigNoN et al. 1993). Finally, upregulation of CD44s during the
activation process is permanent, i.e., memory cells are defined by bright staining
with anti-CD44s (Buob et al. 1987; Camp et al. 1991b). It is thought that the high
expression of CD44s is important for the particular adherence and traffic require-
ments of the memory cells (Murakami et al. 1990).

Expression of CD44v, on the other hand, is rare in the adult animal and in the
absence of an activating stimulus. However, expression of CD44v is noted when
an immune response is mounted (ArcH et al. 1992; Koopman et al. 1993a).
Activation-dependent changes are seen with dendritic cells (SaLLusto and
LAnzAVECCHIA 1994), which start to express at least CD44v9; alveolar macrophages
express multiple CD44 isoforms, and peripheral blood monocytes start to express
CD44v upon activation (CuLty et al. 1994a). T cells were reported to express
CD44v6 and CD44v9 after stimulation with tumor necrosis factor (TNF)-o and
interferen (IFN)-y (Mackay et al. 1994). For Epstein-Barr virus-transformed B cell
lines, expression of CD44 receptors 1 and 2 has been described, and both forms
carry inserts of different lengths at the common CD44 splice site. Interestingly, no
changes in CD44 isoforms have been described on myeloid cell lines (DoUGHERTY
et al. 1991).
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Analysis of de novo synthesis of CD44v in the rat during an immune response
revealed that different subpopulations of lymphocytes appear to express distinct
variant isoforms and the pattern of expression changes during the activation
period. According to preliminary findings, B cells and antigen-presenting cells
exhibit similar features of CD44v mRNA, i.e., early during the activation period
signals were seen with exon v1-, v3-v7-, and v9-specific probes, and later with
exon v4-v7- and v9-specific probes. T cells transiently contained mRNA of exons
v4-v7, and later exclusively of exons v6 and v7 (R. ArcH, unpublished observa-
tion). Expression of CD44v was restricted to the activation stage, i.e., there was
no evidence for expression of CD44v on memory T or B cells. Considering the
time course of CD44v surface expression as judged by fluorescence staining with
anti-CD44v6, expression was first noted in antigen-presenting cells, thereafter in
T and B cells, reached its peak around day 4-5 after antigenic stimulation, and
declined thereafter (Fig. 2). This was similar after in vivo and in vitro stimulation
(ArcH et al. 1992; R. aRcH, unpublished observation).

Fig. 2. Upregulation of CD44 standard(s) and variant 6(v6) isoforms during lymphocyte activation
in vitro. Rat lymphocytes were stimulated in vitro with trinitrophenyl-bovine serum albumin and
expression of CD44s and CD44v6 (percentage of stained cells and relative intensity} was determined
at daily intervals. While upregulation of CD44s on T cells was noted as early as day 2 of stimulation and
remained at an elevated level, a significant increase in the number of T cells expressing CD44v6 was
not seen before 3-4 days of culture. The relative increase in intensity of expression followed the same
time schedule, i.e. it was transient. Expression of CD44v6 was more rapidly upregulated on antigen-
presenting cells, although it was, transient as on T lymphocytes
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3.2 Function of CD44 in Lymphocyte Activation

Upregulation of CD44s or de novo expression of CD44v is an active process and
has pathophysiological consequences. The latter can be deduced from the
observation that altered patterns of CD44 expression are noted in many auto-
immune diseases such as Grave's disease (HeuFELDER et al. 1993), rheumatoid
arthritis (JOHNSON et al. 1993; TakaHAsHI et al. 1992, Haynes et al. 1991b), in MLR-Ipr
mice (WanG et al. 1992), autoimmune uveitis (FoeTs et al. 1992), experimental
allergic encephalomyelitis (ZeiNe and Owens 1992), multiple sclerosis (GiGraH et al.
1991), and chronic graft versus host disease, which indicates the importance of
CD44 notonly in T cell, but also in B cell responsiveness (Murakami et al. 1991). In
multiple sclerosis, CD44 was not only upregulated, but expression of variant
isotypes was noted on astrocytes and infiltrating T lymphocytes, which exhibited
augmented adhesiveness (HAGEL et al. 1993). Considering the function of CD44 in
immune response, there is ample evidence that, like most adhesion molecules,
CD44 functions as a costimulatory molecule in T cell activation (SHimizu et al. 1989;
HueT et al. 1989; DennNG et al. 1990; RotHman et al. 1991; ConraD et al. 1992; HaLE
and HayNes 1992; Pierres et al. 1992; Krakauer 1994). The underlying mechanism
has not yet been clarified. Interestingly, some antibodies are stimulatory together
with anti-CD2, but not with anti-CD3. The latter have been found to stimulate
palmitoylation of CD44 (Guo et al. 1994a). It was shown that CD44 is involved
in enhanced binding of dendritic cells to T cells (Stjonn et al. 1990). CD44
promotes homotypic adhesion via lymphocyte function-associated antigen (LFA)-
1 (Koopman et al. 1990) and triggers the chondroitin sulfate form of the invariant
chain to function as a constimulus (NauJokas et al. 1993). There is evidence that by
HA binding interleukin (IL)-2 production, and release of trypsin-like esterase by
cytotoxic T lymphocytes (CTL) may be triggered (GALANDRINI et al. 1994a). These
processes are clearly phospho-tyrosine-kinase (PTK) dependent (GALANDRINI et al.
1993; Furano et al. 1994). Cross-linking via anti-CD44 leads to activation of
cytolytic T cells and is a trigger for NK cells, the pathway of activation being much
like activation via the T cell receptor (SeTH et al. 1991; SconoccHIA et al. 1994;
GALANDRINI et al. 1994a). It is also known that for T cell activation via cross-linking
of CD44, association with the cytoskeleton is especially important (GeprPERT and
Lipsky 1991).

Taken together, there is no question about the functional importance of CD44
as a costimulatory molecule in T and probably also B cell activation. However, the
mechanism of function remains to be elucidated. One of the first questions to be
answered might depend on the differentiation between CD44s- and CD44v-
mediated effects. We have started to unravel this question, focusing in particular
on T cell responses in the rat, because rat T cells upon antigenic or mitogenic
stimulation are known to express only two of the ten variant exons, namely
CD44v6-v7 and thus the anti-CD44v6 monoclonal antibody could be helpful in a
first trial to associate CD44 functions to defined isoforms. In the rat, functional
activity of CD44 during the activation process is linked to the expression of CD44v
and is apparently independent of the upregulation of CD44s. This assumption is
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based on the following observations: (a) T cell-dependent and T cell-independent
immune responses in vivo (ArcH et al. 1992) as well as in vitro (R. ARcH,
unpublished observation) are significantly inhibited in the presence of anti-
CD44v6, but are not altered by anti-CD44s; (b) proliferation and cytotoxicity
assays set up under limiting dilution conditions revealed that the number of
responding cells was significantly reduced by anti-CD44v6; when anti-CD44v6
was added during the pulsing period or during the cytotoxicity assay only, no
inhibition of proliferative activity or cytotoxic potential was noted; (c) when
purified T cells are cultured on anti-T cell receptor-coated plates, a strong
costimulatory effect of anti-CD44v6 is observed; in the rat, no costimulatory
function with CD2 was observed, and proliferation in response to anti-T cell
receptor (TCR) or to anti-CD2 was not influenced by anti-CD44s (M. ZOLLER,
unpublished observation). These data are interpreted to mean that CD44v is
required for the activation process itself, but, in contrast to CD44 activity in the
mouse, not for effector functions. Since upon TCR occupancy, ligand binding or
cross-linking of CD44v6 at the cell surface initiates signals leading to lymphocyte
proliferation and maturation, there are principally two modes of CD44v6 function
in lymphocyte activation. Either signals are transduced into the antigen-present-
ing cell, which becomes activated. This could result in increased cytokine produc-
tion, as described for IL-1B, TNF-a, TNF-B, insulin-like growth factor-1, macrophage
colony-stimulating factor (Weeg et al. 1990; CHonG et al. 1992; Gruser et al. 1992;
NosLE et al. 1993), and IL-2 (Guo et al. 1993; CHong et al. 1994) by activated CD44
in the mouse, or in an augmentation of presentation, as seen after binding of
CD44 to the chondroitin sulfate form of the invariant chain (NauJokas et al. 1993).
The observation that, after preincubation of antigen-presenting cells with anti-
CD44v6, lymphocyte activation appears severely impaired supports this assump-
tion. Alternatively, but not mutually exclusive, cross-linking or ligand binding of
CD44v6 causes signals which initiate proliferation or activation of genes associ-
ated with immune responses to be transferred within the lymphocyte. The latter
assumption is supported by the observation that, upon cross-linking of CD3, anti-
CD44v6 supports T cell proliferation. It thus appears that in the rat predominantly
CDA44v (v6 or v6-v7) is involved in the process of T cell activation and that CD44v6/
CD44ve-v7 fulfils divergent functions, i.e., modulates the activity of antigen-
presenting cells and lymphocytes. Experiments are in progress to clarify the
underlying molecular events.

4 CD44 and Lymphocyte Migration
4.1 _Homing and Migration of Progenitor Cells
and Naive Lymphocytes

It has long been known that CD44 facilitates homing of lymphocytes into lymph
nodes by binding to high endothelial venules (JALKANEN et al. 1988; GaLLaTIN et al.
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1989; Berc et al. 1989; Picker et al. 1989; Mivake et al. 1980b). This function is
restricted to CD44s and is not mediated by the epithelial isoform of CD44, for
example (ScHeereN et al. 1991). CD44 plays a major role in lymphocyte~cell and
lymphocyte-extracellular matrix interactions (SHimMizu and SHaw 1991). This is now
known for a large array of lymphocyte—cell and lymphocyte—extracellular matrix
interactions. It is involved in binding of bone marrow cells to stromal elements,
where binding of myeloid cells in particular seems to function via HA binding
(MorimoTo et al. 1994). On the other hand, seeding of stem cells on stroma layers
requires CD44, but can be inhibited by antibodies which do not block HA binding
(S. KHaLDOYANIDI et al., submitted). CD44 is involved in binding of colony-forming
cells to fibronectin (VErraILLIE et al. 1994), in plasmocytoma cell-stroma interac-
tions (DeGrAssI et al. 1993), in binding of lymphocytes to human umbilical vein
endothelial cells (MunziG et al. 1994), and in lymphocyte—endothelial cell interac-
tions in general (Toyama-SorimacHl et al. 1993). It should be mentioned that
lymphocyte binding is inducible (OppeNHEIMER-MARKS et al. 1990) and in most
instances, especially in the context of HA binding, is observed only after induction
(LesLey et al. 1990). Recently, evidence has been presented that migration of
prothymocytes into the thymus is also guided by CD44, but not via HA binding
(Wu et al. 1993). CD44 also plays a role in the reappearance of T cells in the
periphery after depletion protocols (Guo et al. 1994b).

In line with published evidence, experiments in the rat revealed that stem cell
seeding, migration of prothymocytes, and homing of nonactivated lymphocytes
could be partially inhibited by anti-CD44s, but not by either anti-CD44v6 or
GST-CD44v fusion proteins covering the variant exons v4-v10 (M. ZOLLeR.,
unpublished observations), which has been demonstrated for bone marrow cell
homing (Fig. 3). Although further experiments are required, all data available so far
indicate that homing and migration of hematopoietic progenitor cells as well as of
mature lymphocytes into lymphoid organs is independent of the expression of
CD44v, but is influenced by CD44s.

4.2 Homing of Activated Lymphocytes

In addition to its function in lymphocyte homing into lymphoid organs, CD44 is
also involved in homing into nonlymphoid organs (FrRoeNER and O'NEILL 1992),
which is especially important in infectious, allergic, and autoimmune reactions.
CD44 has been thought to be involved in particular in the extravasation of
lymphocytes, but not in the migration process (Camp et al. 1993). Thus, it has
been described that T cell-keratinocyte binding is strengthened by anti-CD44
(BruynzeeL et al. 1993); infiltration of B cells in the lacrimal gland is CD44 dependent
(O’Sutiivan et al. 1994), and as already mentioned, T cell-astrocyte interactions
are also CD44 mediated (HAGEL et al. 1993). Furthermore, CD44 induces cell
aggregation (StJoHn et al. 1990), which depends on its interaction with the
cytoskeleton (Beusos et al. 1990). In addition, upon lymphocyte-endothelial cell
interaction, syncaping of CD44 has been noted, which might play a critical role
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Fig. 3. Homing of rat bone marrow cells. Rat bone marrow cells were depleted of mature T and B cells,
labeled with *'Cr, and injected (5 x 10°) intravenously into sublethally irradiated rats together with an
isotype-matched control antibody, anti-CD44 standard(s) isoform {Ox50), anti-CD44 variant 6(v6)
isoform (1.1ASML), glutathione-s-transferase (GST) fusion protein, GST-CD44v4-v7 fusion protein, or
GST-CD44v7-v10 fusion protein. Rats were killed after1-96 h, lymphoid organs were excised, and
remaining radioactivity was determined in a y-counter. The ratio of the counts in the bone marrow and
the spleen to the counts in the peripheral blood are shown. Only in the presence of anti-CD44s was
homing of bone marrow cells in the bone marrow and the spleen clearly inhibited

during recirculation and homing of activated lymphocytes in injured organs
(Rosenman et al. 1993). It has been described that by immobilizing macrophage
inflammatory protein-1p CD44 induces chemotaxis and adhesion of T cells to
vascular cell adhesion molecule (VCAM)-1 in inflammatory processes. Finally,
after tissue injury, binding of platelets to endothelial cells also appears to be
mediated by CD44 (KosHiisHi et al. 1994).

While homing of progenitors and of naive lymphocytes in hematopoietic
organs appears to be influenced exclusively by CD44s there is evidence that
CD44v is involved in nonhematopoietic, tissue-specific homing of activated
lymphocytes. The human skin abundantly expresses the so-called keratinocyte
form of CD44, which contains the variant exons v3-v10 (Brown et al. 1991).
Although expression of exon v10 was not noted in either the bone marrow or
during lymphocyte activation lymphocytes infiltrating the skin, irrespective of
whether they are malignantly transformed or in the course of infectious or allergic
reactions, strongly expressed exon v10. Concomitantly, expression of CD44v10
was also noted on capillary walls in the surrounding tissue (S.N. WAaGNER et al.,
submitted). It is thus tempting to speculate that expression of CD44v10 may
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essentially be required for lymphocyte homing into the skin. Blocking studies with
anti-CD44v10 (available for human and murine CD44v) and transfection experi-
ments may prove this assumption. Furthermore, it will be interesting to evaluate
whether the requirement of CD44v10 expression for homing into the skin
represents a unique situation or whether infiltration of nonlymphoid organs in
general may depend on expression of defined CD44v.

Considering the functional activities of CD44v as currently defined, it appears
that CD44v plays no or only a minor role in lymphocyte motility, including homing
into lymphoid organs. However, CD44v appears to be required when cells change
their functional program, i.e., in stem cell differentiation and lymphocyte activa-
tion. Furthermore, preliminary evidence supports the hypothesis that CD44v may
allow lymphocytes to infiltrate distinctly organized tissues. The guestion arises as
to whether these functions might play a role in tumor progression.

5 CD44 and Metastasis

5.1 Upregulation of CD44 Standard Isoform
and De Novo Expression of CD44 Variant Isoform
on Human Malignancies

The connection between adhesion molecules and metastasis is a subject in itself
(ZeTter 1993; Honn and Tang 1992) and extends far beyond the scope of this
article. As far as CD44 is concerned, in line with its history, where knowledge of
the standard isoform preceded knowledge of variantisoforms, a variety of reports
suggest upregulation of expression on tumor metastasis (BIRCHMEIER et al. 1991;
MaTsumara and TARIN 1992; EasT and HarT 1993; Fox et al. 1993), in particular in
hematopoietic malignancies (Grossli et al. 1992), e.g., it has been noted that in
lymphoma and leukemia the level of CD44 expression correlates with the
dissemination rather than the degree of dedifferentiation (Roos 1991). This has
been found in B cell acute lymphatic leukemia (Csanaky et al. 1993), multiple
myeloma, where expression of CD44 correlates with homotypic adhesion (BARKER
et al. 1992), Burkitt lymphoma (WAaLTER et al. 1991), non-Hodgkin's lymphoma
(NHL) (HorsT et al. 1990b,c; QuackensusH et al. 1990; JaLkaneN et al. 1991), and T
lymphoma, where expression of CD44 correlated with an increase in tumori-
genicity (GUerseT et al. 1992). For a B cell hybridoma it has been described that
expresssion of CD44s correlates with aggregation and metastasis formation
(HawtEy et al. 1993).

High levels of CD44s expression have also been noted on solid tumors, e.g.,
in melanomas (Guo et al. 1994; East et al. 1993; THomas et al. 1993; HarT et al.
1991), gastric cancer (WASHINGTON et al. 1994), mesothelioma (AspLunD and HELDIN
1994), (breast carcinoma (Joensuu 1993), and glioblastoma and meningioma
(Merzak et al. 1994; KuppNEr et al. 1992). It was supposed that CD44 plays a role
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in forming a leading lamella, which is required for efficient locomotion, and that
the chondroitin sulfate portion of CD44 is the critical component for the increased
motility by interaction with type 1 collagen (Faasen et al. 1992, 1993). In line with
these notions was the observation that in ovarian tumors a loss in tumorigenicity
apparently correlated with loss of CD44 (Tevssier et al. 1992). Regarding the
underlying mechanism, it was again suggested that CD44 may increase motility
{(WasHINGTON et al. 1994; AspLunp and HELDIN 1994; THomas et al. 1992) or that it may
facilitate penetration by HA degradation (ForsTer et al. 1994) or by interaction with
the extracellular matrix (Merzak et al. 1994). The latter assumption was strongly
supported by the notion that melanoma metastasis formation could be inhibited
by a CD44-Ig fusion protein, which inhibited binding to HA, but not by mutated
CD44-g fusion protein (LESLEY et al. 1994).

The observation that expression of CD44v initiated lymphatic spread of solid
tumors in the rat (GUNTHERT et al. 1991) has received much attention. In the rat, this
phenomenon appears to be of general validity. In a variety of rat tumor lines with
paired sublines either growing locally or metastasizing via the lymphatic system,
expression of CD44v was detected exclusively in the metastasizing sublines
(Z6LLER 1995). In line with this finding was the notion that transfection of
nonmetatasizing rat tumor lines with CD44v transferred the metastasizing pheno-
type (GUNTHERT et al. 1991). This was independent of the histology of the primary
tumor and of the grade of dedifferentiation. The capacity to form lymph node
metastases solely correlated with the intensity of surface expression of CD44v
(M. HormanN et al., unpublished observation). Interestingly, in a rat colon carci-
noma model it has also been noted that tumorigenicity correlates with CD44v6
expression (LABARRIERE et al. 1994). Experiments aimed at defining the important
structural equivalent excluded the possibility that any of the variant exons
negatively interfered with metastatic progression (J. SLEeEMAN et al., unpublished
observation). Moreover, no interference of exons from the standard part of the
molecule was observed (A. KasuHiro et al., unpublished observation). Finally,
transfection with exons v6 and v7 or with exon v6 as the only variant exon still
conferred metastatic behavior (Ruby et al. 1993; A. KasuHiro., unpublished find-
ing). However, it remains to be explored whether the variant exons by them-
selves, interactions between the standard exons and exon v8, or conformational
changes by the insertion of variant exons were the structural equivalent for
metastasis induction.

Irrespective of these open guestions, many institutions have now started to
screen human tumors for the expression of CD44v and to correlate expression
with prognostic parameters. As mentioned earlier, it appears that expression of
CD44v in humans is not as strongly restricted to metastasis formation as
described in the rat {(JacksoN et al. 1993), e.g., there are tumors which do not
express CD44v such as neuroblastoma (Gross et al. 1994), where tumor aggres-
siveness even correlates with repression of CD44 expression {ComsARET et al.
1995); tumors arising from CD44v* tissues, especially skin and squamous epithe-
lium including the lung, appear to lose expression upon tumor progression (SaLmi
et al. 1993; Jackson et al. 1994; Semer et al.1996a; HeroLo-MenDpe 1996). On the
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other hand, CD44v is frequently upregulated in tumors infiltrating the skin, but this
appears to be associated with tissue injury rather than with tumor progression
(PenNeys et al. 1993). There are other tumors which, in contrast to their nonmalig-
nant counterparts, express CD44v, but even at early stages of malignant transfor-
mation and not linked to metastatic progression, e.g., prostate cancer (Liu 1994),
gastrinomas (CHAUDHRY et al. 1994). However, there are some tumors in which in
humans, too, progression appears to be closely linked to expression of CD44yv.
This has been described for breast carcinoma (Kaurmann et al. 1995; Lipa and
BouraiGNON 1995; DaLL et al. 1995), bladder carcinoma (MaTtsumMaRa et al. 1994),
high-grade NHL and large cell lymphoma (SaLLes et al. 1993; Koopman et al. 1993b),
kidney carcinoma (Terre et al. 1994), high-grade glioblastoma and meningioma
(HarN et al. 1994a), and hepatocellular carcinoma (HarN et al. 1994b). Yet there are
also opposing results in some tumor systems such as the colon, where correla-
tion of tumor progression with expression of CD44v6 was noted by some groups
(WIiELENGA et al. 1993; Heiper et al. 1993a; TaNaBE et al. 1993a; FINN et al. 1994;
MuLDER et al. 1994), while others did not detect expression of CD44 splice variants.
or noted it early and independent of progression (Aseasi et al. 1993; Kim et al. 1994;
Koretz et al. 1995). Upregulation of CD44v expression was also described for
cervical cancer (DaLL et al. 1994), but could not be detected by another group
(WoERNER et al.1995). With gastric cancer, too, published evidence supports either
correlation of CD44v expression with progression in the intestinal, more
undifferentiated type only (Heper et al. 1993b; Yokozaki and TaHARA 1994; Guo
et al. 1994d) or in general (MAYER et al. 1993; HarN et al. 1995). Different sets of
reagents might explain some of the discrepancy.

Interestingly, as far as a correlation between tumor progression and CD44v
expression was noted, it was not essentially exon v6, which was upregulated in
human malignancies. Instead, expression of other variant exons has been de-
scribed to be important for metastasis formation, e.g., exon v9 in kidney carci-
noma (TeRPE et al. 1994), exon v10 in skin metastasis of melanoma (SeTer et al.
1996b), exon vb or exon v9 in some types of gastric cancer (HeDER et al. 19933;
MaYer et al. 1993), exon vb for the settlement of melanoma cells in lymph node
tissue (SEITER et al.1996b), exon v7-v8 in carcinoma of the cervix uteri (DaLL et al.
1993), and exon v4 and v5 in hepatocellular carcinoma (HarN et al. 1994b).

Even though CD44v cannot be considered as a general metastasis marker in
humans, the notion that metastasis formation and CD44v expression correlates in
some systems, and taking into account the generality of the phenomenon in the
rat, allows the working hypothesis that CD44v-induced metastasis formation may
be based on the recruitment of physiological programs. Since tumor cells which
gain metastatic capacity recruit new functions and/or loose other functions of
nontransformed cells, it is also tempting to speculate that they may adopt
pathways of functional activities, in particular from cells where activation or
silencing of genes occurs physiologically (HErRrLICH et al. 1993; PaLs et al. 1993).
This is frequently observed during ontogeny, in stem cell differentiation, and
during lymphocyte activation.
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5.2 Joint Functions of CD44 in Metastasis Formation
and Lymphocyte Maturation and Activation

Based on these considerations and in view of the notion that CD44 splice variants
are so far the only molecules which can initiate the metastatic cascade, it would
be of great value to unravel the molecular mechanisms underlying the distinct
functions of CD44 isoforms. This might enable joint programs of tumor progres-
sion, lymphocyte maturation, and lymphocyte activation to be elucidated.

Regarding joint functions of CD44 isoforms in lymphocyte maturation and
tumor progression, malignancies of the hematopoietic system should be consid-
ered in particular, since it is well documented that these tumors frequently
resemble early stages of development. They have been shown to be mostly
accompanied by a high expression of CD44, and CD44 has also been proven to
facilitate stem cell and progenitor cell expansion. Indeed, as outlined above, many
hematological malignancies are accompanied by a high expression of CD44, and
progressive states were defined by upregulation of CD44s and CD44v6. So far,
however, a possible growth-inhibiting potential of anti-CD44 has not been evalu-
ated with native leukemia or lymphoma. However, it has been shown that a
CD44-, Burkitt lymphoma line (Namalwa) transfected with CD44s c¢DNA dis-
played increased tumorigenicity and metastatic potential upon intravenous injec-
tion (Sy et al. 1991). Furthermore, tumor growth, was inhibited by a CD44s-Ig
fusion protein (Sy et al. 1992). Interestingly, a slightly reversed effect was noted
with CD44v-transfected Namalwa cells. We can speculate that CD44s confers
growth-promoting activities, while CD44v expression may induce differentiation.
So far, this assumption is only speculative and remains to be experimentally
verified.

As outlined above, adhesion molecules are not only important in lymphocyte
maturation, but are essentially required during the activation process, where in
addition to establishing cell-cell contacts they are known to be involved in signal
transduction. Furthermore, special adhesion molecules are required for the
recruitment of activated lymphocytes at the place of injury.

The process of activation takes place within the draining lymph node, and
there is preliminary evidence that activation of lymphocytes and growth of tumor
cells which have settled in the lymph node may occur by similar mechanisms.
When lymphocytes and tumor cells are cultured on antibody (anti-TCR and/or anti-
CD44v6)-coated plates, an increase in the proliferation rate is noted. We inter-
preted this to indicate that cross-linking of the TCR concomitantly with CD44v6 on
the lymphocyte or of CD44v6 solely on the tumor cell initiates signals with growth-
promoting activity. Furthermore, lymphocytes and CD44v* tumor cells preferen-
tially adhere to dendritic cells. While antigen-specific activation of purified T cells
essentially depends on the presence of antigen-presenting cells, proliferation of
tumor cells is also clearly augmented. Adhesion of lymphocytes/tumor cells can
be blocked by anti-CD44v6. As a consequence, lymphocytes do not respond to
nominal antigen, and the growth advantage for tumor cells supplied by antigen-
presenting cells is abolished. Finally, there is preliminary evidence that upon
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CD44v-ligand binding secretion of cytokines may be augmented, e.g., upregu-
lation of TNF and IL-1 secretion by CD44-mediated monocyte-tumor cell interac-
tions has been described (WEess et al. 1990; ZEmBALA et al. 1994). It thus appears
that via CD44v on tumor cells as well as on lymphocytes signals can be transduced
in CD44v* and CD44v ligand-bearing cells, which in addition to proliferation also
initiate cytokine production.

The last step in the cascade is the infiltration of injured tissue by activated
lymphocytes and the organ specificity of metastasis formation. Rolling, tethering,
and extravasation have been linked to selectins and integrins (LawRrence and
SPRINGER 1991; ALoN 1994). There are no reports which associate CD44v with
these processes. However, tumor cells, have been described to modify adhesion
molecules at each of the involved organs (DepHAR 1990; McCarTHY 1991; Rusciano
and BURGER 1992; Evans 1992; Lester and McCarTHY 1992; GLinsky 1993; Mivasaka
and Toyama-SoriMACHI 1993; MaReeL et al. 1993; ZeTTer 1993; BEHRENS 1993), and it
appears that tissue-specific infiltration again may be accompanied by CD44v
expression, expecially in the skin. Jackson et al. {1995) recently reported that a
special variant isoform exists spanning v3 and v8-v10 (Jackson et al. 1995). Exon
v3 was found to contain glycosaminoglycan-related sequences, which are known
to act as reservoirs for growth factors in many tissues (YANAGISHITA and HASCALL
1992). There was no ligand structure on the endothelial cells. However, as
suggested by the authors, cytokine production may be initiated via CD44v3, in
particular by keratinocytes, monocytes, and dendritic cells in the skin {BENNETT
et al. 1995). Of special interest is also the observation that intracutaneous
lymphomas express CD44v10. This particular variant exon is not expressed on
lymphocytes during systemic activation, nor is it expressed on hematopoetic
precursor cells. It is, however, found on intracutaneous lymphocytes during
allergic reactions as well as during inflammation of the skin (S.N. WAGNER et al.,
submitted). These features of shared expression of CD44v10 on activated as well
as malignant lymphocytes related to the homing organ appear to indicate joint
features in organ-specific metastasis formation and lymphocyte infiltration in
autoimmunity or in response to injury. Taken together, the data strongly suggest
that special variant isoforms are active beyond the process of lymphocyte/tumor
cell expansion in the draining lymph node and also facilitate organ-specific
homing.

Adhesion molecules are important in organogenesis, stem cell differentia-
tion, and lymphocyte activation. Due to their plasticity, they can change their
functional programs and adjust repeatedly to differing requirements. This is
exemplified for CD44 isoforms, which facilitate processes as divergent as migra-
tion, penetration into preformed tissue, and activation of genes, the expression of
which may be required for proliferation, recruitment of cytokines, and/or differen-
tiation. Tumor cells, such as lymphocytes, also need to fulfil divergent functions
during the process of metastasis formation. Expression of distinct CD44 isoforms
apparently can be sufficient to complete the metastatic cascade.
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1 Introduction

During the past decade, considerable advances have been made in our under-
standing of the cellular and molecular biology of carcinogenesis. The analysis of
the metastatic process, however, which is the chief contributor to cancer patient
morbidity, has met with various obstacles due to its complexity. As a result, we
still know very little about how cancer cells spread. It is generally assumed that
cancer cells randomly diversify during tumor progression and that clones of such
cells with metastatic properties are selected. The process by which these cells
then metastasize is believed to occur via several steps, each of which can be
linked to the aquisition of new cellular functions (see, e.g., reviews by HaRrT et al.
1989; KereeL 1990). For example, a stationary epithelial cell must first be con-
verted into a mobile, nonadherent cancer cell which can invade subepithelial
tissue. The cell must then move towards lymphatic and blood vessels, enter these
vessels, and survive during their transport within the fluid medium. It must also
colonize draining lymphatic tissue and further disseminate through efferent
lymphatics into the blood stream, extravasate from blood vessels and, finally,
preferentially settle in various distant locations.
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A further complication for the analysis of the metastatic process is that any
proliferative advantage along the metastatic pathway will expand the pool of
diversifying cells. Such expansion would, consequently, increase the chance of
generating new cells that can pass subsequent obstacles in the metastatic route.
Specifically invasive and migratory properties, therefore, are not the only contribu-
tors to metastasis. Nonetheless, understanding how cancer cells gain and utilize
their invasive and migratory abilities will be crucial to finding ways to control the
pathogenesis of cancer.

Invasion and migration are also important processes in embryonic develop-
ment and in several normal adult cellular functions. During gastrulation, for
example, there are massive cellular movements which establish the primary germ
layers. Later in development, in a process thatis perhaps analogous to at least part
of the metastasic process, neural crest cells dislodge from the dorsal neural tube,
invade somitic tissue, migrate over long distances, then localize in various places
giving rise to the peripheral nervous system, the adrenal medulla, and numerous
other structures (LE DouaRrIN 1984). Axons in the brain and in the periphery also
invade and migrate across much of the organism to specifically connect to their
targets. In the adult, leukocytes with migratory potential are generated throughout
the life of an organism. It is reasonable to assume, therefore, that cancer cells
make use of behavior patterns that are genetically preformed and which occur in
normal cells during their progression to the metastatic state. If this is true, then
molecules participating in normal migration, especially during embryogenesis, will
likely be part of a cancer cell's repertoire.

2 The CD44 Protein Family

The CD44 epitope, originally discovered on the surface of leukocytes (TROWBRIDGE
et al. 1982), is now known to be carried by a family of transmembrane proteins
which are widely distributed on various mesodermal and ectodermal derivatives,
including hematopoietic cells, keratinocytes, and numerous other cell types in
both the adult and the embryo (LesLey et al. 1993). Particular interest in CD44
arose from the detection of splice variants in a metastatic rat pancreatic
carcinoma (GUNTHERT et al. 1991). Artificial overexpression of these CD44
molecules promoted metastatic spreading of a related nonmetastatic carci-
noma cell line. This effect could be blocked by an antibody against a variant
epitope (encoded by exon vB, for nomenclature see ToLg et al. 1993, and see
Fig. 1) but not by antibodies against the NH,-terminal portion of the protein
(Reger et al. 1990; Sermer et al. 1993), suggesting that certain CD44 splice
variants could play a crucial role in promoting metastasis. Consistent with this
idea, splice variants of CD44, containing sequences encoded by variant exons,
have also been detected in certain other animal tumor cells {GUNTHERT et al.
1991; HormANN et al. 1993).
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Fig. 1. Localization of some CD44 splice variants. The ten variant exons (representing exons 5a-14) are
referred to as v71-v10. Note that in humans, exon 5a (v1) is not utilized. The question mark under
exon 18 indicates that it is not clear whether this exon is spliced out of all transcripts

Examination of the CD44 gene has indicated that at least ten adjacent variant
(v) exons may be utilized during its transcription (ScreaToN et al. 1992; ToLG et al.
1993). Sequences encoded by these exons can be found in the middle of the
CD44 proteins, just outside the transmembrane region. The metastasis-associ-
ated variants initially found in the rat metastatic pancreatic carcinoma mentioned
above exhibit the structures CD44v4-v7 and CD44v6-v7 (GUNTHERT et al. 1991;
Rupy et al. 1993) as shown in Fig.1. As discussed below, it is now clear that tumor
cells frequently express many different CD44 splice variants. Theoretically, greater
than 100 splice variants could be formed using combinations of the variant exons.
While it is likely that certain splice variants will not occur, the variability of primary
structure is expected to be tremendous. Furthermore, CD44 proteins are differ-
entially glycosylated. In the metastatic rat cancer cells in which CD44v4-v7 was
first discovered, glycosylation accounts for more than three fourths of the
molecular mass. Both N and O linkages exist and part of these modifications are
negatively charged (GONTHERT et al. 1997; Rupy et al. 1993). While most such
modifications concern the NH,-terminal half of the protein, specific glycosamino-
glycan (GAG) moieties have been found on variant epitope sequences, including
a heparin sulfate addition site encoded by exon v3 (BENNETT et al. 1995; JacksoN
et al. 1995).

Experimental studies on the role of CD44 during tumor progression have
indicated that CD44 proteins are only likely to have a metastasis-promoting
function in cells that already have certain tumorigenic properties (HoFvann et al.
1993). An important question, therefore, is what functions individual CD44
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proteins contribute to tumor behavior. This question has been addressed using
lymphoma and melanoma cells which are negative for CD44. Such tumor cell lines
are rare, since almost all tumors express at least the smallest known CD44
isoform, referred to as the "standard" form of the protein (CD44s). CD44s was
shown to enhance the growth and metastatic abilities of Namalwa cells injected
subcutaneously or intravenously into SCID mice (Sy et al. 1991, 1992). A larger
CDA44 protein, CD44v8-v10, however, failed to confer this increased growth rate.
Growth enhancement was also achieved in CD44-negative melanoma cells upon
transfection with CD44s (BartoLazzi et al. 1994). Interestingly, CD44s mutants
defective in hyaluronate binding, a function attributed to the NH,-terminal portion
of CD44 proteins (Arurro et al. 1990; Mivake et al. 1990; PeacH et al. 1993; YanG
etal. 1994), were unable to promote melanoma cell growth (BarToLazzI et al.
1994). It is possible, therefore, that the induction of metastatic spread by CD44s
in these cases is due to their growth-promoting effects and that their effects on
cell growth are somehow hyaluronate-dependent. In the case of the nonmeta-
static pancreatic carcinoma mentioned above, however, the cells already carried
CD44s and did not profit from further increases of CD44s expression (HERRLICH
et al. 1993a). These cells only became metastatic when larger CD44 variants
(CD44v4-~v7, CD44vB/NvT) were introduced (GUNTHERT et al. 1991; Rupy et al. 1993).
These data indicate that individual larger splice variants provide tumor cells with
properties that are different from those induced by CD44s and suggest that
different cell types can utilize the same CD44 proteins in different ways.

3 Molecular Properties of CD44 Proteins

In view of the above mentioned complexities of metastasis formation and the
heterogeneous expression of CD44 in normal cells, it is not surprising that only a
few molecular functions have been unequivocally assigned to individual CD44
proteins. One of the first reported differences between CD44s and a variant of
CD44 (CD44v8-v10) was in the ability of these proteins to bind hyaluronic acid (HA).
CD44s, when expressed on human Namalwa cells, could bind to HA while the
CD44v8-v10 isoform could not (StameENkovic et al. 1991). Data from other laborato-
ries, however, contradict this observation (DouGHERTY et al. 1994; SLeeman et al.
1995), and it seems more likely that modifications (e.g., by glycosylation) influ-
ence the HA-binding properties and not the primary structure of the different
isoforms (SLEEMAN et al., unpublished observations; see also review by SHERMAN
et al. 1994).

- The binding of HA to CD44 is conferred by two regions in the extracellular,
NH,-terminal part of CD44 proteins which are present on all known CD44
isoforms (PeacH et al. 1993; Yang et al. 1994). This binding can be induced by
activating antibodies (LesLev et al. 1992) and can be up-regulated upon T cell
activation by antigenic stimulation {Lestey and Hyman et al. 1992) or treatment with
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phorbol myristate acetate (Lia0 et al. 1993). Interestingly, transfection of a
CD44v4-v7 variant into a rat tumor cell led to increased HA binding (SLEEMAN et al.
1995), whereas expression of the same transgene on T cells of transgenic mice
did not induce HA binding (MoLL et al. 1994; MoLL et al., unpublished), again
supporting the notion that posttranslational modifications, and not the primary
structure of the protein, are important for HA binding.

Binding to HA cannot, therefore, explain the functional differences between
CD44s and variant isoforms in promoting metastases. Although HA binding could
be a feature that is required for more specific molecular functions provided by
different CD44 isoforms, this does not seem to be the case in the immune
system. The activation of lymphocytes by antigenic stimulation is accompanied by
the expression of CD44 variant isoforms (ArcH et al. 1992; Koopman et al. 1993).
This expression is functionally relevant, since antibodies that specifically recog-
nize the variant portion of the protein abolish activation of lymphocytes when
administered at the time when the immune response is raised (ArcH et al. 1992).
These activated lymphocytes are unable to bind to HA as judged by FACS analysis
using biotinylated hyaluronate (MoLL et al., unpublished). In agreement with this
observation are the results obtained with transgenic mice, in which the expres-
sion of the rat CD44v4-v7 isoform is targeted to T lymphocytes by means of the
Thy 1 promoter. The expression of this isoform does not provide the T cell with HA
binding ability (see also above) but has a pronounced effect in the immune
response. T cell-dependent antigenic or polyclonal stimulation in vivo or in vitro
using isolated lymphocytes from transgenic mice is enhanced and accelerated by
atleast 24 h (MoLL et al. 1995). This accelerated response is abolished when the
activity of the transgene is blocked by antibodies which specifically recognize the
variant sequence of the rat transgene product.

In addition to HA, a number of other components of the extracellular matrix
have been implicated as CD44 ligands. These include fibronectin (JALKANEN and
JALKANEN 1992), collagen types | and IV (WAYNER and CaRTER 1987; CARTER and
WAayNER 1988), and the chondroitin sulfate-modified invariant chain (NauJokas et al.
1993). A recent study by Tovama-SoriMacHl and Mivasaka (1994) has identified
serglycin to be another CD44 ligand, interacting with chondroitin-4-sulfate-modi-
fied residues on CD44s. Serglycin is a small proteoglycan that is stored in
intracellular secretory granules of lymphoid, myeloid and some tumor cells (for
review see STEVENS et al. 1988). Although the functions of this protein are not
known, it has been shown to be exocytosed by cytotoxic T cells (CTLs) when they
come into contact with target tumor cells (MacDermoTT et al. 1985), suggesting
that it plays a role in cell-mediated cytotoxicity. Interestingly, when serglycin
interacts with CD44, it augments the CD3-dependent degranulation of CD44
positive CTL clones, an observation that is consistent with the notion that CD44
and serglycin regulate lymphoid cell adherence and activation (ToyAmMA-SORIMACH!
and Mivasaka 1994).

As mentioned above, CD44 splice variants can be modified by specific sugars
and GAGs, including heparin sulfate. The role for these modifications in the
normal and tumor-promoting functions of CD44 is, however, not yet understood.
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Interestingly, the specific modification of a CD44 variant by o (1-2) fucosyltransferase
has recently been correlated with increased malignancy of a colon carcinoma celi
line (LaBARRIERE et al. 1994). This enzyme catalyzes the synthesis of H antigens
from B-galactoside precursors. CD44 splice variants containing sequences en-
coded by exon v6 were found to be modified by H blood group antigens in highly
tumorigenic clones of PROb tumor cells. When these cells were transfected with
antisense fragments of the fucosyltransferase sequence, the expression of cell
surface H antigen was reduced as was tumorigenicity. It is possible, therefore,
that such modifications of certain CD44 splice variants may play a direct role in
tumor-promoting capacity.

While we are learning a great deal about the putative functions of the
extracellular portion of CD44, comparatively little is understood about the pro-
tein’s intracellular domain (for review see Isacke 1994). The cytoplasmic tail of
CD44 is believed to interact with components of the actin cytoskeleton. A group
of studies have suggested that part of this interaction occurs via a 72 kDa ankyrin-
like protein {(KaLomiRes and BourGguiGNoN 1988; BourGuigNon et al. 1986, 1992). The
ezrin-radixin-moesin (ERM) group of actin-binding proteins have also been shown
to interact with CD44 (TsukiTa et al. 1994). These proteins belong to a family of
actin-binding proteins which include talin, band 4.1, and the neurofibromatosis
type 2 (NF2) gene product merlin (for review see ArrIN et al. 1994). It is possible
that some of these proteins link CD44 to a signal transduction pathway. These
proteins are known, for example, to be phosphorylated on tyrosine in response to
growth factors (BReTscHER 1989; FazioLl et al. 1993) and, in T lymphocytes, upon
stimulation through the CD3 antigen (EcerTon et al. 1992). Furthermore, tyrosine
phosphorylation of ezrin has been shown in cells carrying CD3 or CD4 ligated to
ezrin (THUILLIER et al. 1994). This phosphorylation is apparently achieved by the p56-
Ick tyrosine kinase and modulated by the tyrosine phosphatase CD45R. The ERM
proteins have been shown to be involved in cell-cell and cell-matrix adhesion and
in microvilli formation, probably by regulating actin filament-plasma membrane
interactions (TsukiTa et al. 1992). The association between these and other cyto-
skeleton-associated proteins and CD44 might be mediated by phosphorylation of
one or more of the four serines in the sequence of the CD44 cytoplasmic tail,
although no data have been presented so far which directly support this idea.
These serines have, however, been suggested to be necessary for binding to
hyaluronate and CD44-mediated adhesion of T cells to smooth muscle cells
(Lazaar et al. 1994; Purt et al. 1995).

Another hint for the functional relevance of the interaction between the
cytoplasmic tail of CD44 and ERM family members comes from recent preliminary
studies in our laboratory on the relationship between merlin and CD44. In primary
Schwann cell and smooth muscle cell cultures, there is at least a weak interaction
between CD44 and merlin (SHERMAN et al., unpublished). Interestingly, in humans,
mutations in the NF2 gene typically result in either solitary or multiple benign
Schwann cell tumors in which the merlin protein is nonfunctional. We have shown
that these tumors as well as experimentally induced rat schwannomas express
multiple splice variants of CD44 (SHerMAN et al. 1995). Furhtermore, in these rat
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Schwann cell tumor lines, wild-type human merlin can significantly reduce CD44
expression. Although these observations do not prove that merlin can regulate
CD44 expression by binding to CD44, it does indicate that a functional link
between these proteins is likely to exist. As one possibility, therefore, we are
pursuing the idea that merlin may mediate an autoregulatory function of CD44.
Perturbing such a function could conceivably lead to aberrant CD44 expression,
such as that seen on schwannomas and numerous other tumors.

4 CD44 Proteins in Development

As mentioned above, CD44 proteins are found in a variety of normal tissues
throughout life (reviewed by Ruiz et al. 1995). A number of recent immunohis-
tochemical and RT-PCR data have shown that both standard.and variant CD44
proteins are widely expressed during mouse (WHEATLEY et al. 1993), rat (WIRTH
etal. 1993}, and human embryonic development (TerrE et al. 1994a; CampBELL et al.
1995). Collectively, these data indicate that CD44 proteins are expressed from the
onset of embryogenesis in both embryonic and extraembryonic (e.g., placental
stromal cells) tissues, that certain splice variants have restricted patterns of
expression, that this expression often persists through adulthood, and that CD44
expression does not necessarily correlate with sites of HA-dependent morpho-
genesis (WHEATLEY et al. 1993; Terpe et al. 1994a). Furthermore, although it has
been suggested that CD44 expression is somehow associated with the functions
of instructive epithelia (WHeATLEY et al. 1993), numerous tissues which do not fall
into this category also express CD44 isoforms. It is likely, therefore, that the
functions of particular CD44 proteins will depend highly on where they are
expressed.

Given the complexity of the pattern of CD44 expression during development,
the mechanisms employed by embryos to regulate CD44 expression and splicing
will be difficult to elucidate. One way to study this question, however, is to
examine CD44 expression during the differentiation of embryonic stem {ES) cells.
Using the totipotent D3 mouse ES cell line, HAeGEL and coworkers {1993} have
found that these cells initially do not express detectable amounts of CD44
proteins, although they do express a limited number of CD44 transcripts. Follow-
ing differentiation, however, a subpopulation of CD44-positive cells were identi-
fied, and additional RNA transcripts could be found, including some splice
variants. Since ES cells can be induced to differentiate into various combinations
of phenotypes, this system should provide a means by which to study the
molecular basis of developmentally regulated CD44 promoter activity and splicing.

So far, it has been possible to relate specific CD44 isoforms to defined
developmental processes in only a limited number of cases. One example can be
found in the mammalian optic chiasm, an X-shaped pattern of axons formed by
projections from retinal neurons as they enter the brain laterally from opposite
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sides of the ventral diencephalon. While some of these retinal axons cross the
midline of the chiasm, others turn away and grow into the ipsilateral tract. A
population of neuronal cells in the optic chiasm appear to be decisive in directing
the paths of these axons. In mice, these cells carry both L1, an axon growth-
promoting molecule, and CD44s (SreTavan et al. 1994). In fact, the CD44s protein
defines the midline of the optic chiasm during ipsilateral and contralateral axon
pathfinding. When retinal explants were grown on collagen gels seeded with
CD44-positive fibroblast membrane fragments, they extended neurites poorly
compared to explants grown in the presence of CD44-negative membranes. This
effect could be partially blocked by CD44 antibodies (SreTavan et al. 1994). These
data are consistent with the notion that CD44 has an axon growth-inhibiting
function, which might influence the decision of retinal axons to cross or not to
cross the chiasm midline. These data also raise the possibility that CD44 may
somehow mediate axon growth that is stimulated by L1.

Interestingly, we have recently found that Schwann cell precursors express
splice variants of CD44 as they differentiate from multipotential neural crest celis.
(SHERMAN et al., unpublished results). Schwann cells come into close contact with
neurons during peripheral nerve development and provide the myelin sheaths that
wrap around axons. Although the functional consequences of CD44 variant
expression by these cells are not known, we have found that late Schwann cell
precursors and mature Schwann cells express only standard CD44 (SHERMAN et al.
1995). Like the neurons in the optic chiasm, these more differentiated Schwann
cells also express L1. Itis intriging to speculate, therefore, that CD44 may function
similarly in the midline of the optic chiasm and in Schwann cell-neuron or Schwann
cell-Schwann cell contact during peripheral nerve morphogenesis.

Another place where we have found a functional role for a CD44 protein is
during limb development. By RT-PCR and whole mount immunohistochemistry,
we have determined that the full-length form of CD44 (CD44vl-v10) is expressed
in the apical ectodermal ridge (AER) of rat embryos (SHErRMAN et al., unpublished
results). This structure keeps the underlying mesenchymal cells, which express
only CD44s, in a state of proliferation and is necessary for limb outgrowth. In a rat
embryo culture system, we found that we could retard limb outgrowth by
removing the AER, treating it with an antibody that recognizes an epitope encoded
by exon v6, and then grafting it back onto the limb mesenchyme. Limb mesen-
chyme receiving AER tissue that had been treated with isotype-matched control
antibodies recognizing a different CD44 epitope grew normally. These data
suggest that the full-length form of CD44 plays a role in the growth-promoting
function of the AER.

Members of the fibroblast growth factor (FGF) family can completely substi-
tute for the AER to induce limb development in the underlying mesenchyme
(NigwanDER et al. 1993). Interestingly, one member of this family, FGF-8, is
expressed throughout the AER (CrossLey and MAaRTIN 1995) in a pattern that is
identical to CD44. As mentioned above, CD44 proteins containing exon v3
sequences can be modified with heparan sulfate (Jackson et al. 1995), enabling
CD44 to bind to heparin-binding growth factors, including FGFs (BENNETT et al.
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1995). Since the CD44 variant expressed on the AER contains exon v3 se-
guences, one possible function of CD44 in the AER might be the presentation of
growth factors to the mesenchyme. As mentioned above, however, CD44 may
also be involved in signaling pathways, and such functions shouid also be
considered in the case of limb development.

5 CD44 Epitopes in Human Cancer

It is, as mentioned in the introduction, highly likely that cancer cells acquire
invasive and migratory properties that normally play major roles in the embryo and,
in a more restricted fashion, in certain specialized cells of the adult. We have
already demonstrated that the expression of certain CD44 proteins is one such
putative property in animal modelis. We will now review data on the expression of
CD44 in human cancers. With the enormous structural and functional diversity of
the CD44 proteins, it is hard to predict which one may confer an advantage in the
metastatic process of specific human tumors. In addition, although various
metastatic pathways seem similar, human cancers result from a variety of
different heterogeneous populations of cells and it is not obvious that common
traits are to be found in all cases. Nevertheless, CD44 epitopes have been
followed through carcinogenesis and tumor progression in several cancers. We
will review examples of tumor types for which interesting correlations have been
revealed. We will first consider tumors originating from tissues that normally
express CD44 proteins.

5.1 Cancer of Tissues That Normally Express
CD44 Variant Proteins

5.1.1 Non-Hodgkins Lymphoma

CD44 is constantly expressed in circulating lymphocytes. These cells apparently
perform the steps of recirculation without the need for large CD44 splice variants,
since, in their resting state, they express only CD44s. After antigenic stimulation,
however, several larger splice variants are transiently expressed on the lympho-
cyte surface suggesting that these variants mediate a specific step different from
CDA44s (ArcH et al. 1992; Koopman et al. 1993; Mackay et al. 1994; Hirano et al.
1994). Since CD44s seems to catalyze, at least indirectly, steps of recirculation
(JaLkaNEn et al. 1987), one question is whether the malignant counterparts of
normal lymphocytes, non-Hodgkin lymphomas (NHLs), utilize CD44 for their
dissemination. Indeed, it has been shown that the more aggressive NHLs carry
elevated levels of the CD44 NH,-terminal epitopes recognized by the antibodies
Hermes-3, NKI-P1, and NKI-P2 (Picker et al. 1988; HorsT et al. 1990; Joensuu et al.
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1993: STAuDER et al. 1995). The current histological definitions of low grade and high
grade NHLs very coarsely predict the clinical features of the disease. Low grade
NHLs disseminate and invade tissues less than high grade NHLs that aggressively
infiltrate various organs and terminate life within 1-2 years. It would be desirable
to have criteria available that could better predict clinical outcome (see review by
SHipp 1994). Despite the presence of CD44 NH,-terminal epitopes (present on all
known CD44 proteins) on normal lymphocytes, their increased levels paralleled
poor prognosis (HorsT et al. 1990; Stauper et al. 1995). This relationship was
considered insignificant in another study (Fusiwara et al. 1993). The reason for this
discrepancy could be that it is not the overall level of CD44 proteins but rather an
altered splice pattern which determines NHL behavior.

Using antibodies specific for epitopes encoded by variant exons, a more
persuasive relationship between CD44 expression and NHL prognosis has been
revealed. High grade NHLs carry larger CD44 variants, similar to those found in
activated lymphocytes (Koopman et al. 1993; SALLES et al. 1993; Terpe et al. 1994b;
STAUDER et al. 1995). Epitopes encoded by both exon v6 and exon v3 were most.
consistently related to aggressive NHL behavior (Koorman et al. 1993; STAuDER
etal. 1995). In a recent extensive study of 138 patients, the expression level of total
CD44 and the expression of exon v3 and v6 correlated with poor overall survival
(STAUDER et al. 1995). CD44v6 proved to represent an independent prognostic
factor (Stauper et al. 1995). Interestingly, exons v3 and v6 are also coexpressed
after lymphocyte activation (Hirano et al. 1994; STauper et al. 1995). Aggressive
NHLs may share properties with activated lymphocytes and this notion has led to
various hypotheses on the molecular action of these CD44 isoforms. It is likely
that activated lymphocytes as well as CD44 variant expressing tumor cells such
as NHLs enter lymphatic tissues through the same route, the afferent lymphatic
vessels, and CD44v3/v6 exon containing variants may promote entry into and/or
expansion in lymphatic tissue (HermuicH et al. 1993b). In any case, these data
suggest that CD44 immunohistochemistry may provide valuable information in
determining the diagnosis and prognosis of NHLs.

5.1.2 Cervical Cancer

Normal keratinizing epithelia such as external skin, oral mucosa and cervical
mucosa express large CD44 splice variants. Analysis of several cell lines derived
from skin keratinocytes have suggested that the predominant CD44 protein
carries sequences of exons v3 to v10 (HorFmann et al. 1991). Uterine cervical
mucosa, however, does not express CD44v3-v10. By RT-PCR no product of the
appropriate size was detected (DaLL et al. 1994); rather, smaller mRNAs have
been observed, corresponding to CD44 v3-v7 and CD44v8-v10. This finding
matches the absence of an epitope that is jointly encoded by exons v7 and v3 (and
recognized by mAB VFF17). Interestingly, during carcinogenesis the expression
pattern apparently changes. RT-PCR analysis demonstrates that, in tumor mate-
rial, a larger CD44 RNA is expressed, presumably comprising exons v3 to v10.
Furthermore, these cells become positive for the v7/v8 epitope. While only four
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of 21 samples of low grade squamous intraepithelial lesions were positive for the
VFF17 epitope, the frequency increased to 17 of 35 high grade squamous
intraepithelial lesions (DaALL et al., unpublished results). All samples of carcinoma-
in-situ and all samples of invasive carcinoma were positive for the v7/v8 epitope.
These data suggest that the VFF17 antibody may be a useful marker for precan-
cerous stages of cervical cancer that is suitable for early diagnostic screening.

5.1.3 Neuroectodermal Tumors

Neuroblastomas are tumors of neural crest origin that develop during childhood.
Anumber of recent studies have shown that most high grade neuroblastomas do
not express any CD44 proteins, that low grade tumors tend to express CD44s but
no splice variants, and that the expression of CD44s predicts an increased survival
probability (FavroT et al. 1993; ComBARET et al. 1995; Gross et al. 1995; CRISTIANSEN
etal. 1995). The expression of CD44 by these tumors seems to correlate with the
differentiated state of the tumors: S-type neuroblastomas, which have Schwann
cell-like characteristics, express CD44 while N-type, which have more neuronal
characteristics, do not (Gross et al. 1994). Interestingly, neither premigratory nor
migratory neural crest cells express CD44 proteins (WHEATLEY et al. 1993; L.SHERMAN,
unpublished results). When neural crest cells are allowed to differentiate in vitro,
however, a subpopulation becomes positive for both CD44s and at least
some splice variants (L. SHERMAN, unpublished results). Neural crest-derived neu-
rons never appear to express CD44 (SHerMaN et al. 1995). It is likely, therefore, that
at least some of the cells among this CD44-positive crest-derived subpopulation
are precursors of Schwann cells, which, as mentioned above, are known to
express CD44. These data are consistent with the notion that the state of
differentiation in neuroblastomas and the likely prognosis are reflected by CD44
expression.

A number of other neural crest-derived tumors have also been shown to ex-
press CD44 and CD44 splice variants including schwannomas and neurofibromas,
in which the significance of the expression has yet to be examined (SHErRMAN et al.
1995; SHERMAN et al., unpublished), and melanomas, in which, as mentioned
above, CD44 may provide some advantages in tumor cell growth (BircH et al.
1991; Guo et al. 1994). Additional neuroectodermal tumors that express at least
CD44s include glioblastomas, astrocytomas, and medulloblastomas (NAGASAKA
etal. 1955; Li et al. 1993; RaboTrA et al. 1994; EiBL et al. 1995). The expression of
CD44s by these tumors may reflect the expression by their normal counterparts,
since both astrocytes and some oligodendrocytes typically express CD44s
(Moretro etal. 1993). In gliomas, experimental data indicate that CD44 may mediate
tumor cell adhesion and invasiveness (MEeRzak et al. 1994; RapoTRA et al. 1994). It
remains to be shown whether this is also true for other tumors of the central
nervous system. There are conflicting reports as to whether some of these
tumors may also express splice variants of CD44 (LI et al. 1993; Rapotra et al.
1994; EisL et al. 1995). Although the significance of CD44 splice variant expression
by these tumors is also not known, it is interesting to note that metastases into
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the brain by tumors of other origins have been shown to express CD44 variants
(Lietal. 1993).

5.2 Cancer of Tissues That Normally Do Not Express
CD44 Variant Proteins

5.2.1 Mammary Carcinoma

Several markers have been described that are thought to predict the course of
breast cancers following removal of the primary tumor. These markers include the
epidermal growth factor receptor (SainsBURY et al. 1987), erbB2 amplification
(Bercer et al. 1988), expression of tissue plasminogen activator (VESPAGET et al.
1995) and of cathepsin D (SesHaDRI et al. 1994), reduced levels of thrombospondin
(ZABRENETZKY et al. 1994}, and numerous others. The diagnostic and prognostic
value of some of these markers, however, is still being investigated, and it is clear
that additional markers are needed. Several laboratories have reported on the:
occurrence of CD44 in breast cancer. It is difficult, however, to compare these
data since methodologies and materials differed substantially in each case. The
results of these studies, therefore, will remain controversial until larger series of
patients have been screened using standardized procedures.

Careful examination of ductal epithelium has revealed that normal epithelium
does not express CD44. Only myoepithelium surrounding the ductal epithelium
carries larger CD44 isoforms comprising exons v3 through v10 (Fig. 2). The initial
studies done by RT-PCR could not resolve this point (Matsumura and TariN 1992).
The data are, however, consistent. Using sections from tumor patients and 30
cycles of RT-PCR with primers from outside the v exon region, one report found
CD44s RNA expression in normal breast tissue of a magnitude resembling that in
peripheral blood leukocytes (MatsuMura and TaRIN 1992). It is, of course, not
possible to discern which cells express CD44s using this method. Under condi-
tions in which tumor samples were strongly positive for material hybridizing to
exon vb and v6 sequences, normal breast tissue showed no v5 or v6 expression.
This result has been confirmed using 25 cycles of RT-PCR (DaLL et al. 1995).
Samples from normal breast tissue, however, contained mRNA hybridizing to
exon sequences v8, v9 and v10. A more informative analysis can be performed
with immunohistochemistry since the cell types can be defined. Prominent
surface staining with CD44v6 epitope specific antibodies was found in fresh
samples of normal myoepithelial cells (Fox et al. 1993; Terre et al. 1994a; DALL
et al. 1995; Fig. 2). This expression has obviously escaped the RT-PCR analysis.
Normal epithelial cells and benign tumors could be stained neither with polyclonal
variant exon region antibodies nor monoclonals recognizing exon v6 epitopes (Fox
et al. 1993; SINN et al. 1995; DaLL et al. 1995). An example is shown in Fig. 2. In
the middle of the picture there is a normal mammary duct showing strong staining
of the myoepithelial cells and no staining of the underlying epithelial cells with a
CD44 exon v6 specific antibody. On the upper side there are invasive tumor cells
that also stain with the antibody. As in many sections of human tissues, stromal
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Fig. 2. Immunohistochemical staining of normal mammary ducts and tumor cells with CD44 exon v6-
specific monoclonal antibodies. A frozen section of a mammary tumor was fixed in ice-cold methanol
followed by ice-cold acetone treatment, washed in PBS and preincubated with goat serum (10% in
PBS). The section was then washed another three times followed by incubation with the CD44 exon
v6 specific antibody VFF18 (Bender and Co. GmBH, Vienna, Austria). Secondary antibody treatment
and peroxidase staining was performed according to standard protocol (see, e.g., HEIDER et al. 1993)

cells are strongly positive for NH,-terminal epitopes, supporting the conclusion
that CD44s is expressed in stroma. Immunocytochemical analyses are semi-
quantitative and need, of course, to be done under strictly defined conditions.
This may make comparisons between laboratories difficult (Mackay et al. 1994).
Immunohistochemistry has, however, the great advantage of demonstrating in
which cells an epitope is expressed.

Mammary malignancies were found to react with a pan-CD44 antibody at
higher proportions with increasing degrees of tumor progression (invasiveness,
estrogen receptor negativity) (JoENsuu et al. 1993). Immune reactivity to CD44
variant exon sequences including CD44v6 epitopes was convincingly associated
with breast cancer metastases (100%) and some of the primary tumors (70%)
{SINN et al. 1995; KaurmManN et al. 1995; DaLL et al. 1995). Furthermore, immune
reactivity to CD44 exon v6 epitopes matches observations obtained by RT-PCR
{(MatsuMuRA and TARIN 1992).

In & study of 136 patients with primary breast cancer, the presence of
CD44v5 and v6 epitopes (but not v7/8; v8 and v10) correlated with poor overall
survival (p=0.05). Multivariate analysis revealed significant independence of
CD44v6 from the progesterone receptor (PR) status (PonTa et al. 1995; KAUFMANN
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et al. 1995). Unpublished data from another laboratory (FRIEDRICHS €t al., cited in
GuTHERT et al. 1995), however, have not revealed significant correlations between
CD44 and breast cancer patient survival. The different findings of these studies
may be due to the tumor samples, since the former collection contained relatively
advanced tumors (average diameter 3.5 cm) while FrieDrICHS and coworkers may
have examined earlier stages. These discrepancies need to be settled by exam-
ining tumors in a larger and more standardized patient series.

5.2.2 Colorectal Cancer

Enormous progress has been made during the past few years in understanding
colorectal carcinogenesis. Part of the reason for this advance is due to the
characterization of human mutants with elevated cancer risk: hereditary polyposis
coli and nonpolyposis colorectal cancer syndromes (VOGELSTEIN and KINZLER 1993).
The colorectal mucosa is thought to be exposed to numerous carcinogenic agents
whose effects accumulate over time. Mutant cells that arise under these condi-
tions have no chance of surviving unless they escape the rapid shedding from the
tips of the villi. Such "escapees"” make themselves known in the form of intra-
mucosal hypertrophies, adenomas (polyps) of various thickness, and as colorectal
carcinoma. Cancer often originates from the polyps, and histological features
permit one to order precancerous and cancerous lesions in a scheme of increas-
ing malignancy. These stages in colorectal carcinogenesis are molecularly charac-
terized by the frequency of mutations found in APC, Ki-ras, p53 and DCC (FEaRON
and VoGeLsTEIN 1990; VogeLsTEIN and KinzLER 1993).

Normal colorectal mucosa carries little CD44 protein. Using an antibody that
recognizes the CD44 NH,-terminal, strong staining of submucosal tissues was
contrasted by little immunofluorescence on cells at the base of the crypts (HEIDER
et al. 1993a). Using a different monoclonal NH,-terminal antibody, a similar
correlation with the proliferative capacity of crypt cells was seen (Assasi et al.
1993). Because of the high CD44 levels in submucosal tissue, it is impossible to
decide which cell type gave rise to the CD44s RNA detected by PCR of normal
mucosa {MaTsumura and TARIN 1992). A polyclonal variant exon-specific antibody
(HeDER et al. 1993a) and a v9 exon-specific monoclonal (MAB FW 11.24; Terre
et al. 1994a) stained the base of the crypts only very weakly.

CD44 variant exon epitopes are found on mucosal cells of lesions ranging
from early adenomas to invasive cancer and metastases. There is, however, an
interesting change in epitope pattern suggesting selection for certain CD44
variant proteins. Epitopes for exons v8, v9 and v10 are observed in early aden-
omas (WIELENGA et al. 1993; FiNkE et al., cited in GUNTHERT et al. 1995). Also, exon
vb appears to be present in about 70% of early adenomas (WIELENGA et al. 1993).
The most interesting selective accumulation was seen for epitopes encoded by
exon vB: the frequency increased from essentially zero in early adenomas to about
55% in Dukes C/D invasive cancer (WIELENGA et al. 1993). It appears that epitopes
that arise early (e.g., vb) are retained throughout carcinogenesis. PCR data
obtained from colorectal tumors are compatible with these immunochemical
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findings (MaTtsumura and TARIN 1992; TanaBE et al. 1993; WieLenGa et al. 1993; Finn
et al. 1994).

Since only about half of the invasive carcinomas carry epitopes of exon v6, a
comparison of the expression of exon v6 with the clinical outcome has been
performed. Some 68 patients with primary colorectal carcinoma who had been
operated on between 1983 and 1986 entered this first study. Patients with tumors
of the category zero expression or low (below 10% of the cells) had significantly
better overall survival probability {(p=0.002) than those with tumors with strong
expression levels. Patients with tumors of an intermediate category survived with
a probability between the two extremes (SLEeman et al. 1995; MuLDEr et al. 1994).

5.2.3 Other Cancers

Forrenal cell cancer and gastric carcinoma we refer to the review by GUNTHERT and
coworkers (1995). Many other types of cancer are currently being studied.
Unfortunately, most of the published data often address findings with tumor cell
lines or report only very few cases. While these studies may suggest interesting
correlations, large-scale examinations will be necessary before any general
conclusions about CD44's role in a particular type of cancer can be drawn. A selected
bibliography of some of these studies may guide the interested reader: Mackay
etal. 1994; East et al. 1993; Penno et al. 1994; JacksoN et al. 1994; CHAUDHRY et al.
1994; CuLty et al. 1994; MaveRr et al. 1993; SaLmi et al. 1993; HeDER et al. 1993b;
RosenBeRG et al. 1995; WasSHINGTON et al. 1994.

6 Concluding Remarks

The CD44 proteins appear to be part of the program of tumor progression in
several animal and human cancers. Their detection, especially by immuno-
histochemistry, will likely become part of the clinical evaluation of many tumors.
The data we have reviewed here, for example, strongly suggest that certain
CD44 epitopes can serve as early diagnostic markers in colorectal (v5) and cervical
(v7/v8) carcinoma. Although the consequences of CD44 expression by tumor cells
is not clear in most cases, at least some CD44 proteins seem to share a proliferation-
promoting function. These and other isoforms, however, are also expressed in
various normal tissues and apparently can promote tumor metastasis via addi-
tional mechanisms (e.g.,CD44v6-v7 and CD44v4-v7 vs CD44s). Furthermore,
various biochemical differences have been detected between these proteins. Itis,
therefore, likely that the various functions of CD44 proteins are exerted in strict
dependence on ligands in the microenvironment. This would be in agreement
with the specific roles detected in mature lymphocytes, in neuronal cells of the
optic chiasm, in neural crest cell differentiation and in the AER of the developing
limb. Considering the vast diversity of putative functions attributed to this protein
family, the continued study of CD44 in both embryogenesis and cancer will
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likely lead to advances in our understanding of the process by which cells
differentiate, migrate, and metastasize.
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1 Introduction

CD44 has been implicated to act in processes such as lymphocyte homing,
hematopoiesis, tumor dissemination, lymphocyte activation, pattern formation in
embryogenesis, and inflammatory reactions. Possible explanations for the sup-
posedly multipurpose nature of CD44 include the existence of an enormous
number of isoforms and/or the potential likelihood that the role of CD44 in all
these diverse processes is not as manifold as it sounds, because we still lack
essential understanding of the function of the variant isoforms.

Many review articles and commentaries have appeared recently on CD44
(Havnes et al. 1991a; UNDERHILL 1992; GALLAGHER 1992; GUNTHERT 1993; LESLEY et al.
1993; Kincabe 1993; Kincape et al. 1993; HerrLicH et al. 1993a, b; Koopman et al.
1993a; East and Hart 1993; PaLs et al. 1993 a, b; ZoLLer and KaurMaNN 1994;
SHERMAN et al. 1994; TanaBe and Sava 1994; Tarin and MATSUMURA 1994 ISACKE
1994; Ponta et al. 1994, 1995; MoLL et al. 1994; Lazar and Purté 1995 GUNTHERT
etal. 1995; Ruiz et al. 1995; Stauber and GUNTHERT 1995; Coorer and DOUGHERTY
1995; ZOLLER 1995; SLeeman et al. 1995; including those from the current series:
SHERMAN et al. 1996; ZOLLER 1996; Sy et al. 1996; Ristamiki et al. 1996). The present
review focuses on additional aspects: Do the recent studies on correlation
between CD44 and tumor progression or inflammation provide evidence for a
functional involvement of CD44 in these processes? How does CD44 fit into the
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current view of the network of metastasis-related molecules (see the articles in
the present CTMI series and Ruiz and GUNTHERT 1995)7

2 The Structure

Although encoded by only one gene, CD44 represents a large family of molecules
which differ in primary structure (summarized by GONTHERT 1993). Not only ten so-
called variant exons can be joined in multiple combinations, but also the two
flanking standard exons (5 and 16) share in the alternative splicing process, as well
as exons 19 and 20, encoding the cytoplasmic domain (Fig. 1). In addition, two
cryptic splice sites in exons 3 and 10 of the variant region (exons 8 and 15,
respectively, counting contiguously) may still enlarge the variability of the iso-
forms. In theory the sum of the possible exon combinations easily exceeds 1000,

Fig. 1. Organization of the CD44 exons. The nomenclature above the exons represents the conti-
guous numbering from 1 to 20, while the numbers below the exons indicate the difference between
the standard (s1-10) and the variant (v1-v10) region. Striped boxes, encoding of the standard or
hematopoietic form of CD44; gray boxes, the alternatively spliced isoforms. Square pattern, leader
peptide. Arrowheads, additional splice sites in the standard region and some cryptic splice sites;
Striped lines, potential chondroitin sulfate side chains; small squares, heparan sulfate side chain in
exon v3. The attachment sites for chondroitin sulfates in exon s5 (5') and in s7 (3') are conserved in
humans, rats, and mice, as well as the site for attachment of heparan sulfate in exon v3. The other sites
are present only in humans (s5:3', s6, and v10:3') or in mice and rats (v10:5' and s7:5'). The H-blood
group antigen in exon v6 is shown as a tree structure; presence has been demonstrated only in rats.
Exon v1 (or 6 when contiguously counting) is not expressed in humans due to a stop codon, but is in
rats and mice
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surpassing in complexity even the potential variations of the integrin family
(Diamonp and SpriNGer 1994). While the substrate specificity of the integrins is
mediated by dimerization between one of the already identified 15 o subunits with
any one of the 8 subunits, all of which are encoded on different genes, the CD44
complexity is apparently generated more efficiently by alternative splicing of not
more than 13 variably expressed exons. As with the integrins, however, only a
limited number of combinations have been identified for the CD44 isoforms, not
more than 100 at present. Analysis of exon combinations with reverse trans-
criptase polymerase chain reaction (RT-PCR) has revealed distinct combinations
in correlation to specific physiological states of the cells analyzed (Ruiz et al. 1995;
STAUDER and GONTHERT 1995; SHErMAN et al. 1996; Z6LLEr 1996).

To increase the complexity of the CD44 family even more, the primary
structure is modified with various glycans, such as N-and O-linked glycosylations,
chondroitin, and heparan sulfate side chains {(Coorer and DouGHerTY 1995). Cell
type specific differences in modification have been observed (Brown et al. 1991;
Hormann et al. 1991). Variable glycosylation of the standard region regulates the
interaction with hyaluronan such that the presence of complex sugars can inhibit
ligand binding (KaToH et al. 1995; LEesLey et al. 1995). In addition to several more
N-and O-linked sugars, the variant region has been shown to carry H-blood group
antigens on vB, heparan sulfate side chains on v3, and presumably chondroitin
sulfate side chains on v10 (GUNTHERT 1993; LABARRIERE et al. 1994; JAcksoN et al.
1995). The association of growth-and angiogenesis-promoting factors such as
basic fibroblast growth factor (b-FGF) and heparan-binding epithelial growth factor
(HB-EGF) with heparan sulfate side chains of v3-containing isoforms (BennetT et al.
1996) clearly indicates functional implications of the variant region. In clear cell
renal cell carcinomas the presence of v3-containing isoforms (CD44v3,v8-v10) is
highly correlated with advanced grading stages (TerrE et al. 1995b). In line with
these data is the observation that an increased amount of bFGF in the serum of
patients with renal cell tumors is correlated well with tumor stage and poor
survival (FusmoTo et al. 1991; Nanus et al. 1993; Ncuven et al. 1994). Secondary
modifications of the primary structure and their ability to capture factors and
present them locally at a high concentration (Tanaka et al. 1993) is definitely an
important feature of some of the CD44 isoforms. Depending on the nature of the
factors the presenting isoforms may promote growth and angiogenesis (in tumor
progression and embryogenesis), activation of integrins (in lymphocyte homing),
and repair processes (in tissue regeneration and inflammation).

Recent cell mixing studies of transfected murine lymphoma cells suggest
that homotypic aggregations are possible between cells expressing CD44v8-v10
containing isoforms (DroLL et al. 1995). The region involved probably spans exon
v10 and parts of the standard sequence, which is distinct from the hyaluronan
binding'region (DroLL et al. 1995). Furthermore, human keratinocytes are able
to adhere to rat pancreatic carcinoma cells transfected with CD44v4—v7
forming adherens junctions between them (Hubson et al. 1995). Since keratino-
cytes express predominantly CD44v3—v10 (Hormann et al. 1991), homotypic
interactions between 4v—v7 regions may also be possible. Why this presumable
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interaction between variant regions can be blocked with hyaluronan and hyaluro-
nidase (Hubson et al. 1995) although the hyaluronan binding regions are confined
to the standard sequence (YanG et al. 1994; PeacH et al. 1993) needs further
evaluation.

Deletions of the cytoplasmic domain abrogate binding to hyaluronan
(PerscHL et al. 1995). When the transmembrane region of CD44 (without the
cytoplasmic domain) is replaced by that of the CD3{ chain, which mediates
homodimerization via intermolecular disulfide bonds, hyaluronan binding is
restored (PerscHL et al. 1995). Thus the cytoplasmic tail may be necessary for
clustering CD44 on the surface of cells, thereby increasing the ability to bind
hyaluronan or any other ligand.

In summary, the CD44 glycoprotein family represents many isoforms differ-
ing not only in primary structure but also in their posttranslational modifications.
These differences are most likely responsible for the heterogeneity in function.

3 CD44 in Tumor Progression

Most of the studies on CD44 isoform expression have been carried out with cell
lines and tumor material without clinical follow-up (summarized in this series by
ZOLLER 1996; SHERMAN et al. 1996). The following deals only with those studies in
which expression of CD44 isoforms is correlated with the survival data of patients
(see also GUNTHERT et al. 1995).

Gastric carcinomawas the first tumor entity to be analyzed for the expression
of CD44 variant isoforms, in particular for v9-containing variants (Maver et al.
1993). While normal mucosa does not express CD44, the presence of CD44v9 is
significantly correlated with distant metastases and, in curatively resected pa-
tients, with tumor recurrence and increased mortality. Remarkably, in atrophic
gastritis and intestinal metaplasia (precancerous lesions), an intense leukocyte
infiltrate is strongly associated with CD44v9 positivity (MAYer et al. 1993). The
following section returns to these observations. The two major histological
subtypes, intestinal- and the diffuse-type carcinomas, display distinct expression
patterns for CD44, significantly more of the intestinal- type than of the diffuse-type
carcinomas are positive for CD44s and CD44v6 (HonG et al. 1995a). However, the
presence of CD44 in intestinal-type carcinomas is not correlated with adverse
prognosis for the patients. In diffuse-type carcinomas, although the presence of
CD44v6-containing isoforms indicates a strong incidence for infiltrative tumor
growth and lymph node involvement, it unexpectedly is not correlated with poor
survival {Hong et al. 19956a). Chronic inflammation and intestinal metaplasia are
often found in intestinal-type gastric carcinomas, in conjunction with elevated
CD44 expression levels (Maver et al. 1993). Although v6-containing isoforms
were not analyzed in the earlier study, it is likely that most of the v9-positive
carcinomas are also positive for v6. Why prognosis is correlated only with the
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presence of v9-containing isoforms and not with those containing v6 still requires
clarification.

Since CD44 isoforms are involved in leukocyte development and activation,
it was reasonable to analyze CD44 expression in non-Hodgkin’'s lymphomas
(NHL) because these represent the neoplastic image of leukocytes arrested at
certain stages of activation and maturation (STaubper and GUNTHERT 1995).
Immunchistochemical analyses reveal a poor prognosis for patients expressing
elevated levels of CD44s as well as de novo expression of CD44v3 and CD44v6
{STAUDER et al. 1995). By RT-PCR presence of v6-containing isoforms in conjunc-
tion with other variant exons are detected exclusively in aggressive high-grade
malignant NHL and are shown to be associated with a shorter overall survival of
the patients. Multivariate analyses, moreover, establish v6 positivity as a new
independent prognostic parameter in high-grade NHL compared to the risk
groups defined by the INTERNATIONAL NON-HODGKIN'S LYMPHOMA PROGNOSTIC FACTORS
ProJecT (1993). While in 97 cases of low-grade NHL only one was weakly
positive for CD44v6 (Stauper et al. 1995), another study described preferential
expression of v6 in low-grade lymphomas (Ristaméiki et al. 1995). The vB-positive
cases similarly have a poorer prognosis than the negative ones, but survival data
are not stratified into histological subclassification to indicate whether high- or
low-grade v6-positive cases have a worse prognosis (Ristamakl et al. 1995). Two
other, nonclinical studies demonstrate v6 positivity exclusively in high-grade
NHL (Koorman et al. 1993b; TerrE et al. 1994b). The reason for the differences in
assessment of CD44v6B-positive cases may be a bias in the RistamAk study
(1995) concerning the classification into the subgroups of low-and high-grade
NHL.

CD44 variant isoforms have also been detected in patients with multiple
myeloma (STAUDER et al., submitted). The presence of larger isoforms exhibit-
ing combinations of various exons from the variant region and the upregulation of
v9-containing isoforms is correlated with unfavorable clinical presentation
(StauDeR et al., submitted).

Conflicting data have emerged in the study of colorectal cancer. In an analysis
of 68 patients with carcinoma of Dukes' B and C stages presence of CD44v6 is
associated with poorer outcome of the patients (MuLDEr et al. 1994). Using the
same antibody, another group found no correlation between v6 expression and
prognosis in 180 patients (Koretz et al. 1995). Furthermore, no correlation
between v6 positivity and the presence of metastases was demonstrated; most
of the distant metastases analyzed exhibited downregulation of the CD44v6
expression in comparison to the primary tumor (FINKE et al. 1995; FINkE et al.,
submitted). However, the downregulated expression in distant metastases does
not imply that CD44v6-containing isoforms are not involved in invasion and
metastatic spread of cells from the primary lesion. Upregulation of CD44v6 is an
early event in colorectal carcinogenesis, detectable as soon as the first genetic
changes become evident (FINKE et al., submitted). Thus, increased expression of
mutant p53 protein is correlated significantly with the upregulation of CD44v6
isoforms during tumor progression (MuLper et al. 1995). While in early, preinvasive
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stages CD44v6 expression is upregulated, the functional significance of these
isoforms may possibly be achieved only when other metastasis-related mol-
ecules are either gained or lost in function.

Evaluation of CD44v6 expression in primary breast cancer has also revealed
controversial data. While Kaurmann and colleagues (1995) described reactivity for
CD44v6 isoforms as an indicator for adverse prognosis in 91 patients, but another
study on 227 cases detected no correlation of v6 reactivity to survival (FRIEDRICHS
etal. 19953, b). The latter data are further substantiated by other clinical studies on
270 more cases (FRIEDRICHS et al. 1995a). Although for better comparison identical
antibodies were used, the data remain contradictory. These inconsistent data are
not restricted to the tumor material but extend to the evaluation of CD44v6
expression in normal breast epithelium. This ranges from lack of expression
(Kaurmann et al. 1995) to positivity only in the myoepithelia (DALL et al. 1995;
SHERMAN et al. 1996) to expression in myoepithelia and ductal epithelia, although
in the latter only focally (FRIEDRICHS et al. 1995a; FRANKE et al., in preparation). Ductal
epithelia are generally the origin of neoplasia in the breast.

The patient populations evaluated may have been influenced by a bias
concerning the distribution of risk factors, such as an overpresentation of younger
patients with advanced stages of disease (Kaurmann et al. 1995). Such a bias can
have a strong effect on the outcome of the analysis and can be overcome only by
evaluating much larger cohorts, representing a standard distribution of clinical
parameters.

Although not substantiated by clinical data, the analysis of renal cell tumors
(clear cell carcinomas, chromophilic and chromophobe cell carcinomas, oncocy-
tomas}) is included in this survey because the histopathological evaluation accord-
ing to WHO standards (THOENESS et al. 1986) is correlated very well with clinical
prognosis (STORKEL et al. 1989). A significant increase in expression of CD44v6 and
CD44v9-containing isoforms in the course of tumor progression from G1 to G3
stages has been observed in clear cell and chromophilic cell carcinomas (TERPE
etal. 1995b). While these tumors arise from the proximal ducts, oncocytomas and
chromophobe cell carcinomas originate from the collecting ducts (THOENES et al.
1986). The benign oncocytomas are negative for all CD44 isoforms, whereas the
invasive chromphobe cell carcinomas are strongly positive for v6- and v9-containing
isoforms (TErPE et al. 1995b). An analysis of exon compositions expressed in G3
clear cell carcinomas by RT-PCR indicated preferential presence of v8-v10 and v3,
v8-v10, and v6-containing isoforms, as opposed to G1 tumors (TErRPE et al. 1995b).

Increased levels of bFGF in the serum of patients with renal tumors are
correlated with poor prognosis (FusmoTto et al. 1991; NaNus et al. 1993; NGUYEN
et al. 1994). Interestingly, the recently described presentation of the angiogenesis-
inducing factor bFGF on CD44v3-containing isoforms (BENNETT et al. 1995) is
correlated well with the increased propensity of G3-stage renal tumors to invade
and metastasize. Another noteworthy observation is that most of the G1 cases,
which are positive for v6 RNA but do not express v6 protein on the tumor cells
show a strong leukocyte infiltrate. The positive reaction for v6 in RT-PCR thus
reflects v6-positive activated leukocytes and not tumor cells. The correlation
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between inflammation and the presence of v3- and v6-positive leukocytes and
their possible functional implications for tumor progression is discussed in the
following section.

CD44v6 expression has also been studied in urothelial cancer tissues to
explore the potential prognostic value for patients’ survival (HonG et al. 1995b).
Noteworthy, the expression of CD44v6 and E-cadherin, an established tumor
suppresssor (Bracke et al. 1996), which have been evaluated concomitantly, is
similar in most of the tumors. While strong expression of both molecules is
associated with well-differentiated histology, predominantly weak to negative
expression is found in poorly differentiated, invasive tumors (Hone et al. 1995b).
Correlations between the expression of either molecule and lymph node involve-
ment or the presence of distant metastases do not reveal statistical significance.
Likewise, survival and tumor recurrence cannot be predicted in transitional cell
carcinomas when applying CD44v6 and E-cadherin specific antibodies for diagno-
sis (Hong et al. 1995b).

Studies of neuroblastoma tumors for CD44 expression have described an
inverse correlation between the classical neuroblastoma marker, MYCN, and
CD44s (ComeareT et al. 1995; CHrisTIANSEN et al. 1995; TerrE et al. 1995ba). Variant
isoforms have not been detected at any stage of the disease (Terpre et al. 1995a).
Both sets of studies indicate the presence of CD44s and the absence of MYCN as
favorable prognostic factors. However, whereas one of the studies, involving 52
tumor samples, concludes that CD44s positivity is an independent prognostic
indicator for patients’ survival (ComeareT et al. 1995), in the other study group,
analyzing 377 patients, MYCN emerged as the only relevant independent prog-
nostic factor in multivariate analyses {CHRISTIANSEN et al. 1995).

In conclusion, analysis of CD44 isoform expression in human tumor progres-
sion has not revealed concordant data so far. There is a certain trend to observe
that tumors originating from tissues which express variant isoforms before the
onset of malignant transformation, such as stratified epithelia (TErPE et al. 1994a;
Fox et al. 1994), show a downregulation of these isoforms during tumor progres-
sion. Conversely, tumors originating from variant-negative or variant-low tissues,
such as lymphomas and renal cell tumors, exhibit upregulation of variant iso-
forms. Nevertheless, changes in the expression of CD44 variant isoforms are not
necessarily independently involved in human tumor progression but may become
evident for dysplastic alterations only when other factors are concomitantly up- or
downregulated. .

Not only studies on the involvement of CD44 isoforms in human tumor
progression have revealed controversial data; analyses in animal tumor models
have also led to divergent results. The initial observation that nonmetastatic
rat pancreas adenocarcinoma cells transfected with CD44v4—v7, but not with
CD44s, gain metastatic potential was obtained with a spontaneous metastasis
assay in syngeneic animals (GUNTHERT et al. 1991). The decisive influence of the v6
region has been further substantiated by metastasis assays using CD44v6-v7
transfectants (Rupy et al. 1993) and moreover by preventing metastasis formation
with monoclonal antibodies against an epitope located in exon v6 (Semer et al. 1993).
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However, using a different animal model, CD44s transfected human Burkitt
lymphoma Namalwa cells showed enhanced local and metastatic tumor forma-
tion when injected intravenously into immune deficient nude mice (Sy et al. 1991).
This tumor formation was prevented by applying a soluble CD44s-immuno-
globulin fusion protein (Sy et al. 1992). CD44v8-v10 transfected Namalwa cells do
not promote local tumor growth and even exhibit a reduced rate of metastasis
formation (Sy et al. 1991).

This tumor model has recently been expanded by using transfectants which
express several more variant isoforms (BArToLAzz! et al. 1995). While Namalwa
cells expressing v6-v10, v7-v10, and v8-v10 containing isoforms show delayed
tumor formation when injected intravenously or subcutaneously, v3-v10 and v3,
v8-v10 transfectants exhibit extremely slew tumor growth after subcutaneous
injection but rapid development of tumors in the bone marrow following intrave-
nous injection (BartoLazzi et al. 1995). The authors explain these variations by
different degrees of shedding of the isoforms into the circulation of the mice and
by different abilities to bind to hyaluronan. The v3-containing isoforms are shed
into the medium supernatant much less than are the non-v3 isoforms and exhibit
reduced binding to hyaluronan, suggesting that the v3 region inhibits shedding
and also abrogates binding to hyaluronan (BarToLazzi et al. 1995). The v3 region is
a target for heparan sulfate side chains to which growth and angiogenesis-
promoting factors such as bFGF are bound (BENNETT et al. 1995). These novel
properties for CD44v3-containing isoforms may be pivotal in promoting bone
marrow metastasis formation.

The two animal models used to analyze the metastatic potential of CD44
variant isoforms differ substantially. While in the rat model syngeneic rat carci-
noma cells have been transfected with rat CD44 sequences, the nude mouse
model has used lymphoma cells transfected with human CD44 constructs
(GONTHERT et al. 1991; Sy et al. 1991; BarToLAzzI et al. 1995). Additionally, analog-
ous seguences in the expression constructs have not been used in either
tumor model. Although the CD44 gene is conserved between 50% and
80% in humans, rats, and mice (GUNTHERT 1993), species-specific differences
cannot be excluded in the interaction of the isoforms with their potential ligands.
Further analyses in syngeneic animal model systems preferably employing dis-
tinct transfectants should be performed. Regions of importance may be subjected
to refined analyses by in vitro mutagenesis.

4 CD44 in Inflammatory Processes

Evidence is increasing that CD44 variant isoforms are functionally involved in
inflammatory processes. Inflamed tissue is infiltrated by activacted lymphocytes,
which upregulate the expression of many cell surface molecules, among them
CD44 variant isoforms (STauber and GUNTHERT 1995; STAuDER et al. 1995).
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In rheumatoid arthritis, an autoimmune disease, levels of soluble CD44 in
synovial fluid are increased in relation to the degree of inflammation (HAYNES et al.
1991b). Expression of surface CD44 is strongly increased on synovial fluid
lymphocytes compared to peripheral blood lymphocytes (KeLLEHER et al. 1995).
Not only CD44 is increased but also hyaluronan in the inflamed joints. In @ murine
model of arthritis treatment with anti-CD44s antibodies rapidly reduces tissue
swelling and leukocyte infiltration, which are the two major components of
inflammation (Mikecz et al. 1995). Treatment with anti-CD44 antibodies abrogates
the highly increased levels of soluble CD44, of which at least two apparently
variant isoforms have been detected in the synovial fluid (Mikecz et al. 1995).
Although the antibody used (IM7) also inhibits the accumulation of hyaluronan in
the joints, it cannot block the interaction betwen CD44 and hyaluronan because it
does not interfere with the hyaluronan binding region (ZHEnG et al. 1995). Thus
CD44 function in rheumatoid inflammation may relate to distinct properties of the
infiltrated leukocytes and the inflamed synovial cells, in addition to the CD44-
hyaluronan interaction. Various cytokines secreted by activated infiltrating lym-
phocytes during inflammatory processes are known inducers of CD44 variant
isoforms (HaeGeL et al. 1993; Mackay et al. 1994).

Inflammatory bowel diseases manifest with specific immune abnormalities,
including autoimmune disorders. In ulcerative colitis the expression of v3- and
v6-containing CD44 isoforms is highly increased in the epithelial cells of the
crypts, the main focus of the inflammation (RosenserG et al. 1995). The upregu-
lation is restricted to the inflamed area; more distal regions without signs of
inflammation are negative for v3 and v6 immunoreactivity. Other inflammatory
colonic diseases, such as Crohn's disease, radiation colitis, infective colitis, and
coeliac disease, do not show the upregulation of v3 and v6 isoforms (ROSENBERG
etal. 1995). It remains to be clarified which specific conditions in ulcerative colitis
lead to the induction of variant isoforms. Although the strong expression of CD44
variant isoforms on the inflamed crypt epithelium identifies this tissue as the
principal target of the immune-mediated inflammation, the role of the infiltrating
lymphocytes in this area has not been addressed so far.

Disruption of the interleukin (IL)-2 genes by gene targeting has unexpectedly
generated mice with ulcerative colitis (SabLack et al. 1993). Similar phenotypes
evolved in T cell receptor (TCR)-a,, TCR-B, TCR-B x 8, and class |l major histo-
compatibility complex mutant mice, as well as in mice with a disrupted IL-10
gene (reviewed in StroBer and EHRHARDT 1993). The phenotype of these gene-
targeted mice suggests that chronic intestinal inflammation is a result of specific
immunological defects, such as a dysregulted B cell activity leading to the
production of auto-antibodies against gut constituents. The gut infiltrating T cells
in IL-2 deficient mice are not only greatly increased in number but are highly
activated and proliferative (SabLack et al. 1993). These T cell abnormalities
manifest preferentially as chronic, noninfectious intestinal inflammation. It is
tempting to speculate that the infiltrating T lymphocytes in human ulcerative
colitis upregulate CD44v3- and CD44v6-containing longer isoforms, resulting in an
impaired interaction with B cells.
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In the analysis of gastric mucosae, expression of CD44 variant isoforms,
particularly those containing v9, is strongly associated leukocyte infiltration
{Maver et al. 1993), as outlined in the previous section. Whether this inflammatory
reaction is the predisposition for neoplastic metaplasia of the epithelium requires
further investigation. All patients showing dysplasia associated with ulcerative
colitis have mild to moderate inflammation and exhibit v6 positivity in the
dysplastic area (RosengerG et al. 1995).

Although only a preliminary study, the observation that CD44 variant isoforms
are upregulated during the alloimmune response in rejecting renal tissue of sheep
should be noted (Krishnan et al. 1995). The same, as yet not further characterized
isoforms can also be induced in vitro by concanavalin A stimulation of peripheral
blood mononuclear cells. Lymph draining of the allograft contains increased levels
of interferon-y and infiltrating lymphocytes express concomitantly the larger
isoform (KRisHnaN et al. 1995).

While in the normal bronchial epithelium CD44s-and CD44v9-containing
isoforms are moderately expressed, considerably more. have been found in
asthmatic epithelium (Lackie et al., submitted). The increased expression of CD44
isoforms is confined to areas of epithelial damage, supporting the view that higher
levels of epithelial damage and repair processes are associated with asthmatic
disease. CD44 may play a significant role in the inflammatory and repair processes
of the asthmatic epithelium (Lackie et al., submitted).

In summary, the most recent data on the involvement of CD44 variant
isoforms in inflammatory processes point out the apparent importance of this
family of adhesion molecules in immunological disorders such as autoimmune
diseases and lymphocyte activation processes. Whether distinct CD44 variant
isoforms are directly involved in lymphocyte interactions must await refined
analyses, such as gene targeting of specific exons from the variant region.

The initial infiltration by activated lymphocytes into areas of inflammation and
the secretion of cytokines and other growth-/angiogenesis-inducing factors may
start the upregulation of variant CD44 isoforms in the surface epithelium. When
this upregulation becomes constituent, i.e., alternative splicing of the CD44
nuclear RNA is permanent, the cell-cell and cell-matrix interactions may be altered
so effectively that neoplastic transformation is started.

5 Conclusion

Five years after the discovery of the CD44 variant isoforms and their involvement
in rat metastasis formation it is still uncertain whether the most promising data in
this animal model can be adopted to understand human tumor progression and be
used for diagnosis and, more importantly, for treatment of patients. The data
accumulated so far in clinical studies do not verify a causative role of CD44 variant
isoforms in carcinoma progression in general. Depending on the tissue of origin,
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an up- or downregulation of variant isoforms may be induced during the develop-
ment of the epithelial disorder. More convincing are the data on hematological
disorders, such as NHL and multiple myeloma, and in autoimmune diseases, such
as rheumatoid arthritis, ulcerative colitis and asthma.

A major aspect of the functional analysis of the isoforms in tumor progression
and immunological disorders is still missing, namely the identification of specific
ligands for the variable region. Apart from a rather unspecific attachment of bFGF
and HB-EGF to the heparan sulfates of v3-containing isoforms, ligands specifically
acting with the highly hydrophilic protein backbone of the variant region remain to
be determined. We cannot exclude that it is not the gain of function, i.e., the
variant region and its specific ligands, but a loss of function, i.e., inability of the
variant isoforms to bind to hyaluronan, which is more decisive for tumor develop-
ment. Overexpression of the hyaluronan receptor RHAMM, in fact, is trans-
forming and causes spontaneous metastasis formation in the lungs of mice (HALL
etal. 1995). The interrelation between the two hyaluronan receptors RHAMM and
CD44 may require more attention, also in the light of the fact that both act
apparently downstream of Ras (HaLL et al. 1995; Hormann et al. 1993) and may
compensate each other.

Adhesion receptors play pivotal roles in tumor progression, mostly during the
invasive phase of the primary tumor and the organ-specific settlement of the
secondary lesion, as well as during migration through the extracelllur matrix.
These adhesive interactions involve cell-cell and cell-matrix contacts mediated by
cadherins, members of the immunoglobulin superfamily and integrins. While the
cell-matrix function of the standard CD44 isoform has been described (hyalu-
ronan, fibronectin, collagen, laminin, proteoglycans), cell-cell interactions have not
yet been detected but may be of importance for the function of the variant
isoforms.
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