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Preface

The following excerpt is reprinted from the 'Guidelines for Thl'sis

Preparation' of the Facully of Graduate Studies and Research of rv\cCill

University to inform the reader of Faculty regulations:

ClIlldidllles ililve III" oplioll of ille/lldiIlS' ilS pllrl of lile tlll'sis, lile I,'xl

of 011" al' //lare papel's Slll'//lit/ed al' 10 /le sllb//litted for pll/J/icalioll, or tI",

c/ellrly-dllplicaled lexl of 011" or //lare pllblisiled pllpers. Tllese I,'xls //IlIsl

be bOllllti ilS 1111 illlesmi pari of lile Iii l'sis.

If lilis oplioll is cllosell, cOllllectillg texts tllat provide logical "ritlg'·s

/letweell tlle diffel'ellt papers m'e malldatoM). Tlle tllesis //11151 b,' 7(lrill"11 i Il

sllcil Il 7(lIlY lilili il is //lare lilllll Il //Iere collectioll of //Iallllscripls; ill otiler

words, resllits of Il series of Iltlpers //Illst be illtesmted.

Till' lilesis //Illst still cOllforlll to aIl otller reqllirelllellis of tI,,·

"Gllidelilles for TlIl'sis Prepllmlioll". Till' tilesis IIIl1st illclllde: A Til/J/,' of

COlltmts, 1111 Il/lslmet ill EIIglisil Illld Frellcil, ail illt!'odllction wilicll clellrly

slilles lile ratio/llzle Ilnd o/ljeclives of tI,e stlldy, a cOlllpreilensive review of

tilt' litemillft·, a finul conclllsion alld sllllllllary, alld a lllOrollgll

/li/lliograpily or referellce list.

Addiliolllli IIIllterial IIIl1st be provided wilel'e appropriate (e.g. in

appendices) Ilnd in sllfficient detail ta allow a clear and precise jlldgelllelli

VitrollL'clill rL'cl'plor ill mclal/oma illvasioll alld metaslasis
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I(J 1", II/lld,' (Jf 1111' ill/l'0rlllll('L' IIl1d origilzality of tlle l'es ea l'cil reported III

1/11' I/II'sis.

III 1111' ,II:'L' (Jf 1I1Il11ll:'cril'b CO-IIl1t1lOred by tlle calldidate alld ol/Iers, th e

Ct/lldidlltL' is retJllin'd to II/Ilke lIll explicit statelllellt ill the thesis ilS ta who

cOlltri/lllted tu slIch wark 111111 ta what extellt. SlIpervisors lill/st Ilttest ta

tll/' II<ntnlClj of SlIcll SllIll'II11'lItS at tlle doctoral oral defellse. Silice tlle task

of IIIL' l':ralllil,,'r:, is lI/adL' lI/orL' difficIIII ill tllCse cases, it IS III tlle

l'tlllliida/L''s ill/l'rL'sl la II/Ilh p,·/f,·clly clear the respollsibilities of aIl Ihe

1I11t1llJl'S of tlll' <'O-IIIII/lOn'd papers. Ullder lia circulI/stallces cali a co

alli/lOI' of Ill/Y COlI/pOIlL'lIt of SUcll a thesis serve as all exall/iller for Ihal

ln nccordnnce with the nbove guidelines, 1 have decided to include the

following published works ns pnrt of the body of the thesis:

Nip, J., Shibntn, H., Loskutoff, D. J., Cheresh, D. A., and Brodt, P. Human

melnnomn cells derived from lymphatic metastases use integrin Cl.vlh to

ndhere to lymph node vitronectin. J.Clin.Invest. 90: 1406-13, 1992.

Nip, J., Rnbbnni, S. A., Shibntn, H., and Brodt, P. Coordinated expression of

the vill'oneclin receptor nnd the urokinase-type plasminogen activator

receptor in metastntic melnnoma cells. J.Clin.Invest. 95:,1995.

\Ii/l'PUt'et;" n'ù'l'to,. ill ",l'1mlOllfll iuvllsion aud metastasis
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These two papers are reproduced from The Journal of Clinical

Investigation by copyright permission of The American Society for

Clinical Investigation.

1am responsible for ail of the experimental work and analysis carried

out in these two aforementioned papers with the exception of flow

cytometric analyses. Ail of the work was performed in the laboratory of

Dr. Pnina Brodt (Department of Surgery, Division of Surgical Research,

McGiII University) with sorne of the experiments being done in Dr.

Shafaat A. Rabbani's laboratory (Calcium Research Laboratory, Royal

Victoria Hospital, Montreal) for the latter paper.

As weil, sorne of the work described in the papers on which 1am a co

author has been included as follows:

Brodt, P., Fallavollita, L., Sawka, R. J., Shibata, P., Nip, J., Kim, U., and

Shibata, H. Analysis of tumor cell adhesion to frozen Iymph node sections

- a correlate of Iyrnphatic metastasis in breast carcinoma models of human

and rat origin. Breast Cancer Research and Treatment. 17: 109-120, 1990.

This paper was reprinted by permission of Kluwer Academic

Publishers.

Tawil, N., Gowri, V., Djoneidi, M., Nip, J., Carbonetto, S., and Brodt, P.

Integrin a3ln promotes adhesion of rnetastatic breast carcinoma cells to

Vitronectin receptor in melanoma invasion and metastasis
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lymph node stromal cells and fibronectin. 1996. International Journal of

Cancer. 1n press.

Vitroncetin rcecptor in melanoma invasion and metastasis
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Learning is Iike being in the middle of a vast ocean, only

through hard work can one reach the shore.

-A Chinese proverb

Calligraphy by Mr. Chung Tong Ng

VitroUl'l'tiu lt'ù'l'tor ;11 ml'1mlonw ilwllsion llud metastasis

vi



•

•

•

Acknowledgment

First and foremost, 1 would like to gratefully acknowledge the

invaluable supervision, personal guidance, and endless encouragement

given by Dr. rnina Brod!. As a mentor, she has generously given me the

opportunity to develop my research skills which will provide me wilh a

solid research background. In addition, she has always been available and

willing to assist me when 1encountered any type of problem, research or

otherwise, despite her busy schedule. Dr. Brodt's role in in my

professional development has been paramount and is highly appreciated.

1 would Iike 10 Ihank Dr. Henry R. Shibala for providing Ihe lumor

biopsies and specimens required for porlions of Ihis study.

1 would Iike 10 express my gratitude 10 Dr. Shafaal A. Rabbani for Ihe

opporlunity 10 work in his laboralory during some aspects of my work and

for his helpful advice and generous assistance in matters of research.

1am indebled to Mrs. Lucia Fallavollita for her help in teaching me lhe

numerous lechnical melhodologies "nd giving me sound praclical advice.

Her friendship and insightful personal counsel were invaluable.

Furthermore, 1 would Iike 10 thank her for her kind assistance in Ihe

translation of my abslract.

1 would Iike 10 acknowledge my colleagues in Ihe laboralory Dr. Jian

Wang, for her valued friendship and encouragement, and Dr. Li Long, Ms

Vitrollcctill rcccptor illlllcIallOllla illvasioll alld lIIetastasis

vi i



•

•

Roya Navab, Dr. Keguan Chen, and Dr. Margaret Durko for Iiberal

assistance and thoughtful discussions.

1am grateful to Ms. Nimerta Rajwans for her technical assisitance and

endless encouragement. As weil, the kind practical assistance given by the

members of Dr. Rabbani's laboratory (Ms. Rosie Xing, Ms. Julie Gladu, Ms.

Penny Harakidas, and Ms. Fasika Aklilu) is appreciated.

The technical assistance in f10w cytometric analysis and

immunohistochemistry of Mr. Kenneth MacDonald and Dr. Abderrahim

Achbarou, respectively are kindly acknowledged.

1would Iike to Ihank my grandfalher, Mr. Chung Tong Ng, for wriling

the filling Chinese proverb in his own calligraphie style.

Finally, a special thanks 10 my parents, Mr. Shun Tin and Mrs. Mei

Yu el Nip, 10 my grandparents, Mr. Chung Tong and Mrs.Kim Hoi Ng,

Mrs. Lin Ho Nip, and 10 my brothers Dr. Leslie Nip, Mr. Kevin Nip, for

Iheir generous supporl and encouragement.

\I;h'o'"'c/il/ l'cccptOI' ;1/ IIIclal/ollla ;I/vasiol/ al/d lIIetastasis

viii



•

•

•

Original Contributions to the Body of Knowledge

• The dcvelopment of novel animal models of human melanoma and

breast carcinoma metastasis to the lymph nodes.

• i'vtelanoma metaslasis correlates with integrin nvl~3-mediated adhesion

to Iymph node vîtroneclin.

• Human breast cnrcinomn metastasis correlates with integrin 1I.,111

mediated adhesion to Iymph node fibronectin .

• lIv mRNA and cell surface lIvl33 levels in human melanoma cells

correlates with urokinase receptor mRNA expression.

• This is the first study which demonstrates a transcriptional link

between lIv and uPAR as unique Uv antisense phosphorothio<!te

oligonucleotides inhibit the expression of Uv mRNA and protein and

specifically reduces uPAR mRNA expression and Iigation of the lIvl~3

integrin wi th immobilized antibodies causes a specifie increase in

uPAR mRNA expression.
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Abstract

The incidence of melanoma worldwide has been increasing steadily in

recent years with an associated rise in mortality rates. If detecled early,

melanorna lesions can be surgically rernoved with wide excisional

margins resulting in high cure rates. However, as the rnelanorna invades

the deep layers of the skin at the primary site and subsequently

rnetastasizes to the regional and distant nodes, the prognosis for the

patient becomes progressively worse. As the melanocytic lesion progresses

from a benign nevus to a highly malignant metastatic melanoma, it

undergoes changes in protein expression which may be relevant to

melanoma developmenl. Arnong the proteins found to be upregulated

during rnelanorna progression are the vitronectin adhesion receptor av~3

and the receptor for the proteolytic enzyme urokinase plasminogen

activator (uPAR). The present work describes our results with two new

animal rnodels of human melanoma which were developed to study the

cellular and molecular mechanisms involved in Iymphatic metastasis of

this disease. Each model consisted of two cell Hnes with different

metastatic abilities. Using these models, a correlation was found between

the adhesion of the melanoma cells to cryostat sections of human Iymph

nodes and their metastatic ability in nude miee. When compared to the

parent cells, the lymph-node metastasizing melanoma celIs were found to

VitnHl"/..'ti,, n'Cl'ptor ;11 ",dallo",,, im'tlsioll and metastasis
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express increased levels of Ihe cell surface vitroneclin receplor (VNR) <t\'I~.1

which was ulilized 10 mediale Ihe increased adhesion 10 Iymph node. 1n

addilion 10 the VNR, the metastatic cells also expressed increased levcls of

the uPAR. To study the relationship between expression of Ihesc Iwo

receptors, <t v expression was suppressed with (Xv antisense

phosphorothioale oligonucleolides. ln the antisense-treated ceIls a 9-fold

reduclion in <tv mRNA was seen with a corresponding 2.S-fold decreasc in

adhesion to vitronectin. This led 10 a specifie 2-fold reduction in uPAR

m RNA levels. Conversely, when the vitronectin receptor was ligated by

specifie immobilized monoclonal antibodies, uPAR mRNA expression

was specifically increased and this increase was reflected in a funclional

increase in invasiveness of the cells as measured with the Matrigel

invasion assay. This increased invasion could subsequently be inhibited

bya MAb direcled to the uPAR as weil as the plasmin-specific inhibitor c

amino caproic acid. Together these results suggest that there is a

regulatory link between the expression of the vitroneclin receptor uvl~J

and the uPAR in metastatic melanoma cells. This may provide the cells

with a mechanism for coordinating adhesion, matrix degradation, and

motility thereby facilitating the development of metastasis.

ln a parallel study, a model of human breast carcinoma was used to

study the role of cell adhesion in breast carcinoma metastasis. A

Vitro/Il'ctill rcceptor illlllc/allOllla illvasioll alld lIletastasis

xxi
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correlation was observed between cell adhesion 10 frozen sections of

human Iymph nodes and metaslasis ill .'ii'o. However, unlike the

n1\'lanoma cells, the Illetastalic breast carcinom.1 cells were found 10 utilize

receptors 1'.11~1 and w,lll 10 adhere 10 Iymph node fibroneclin suggesting

that different adhesion receplors mav be involved in Iymph node

metastasis of different l1lalignancies.
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Sommaire

La fréquence du mélanome a augml'nte ft:>rmement mondia\lement

dans les dernières années avec une montee .lssociée avec la mortalite. Si

le mélanome est détecté dès son début, lésions peuvent être remuer

chirurgiquement avec de larges marges e,cisél's et on obtient un haut taux

de cure. Cependant, comme le mélanome ell\'ahit dans la profondeur de

la peau au site primaire, et subséquemment se métastase aux noeuds

régionaux et distants, le pronostic pour le malade devient

progressivement bien pire. Comme la Il;sion du mélanocitique progresse

d'un nevus bénin 11 mélanome du mtitastatil]Ue malin tilevé, il subit des

changements dans expression de la protéine qui peut être pertinent au

développement du mélanome. Les protéines tilevées trouvées dans la

progression du mélanome sont le récepteur adhtisif vitronectin, I1vI3.1. el le

récepteur pour les enzymes proteolitique urokinase plnsminogène

activateur, uPAR. Dans cette thèse, je décris deux nouvenux modèles

animal du mélanome humain pour él.udier les mécnnismes cellulaires et

moléculaires impliqués dans les métastases lymphatiques de cette maladie.

Chaque modèle consisté de deux lignes cellulaires Jont la capacité

métnstatique est différente. Avec ce modèle on a demontré que l'nd hésion

des cellules du mélanome humain aux sections des noeuds cryostates de la

lymphe humaine et la capacité métastatique des cellules mesurée avec les

Vitrouectill 1'l!CL'ptor in me/mroma im.'tlsioll and Hlt'tllstasis
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souris nues était en correlation. En outre, les cellules du mélanome

métastasisentes au noeud de la lymphe expriment des hauts niveaux du

récepteur vitronectine il la surface de la cellule en comparaison avec les

cellules parentales. En outre, ces cellules métastasisentes du mélanomes

expriment un taux élevé du uPAR. En plus, la modulation de u v133 avec

Uv anlisense phosphorothioate oligonucleotides ou la ligature du u vl3:1

avec des anticorps monoclonals spécifiques a eu pour résultat des

modifications semblables dans l'expression du uPAR. Comme bien

l'inhibition de l'expression de (Xv mRNA et la protéine par l'antisense

oligomers a eu pour résultat une réduction dans les niveaux du m RN A

du uPAR. Par contre, quand le récepteur du vitronectine était modifié par

une ligature spécifique des anticorps immobilisés, l'expression du mRNA

de l'uPAR peut-être présentée comme une augmentation utilitaire dans

dans l'envalissement des cellules il travers la Matrigel.

Ensembles ces résultats suggèrent qu'il se trouve un lien entre

l'expression du récepteur vitronectine et l'uPAR dans les cellules

métastatiques du mélanome. En plus ces observations fournissent un

mécanisme en quoi les cellules organisent l'adhésion, la déchéance de la

matrice, et la motilité qui ensemble facilitent le développement du

mélanome métastatique.

j'ai aussi utilisé un modèle semblable pour étudier la tendance

métastatique du carcinome mammaire humain et il se trouve une

Vitro/Il'ctin /l'œ"tor inllle/III'Ollla ilwIlsion and rnetastasis
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corrélation entre J'adhésion aux sections cryostats des noeuds de la

lymphes humaines et la métastase en vivo. Comme bien, Jes cellules du

carcinome métastatique utilisent le récepteur de l'adhésion 1131\1 de la

fibronectine pour adhérer aux noeuds de la lymphe. Ceci suggère qu'un

autre récepteur est impliqué dans le système du cancer mammaire.

Vitl'oncetin l'captol' in melallOma invasion and metastasis
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General Overview and Objectives of this study

The purpose of this study wns 10 gnin n belter understanding of the

cellular and molecular mechanisms involved in Iymphatic metastasis of

human malignancies. This information ean ultimately lead to the

development of more effective treatment modalilies based on a belter

underslanding of the biology of the metnstntic process. The specifie

objectives of Ihis study were ns tollows:

J. to develop experimental models of for the study of human melanoma

and breast carcÏr.oma metastùsis to the Iymph llodes;

2. to idenlify the ùdhesion receptors involved in Iymphatic metastasis of

these tumors; and

3. using the melanomù model, to elucidate the consequences of tumor cell

ndhesion to lymph node ECM in the process of metùstasis.

ln the first four chùpters of this thesis, 1 present introductory mùteriùl

relevùnt to this study. ln the first chùpter, 1 discuss c1inical aspects of

melùnomù namely current theories on the etiology, development and

progression of the diseùse, and the current trends in melanomù treatment.

The signifiCilnce of lymph node metùstùsis is ùlso discussed. Concepts of

metùstùsis in geneml and Iymphùtic metnstasis in particular are discussed

Fitrolll'ctin ft'ù'plo,. in ml'1mzoma itwllsion llnd mt'tllstasis
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in ch<lpter two <lnd the import<lnce of cell <ldhesion <lnd proteolysis <lre

highlighted. A brief description of the <ln<llomy of norm<ll Iymph nodes is

included. In the third ch<lpter, the <ldhesion receptors <lnd their role in

inv<lsion <lnd met<lst<lsis <lre discussed. This ch<lpter \V<lS divided into

tluee sections de<lIing with f<lmilies of <ldhesion 1110lecules. The structure,

expression, <lnd role of these receptors in norm<ll physiologic<ll proœsses

Me discussed. This is followed by <l description of their role in tumor

inv<lsion <lnd met<lst<lsis in geneml, <lnd in mel<lnom<l metastasis in

particularly. In the l<lller p<lrt of this chapter, the discussion focuses on the

melanoma progression m<lrker (tv~3 and its l'ole in melanoma met<lstasis.

ln chapter four, the families of proteolytic enzymes known to be involved

in inv<lsion are discussed \Vith emphasis on the urokinase plasminogen

activation system. In the fifth chapter, the results of my experimental

work on the human melanoma system are presented in the form of two

published papers. 1 provide <ln overview of our findings in the beginning

of the chapter. The next chapter contains the results of published and

unpublished work on the role of cell-ECivI <ldhesion in human breast

carcinoma metastasis. The last chapter presents a summary of our

findings and a discussion of their importance to melanoma metastasis.

Vitl'Ollcctill l'cccplor illlllclallOllla illvasioll alld IlIL'1astasis
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Chapter l
Cutaneous Malignant
Melanoma- a Clinical

Perspective
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1.1 Introduction

The worldwide incidence of cutilnl'OUS me\ilnomil ilnd relilled

mortality have been rising steildily in the pilsl few yeilrs (1) Ihe lilller

increasing at approximately 5~';, ilnnuillly (2). Eilrly detection of melilnomil

is important as the lesion can be easily remol'ed by il wide surgiCilI excision

resulting in a high cure rate (3). The poor prognosis of melanoma patienls

is directly related to the depth of invasion of Ihe primilrY lumar ilnd the

involvement of regiona\ and distant Iymph Ilodes ilt Ihe lime of diagnosis

(4). However, once melanoma melilslilsizl's, Ihe mclhods of lrealmenl

available today do not reliably ilffect the course of the disease.

1.2 History;

Melanoma, Iike other cancers, has afflicted man since prehisloric limes.

One of the earliest examples of melanomil \Vas found in a group of 2400

year-old pre-Colombian Incan mummies (5). Rounded melanotic masses

\Vere l'vident on the skin of these mummies, which also presented wilh

diffuse metastases to the bones of the skull and extremilies (5). The first

reliable description of the disease \Vas given by Hippocrates around 500

B.e. followed much later by accounls from physicians in the 1600 and

VitroIlL'c."ti" rcCt'ptor in melanOmtl ;'J~ltlsion tlnd ml'iastasis
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17005. The French physician Laennec, inventor of the stethescope, was the

first to describe melanoma as a disease and to use the term 'melanosis' (6).

ln England, Norris (6) was the first physician to extensively document and

study melanoma. He described the epidemiology as weil as clinical

management of the disease. The designation of the the word "melanoma"

for these pigmented tumors was given by Carswell in 1838 (7). Handley

later described the early concepts of lymphatic metastasis of melanoma in

his study of "lymphatic permeation by melanoma" (8). His ideas were

later used by Pringle in 1908 (9), to advocate radical en bloc excision of the

primary lesions, regional Iymph nodes, and surrounding tissue for the

surgical treatment of melanoma.

1.3 Epidemiolo9ï

ln most populations, melanoma is a rare disease, representing less than

1% of ail malignancies (lO). The disease primarily afflicts Caucasians (11),

although il is also found in Asians and blacks. While the incidence of this

disease has increased in the general population in the past 20-30 years, the

increase is most alarming in Caucasian populations of North America.

The increase in incidence for the white population of North America is

between 30-50% every 5 years (lO) and the age adjusted annual incidence in

lIi/I'Olledill recel'/ol' illlllclallOllla illvasioll and metastasis
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the U.S. is now approximalely 13 per 100,000 and as high as about 22.7 per

100,000 in some states. The highest incidence of melanoma has been

recorded in Australia with 17 per 100,000. Although the incidence has

been increasing rapidly, no similar rise in related mortalily has been seen.

The five-year survival rate has in fact increased from 49% in 1950 to the

present rate of approximately 81% (12). This increase in survival is

probably due to improved early diagnosis and the eHicacy of new

treatments for early stage melanoma.

1.4 Etiology

The factors leading to the onset of melanoma are not known but

numerous studies have identified several risk factors for the disease. One

major environmental factor is exposure to sunlight (13-15), especially

ultravioll!t B radiation associated with solar rays (1). This type of solar

radiation (il. 280-320nm) may penetrate the skin to reach the melanocytes

found at the epidermal-dermal junction. Allhough ultraviolet A (il.

320-400nm) and C (il. 200-280nm) rays can also penetrate the dermis and

epidermis respectively 10 varying degrees, Ihey are usually not associaled

with Ihe development of melanoma (16). Increased risk has been

associated with intermittent acute exposure 10 sunlighl and exposure in

Vitl'Ollccti" reccptor ill melalloma ilwasioll Ilnd mt'fastasis
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childhood and adolescence causing severe sunburn (11). Despite ils

importance as a risk factor for melanoma development, exposure to

sunlight does not explain the etiology of ail melanomas. In one lype of

melanoma, acral lentiginous melanoma (17), the affected areas of skin,

usually the palms and soles, receive comparabIy Iittle exposure. As weil,

melanomas usually don't occur in areas most exposed to the sun's

radiation such as the face (1).

Genetic factors may also contribute to disease deveiopment. The

possession of a fair complexion, blond or red hair, increased number of

nevi or freckles, or a family history of melanoma are sorne known genetic

factors (18). Individuals having one or more of these factors may have a

2-148 fold increased rlsk for melanoma development (18). In addition,

non-random chromosomal abnormalities have been identified in

melanoma cells. They have been localized to chromosomes 1p (19), 6p

(20), 6q (21), 7p, 7q (22), 9p (23), and 10q (24). Recent studies have focused

on a region on chromosome 9p21 (23, 25) which was shown to be

frequently rearranged or deleted in metastatic melanomas suggesting that

this locus may contain a melanoma susceptibilily gene. In fact, this region

contains the MT51 (Multiple Tumor 5uppressor 1) gene, which encodes

for a tumor suppressor protein, p16, which inhibits one of the kinases

involved in cell division - Cdk-4 (26). Alterations in tumor suppressor

VitrollccIill rcccl'tor ill lIle/allollla illvasioll alld lIletastasis
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genes including the Rb, NF1, p53, and nm23 (27) genes may also contribute

to the development and progression of melanoma (25).

Vitronectin receptor in me/anoma inuasion and metastasis
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1.5 Clinical Pt esentation

The superficial presentation of benign or malignant pigmented lesions

may be deceptively similar. Visual examination employing the so-called

"ABCD" rule has helped clinicians delermine which lesions may be

potentially malignant (1). 5imply, the rule is a mnemonic for changes in

the benign lesions which may indicate malignancy. The malignant

pigmented lesion will sho\\' Asymmelr~', .liorder irregularities, Color

variations, and Diameters exceeding 6mm. In females, melanoma usually

occurs on the lower extremities and in males it is commonly found Da the

trunk (28). I-Iowever, any skin surface can be affected. Once il lesion is

suspected of being malignant, a full-thickness biopsy (1) is performed.

I-listological examination of the tissue will determine the type of treatment

to be followed.

Based on growth patterns and histopathological findings, there are

several types of primary melanomas: superficial spreading melanoma,

nodular melanoma, lentigo ma ligna melanoma, acral lentiginous

melanoma, and mucosal lentiginous melanoma (1, 3, 17,29). The first

three types make up the majority (80-85";,) of melanomas diagnosed (3j,

with superficial spreading melanoma being the most common at 70% of

ail melanomas (29). In most melanoma types, the disease progresses

\litrolll'etin n'cl!l'tor in 1IIt."/tmOJ1ld ;'H,tl$ioll aud mt'tllstllsis
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through the r'ldial and then the vertical growth phases however, nodular

melanoma which is more aggressive characteristically lacks a distinct

radial growth phase.

1.6 Precursor lesions of melanoma and progression to

metastatic disease

The development and progression of melanoma from the neural crest

derived pigmented cells-the melanocytes, lo metastatic melanoma follows

discrete steps which can be c1inically and histol<'gically defined (30-32).

Melanocytes may become transformed Înto nevus cells (30). Although

these cells produce melanin, they, unlike melanocytes, do not transfer the

pigment to the surrounding keratinocytes (16). A collection of nevus cells

forms the common acquired and congenital nevus. These lesions are

usually benign but may change to the c1assic precursor les ion, the

dysplastic nevus (1, 33). Histological evidence of atypical architecture and

cytology distinguish this lesion from the congenital nevus (34). The

dysplastic nevus, may progress to the first malignant stage of melanoma

namely, the radial growth phase. Growth of the malignant cells at this

stage occurs in ail directions but the overall effecl is radial (horizontal)

enlargement of the lesion. Growth at this stage is not normally associated

Vitl'Ollcctill l'captOI' illl1lc/allOI1lI1 itlt'tlsiOIl tllld I1ll'ltlstasis
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with metastatic potential (11). The next stage in the progression is the

development of a vertical growth phase primary melanoma which is

characterized by net growth in the direction perpendicular to the radial

growth phase, that is, invasive growth through the layers of the skin, as

weil as the competency for metastasis (11). The last and most "deadly"

stage is metastatic melanoma. The first sites of metastasis are usually the

regional and distant Iymph nodes followed by hematogenous

dissemination. The preferred distant sites of metastases are the brain,

Iiver, and lungs, however any organ may be the target in this highly

malignant disease (35). As the melanoma progresses, the tumor cells

acquire a number of properties relevant to the metastatic potentia!. These

may include deletions in tumor suppressor genes, such as p53 and nm23

(25,27), the acquisition of growth factor independence, through production

of autocrine factors or the loss of susceptibility to negative growth

regulation (36, 37), and the acquisition of the invasive phenotype which

may be reflected in upregulation of molecules involved in adhesion,

proteolysis, and/or migration - events crucial for invasion (38). The

upregulated expression of cell surface molecules such as the integrin

vitronectin receptor av~3 and the receptor for the urokinase plasminogen

activator (uPAR) (39-41) is also associated with melanoma progression. A

variety of adhesion receptors of the integrin and Igsuperfamilies (42,43)

Vitrollcclill l'l'a,'tOI' illllle/allOllla illvasioll alld lIIetastasis
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and the melanoma-associated ganglioside GD2 (44) have also been

identified as progression markers for melanoma.

1.7 Microstaging and clinical staging

The depth and extent of invasion of the primary lesion are prognostic

criteria essential for assignment of proper treatmenl. (Fig. 1) One method

of microstaging developed by Clark (29) has shown that the level of

invasion of the primary melanoma into the different layers of the skin is a
1

valuable predictor of regional lymph node metastases as weil as patient

survival (45). A simpler and more accurate microstaging technique (46),

which gave similar predictions of survival and prognosis, was Breslow's

tumor thickness method (47), which involves measurement of the

vertical thickness of the primary lesion.

Once microstaging of the melanoma is performed, clinical staging of

the disease can follow. This may take into account the microstage of the

primary tumor, the presence of regional Iymph node metastases and the

presence of distant metastases. Two accepted systems for clinical staging

have been used. The original three-stage system (48) categorizes the

melanoma into Stage [ - localized melanoma, Stage II - regional

Vitl'oncctin l'cccptOl' in mc!anollla invasion and IIlctastasis
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Fig. 1 Microstaging of melanoma*

A schematic diagram of the skin showing the various layers and the extent of melanoma invasion. The classical
Clark's level of microstaging is represented along the bottom axis and the newer Breslow's melhod is shown along
the left border. The oblong objects represent nevus or melanoma cells at various stages of melanoma
progression. 'Modified from Yohn et al
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metastases, and Stage III - distant metastases. A newer and more reliable

method of staging, which also incorpora tes microstaging data, is the

four-stage system proposed by the American loint Committee on Cancer

(AJCc) (49). <Table 1)

1.8 Treatment

Resection of the melanoma with wide local excision (50) is the

preferred treatment for Stage 1 disease. Treatment of patients who have

regional and/or distant lymph node metaslases (Stage Il and lll) involves

the excision of the primary tumor as weil as therapeutic lymph node

dissection (1). To prevent distant metastases afler surgical resection, stage

Il and III patients require adjuvant therapies, which may be in the form of

chemotherapy, immunotherapy, hyperthermie isolation Iimb perfusion

therapy, radiotherapy or a combination of the above (11). Although many

of these treatment modalities have produced high response rates in the

patients, none have significantly increased patient survival (3). In the

management of Stage IV metastatic melanoma, the treatment options are

limited and the disease is considered incurable. Autopsies revealed that

melanomas may metastasize to ail organ systems and visceral sites of the

body (51). As the progression of the disease may be very rapid, with a

Vilrollectill receplor ill me/alloma illvasioll a/Id mdtlstasis
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• 1. Traditional three-stage system

Stage Criteria
1 (thickness in mm) Skin
sO.75
0.76 - 1.49
1.50 - 2.49
2.50 - 3.99
2.50 - 3.99
~4.00

Il Nodal metastases
III Distant metastases

Il. America" Joint Committee on Cancer Sta9J.ng System

• TNM Classification
pT1 s 0.75 mm
pT2 >0.75mmto 1.5mm
pT3 > 1.5 mm to 4 mm
pT4 > 4.0 mm/satellites

N1 Regional s 3 cm
N2 Regional> 3 cm and/or in-transit

metastasis

pT =primary tumar; N= node; M = metastasis

Clinicai Stage Grouping
Stage 1 pT1 NO MO

pT2 NO MO
Stage Il pT3 NO MO
Stage III pT4 NO MO

Any pT N1, N2 MO
Stage IV Any pT Any N M1

Modified from Koh et al and Sherman et al

• Table 1. Methods of Clinical Staging of Melanoma
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median survival time of 4-6 months, treatment plans are largely palliative

and may take the form of the therapies mentioned above (3). Apart from

surgical resection of metastases, immunotherapy may prolong patient

survival. The underlying mechanism of the various immunotherapeutic

treatments is to invoke a host immune response which will help to fight

the disease. These novel therapies include melanoma cell membrane

vaccines (52), monoclonal antibodies directed to specifie melanoma cell

surface antigens, such as GD2 and GD3 (53), biological response modifiers

such as interferons a and y (54), adoptive immunotherapy (55), which

involves administration of patient-derived lymphokine (IL-2)-activated

killer cells (LAK), and tumor-infiltrating lymphocytes (TIL) (56).

Chemotherapeutic alkylating agents used for palliation are dacarbazine,

nitrosourea, and cisplatin with the first two compounds producing beller

response rates in the patient (4). Dacarbazine is the only single-agent

chemotherapeutic drug that causes reproducible partial remission of

metastatic melanoma in up to 20% of patients. The yew tree alkaloid,

taxol, which binds to tubulin and promotes the formation of microtubules,

causes mitotic arrest of the tumor cell by preventing microtubule

depolymerization. This new drug has been shown to be as effective as

dacarbazine with respect to patient response rates (57). Palliative

radiotherapy (3) has also been somewhat effective in melanoma patients

Vill'onectin l'eceplol' in IIlelanollla invasion and melaslasis
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\Vith brnin nnd bone metnstnses. Although sorne of these trentment

modnlities mny incrense the response of the melnnomn pntient with

distnnt metnstnses, the improvement is not long-Insting nnd usunlly does

not improve overnll pntient survivnI.

Vitrom'c:ti" n-cc/'lol' ;11 mtlallomll ;m I1l5;on llnd mt'tllstllsis
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2.1 Introduction

5ince the development of regional lymph node metastases followed by

distant nodal and systemic metastases is the major cause of death among

melanoma patients, a better understanding of the basic mechanisms

underlying the metastatic process is necessary in order to develop better

prognostic and therapeutic protocols. Most of the experimental research in

metastasis has focused on hematogenous or blood-borne dissemination of

tumors wilh the bulk of information pertaining to il. However, in the

case of melanoma the major determinant of poor prognosis in patients is

the involvement of regional and distant Iymph nodes (1). Metastasis to

these sites has been shown to dictate patient survival. As this process is

crucial to our understanding of malignant melanoma, this chapter will

focus on the basic and current concepts of lymphatic metastasis.

2.2 General concepts on the process of metastasis

2.2.1 Tumor Heterogeneity

Originally il was believed that tumors were homogeneous in nature

and that tumor ceIls did not vary from one generation to another. This
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misconception may have been due to the type of tumor models used in

many sludies. For example, lhe use of acute Iymphoblastic leukemia

models 10 study cancer may have been misleading as these types of lumors

consisl of cells which may indeed be quite homogeneous in biological and

physical properlies (2). Similar to olher solid tumors, primary melanomas

are known to consisl of subpopulations of cancer cells which are

helerogeneous with respect 10 metastalie ability (3). Early experiments ~

Fidler and Kripke (3) using a murine melanoma model of experimental

melaslasis showed thal different clones isolated from the parental primary

melanoma exhibited highly divergent metastatic abilities. The

phenomenon of tumor œil heterogeneity has also been shown with

human colon and renal carcinoma cell Iines using nude miel' models (4).

ln lerms of c1inical management of metastases, tumor heterogeneity can

present many problems. For example, heterogeneous tumor cell

populations may respond differently tl> chemotherapy, radiotherapy, and

thermotherapy (2). In faet, in one c1assieal study, a breast adenocarcinoma

cell line and three subpopulations 'derived from it were injected

subcutaneously into syngeneic mice and subsequently treated with

chemotherapeutic agents. The miee were monitored for primary tumor

growth and metastases formation and it was found that the various

subpopulations responded ql1ite differently to the drugs (5) with responses

Vill'OlI~ctill "~c~I'lo,. ill ",~/allo",a illvasioll and metastasis
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ranging from tumor regresslOn 10 increilsed metilstilsis. Simililrly, Ihese

cells hild divergent drug sensitivities when lested in vitro suggesting thill

lumor cell heterogeneity milY milke development of effective lherilpies

difficult. Likewise, in il humiln colon i1denocilrcinomil model, tumor cell

heterogeneity resulted in vilriilbility in responses of the vilrious

subpopuliltions to x-riIYs (6,7) i1nd hyperthermiil (8) in vivo. Olher studies

hilve demonstrilted thilt i1lthough sorne of the cells in il heterogeneous

primilry tumor can give rise 10 melilstilses, the miljorily of ceUs (>99.99%)

i1re destroyed by mechanisms such as sheilr forces i1nd the host immune

surveillance system (NK cells i1nd macrophilges) suggesling that metilstilsis

is a highly selective process (9).

2.2.2 Or~an specificitv of metastasis

Experimental evidence and c!inical obseravtions suggest that tumor

cells metastasize in an orgiln selective l11i1nner (10). Our present

understanding of organ specificity of melastilsis is bilsed on the c1i1ssicill

theories of Paget (11) and Ewing (12). According to Paget's "seed and soil"

hypothesis, site-specific metastasis WilS believed to be a consequence of a

tumor ceU, the 'seed', coming into contact with a favourable tissue

microenvironment, 'the soil' leading to growth and metastases formation.
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ln contrast, Ewing's mechanical theory postulated that tumor cells

colonize a particular organ due to the anatomical location of the primary

lumor and to local hemodynamic factors, namely, the metastatic cells are

carried from the primary site by the blood or Iymph and become trapped in

the first organ encountered, resulting in a metas tasis. The former theory

may explain thyroid metastasis of clear cell cnrcinoma of the kidney (13)

whereas the laller may be the dominant factor in liver metastasis of

colorectal carcinoma (14). However it appenrs that n combination of both

mechnnisms is likely responsible for the propensity of certain cancers to

metnstasize to specific secondnry organs. Nu merous organ-specifie factors

hnve been identified in support of Pngel's theory. They include specific

growth factors, hormones, adhesion receptors or the protein composition

of the extracellular mntrix (ECM) (15-17) whieh may ail contribute to the

establishment of a supportive microenvironment for tumor cells in

specific organs.

2.2.3 Steps of metastnsis and the importance of host-tumor cell

interactions

Metastnsis is a relatively inefficient process (18, 19). The tumor cells

which. escape from the prima!)' tumor must be capable of completing a

Vi/ronee/in reccp/or' inllle/anoma invasion II/Id me/l/s/asis
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The steps of cancer metastasis. A schematic representation of the key steps

involved in tumor cell metastasis. Tumor cells may detach and escape from

the primary tumor site and begin to invade the local stroma (1). Next the cells

adhere to and migrate through the subendothelial matrix as weil as the

endothelial cells of the blood or lymph vessels (m and are carried by the blood

or lymph (III) to the site of tumor cell arrest. At this point, the cancer cells

must extravasate byadhesion to the endothelium and diapedesis between the

endothelial cells (IV). Finally, the tumor cells will invade local parenchymal

tissue and form secondary deposits (V). The shaded cells represent cancer

cells. •
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series of sequential, non-random steps in order to establish distant

metastases (9, 20). Whether it is blood- or lymph-borne, some of the

underlying cellular and molecular mechanisms are similar. In

hematogenous dissemination, the melanoma cell must detach from the

primary tumor, invade the local stroma, intrnvasate and and survive in

the blood vessels, arrest and extravasate ln secondary organ site, and

finally proliferate to form a metastasis (Fig. 1). Each of these steps requires

various host ceIl1tissue and tumor cell interactions such as cell adhesion

and proteolysis. In addition, tumor cells which metastasize to regional

nodes (see below) may leave the Iymph node lhrough efferent Iymphatic

vessels and may be carried via the thoracic duct to the left brnchiocephalic

vein, thus allowing entry into the systemic circulation. Anastomoses

between the efferent lymph node vessels and the venous circulation, the

lymphatico-venous channels, may also contribute to entry into the

vasculature, thereby allowing formation of hematogenous metastasis.

One of the major determinanls of metastases formation is the al>i:ity of

tumor cells to adhere to specific host cells and their ECM including (15,17)

the microvascular endothelial, stromal and parenchymal cells. These

adhesion events are required for tumor ccII intravasation, extravasation,

and target organ colonization. As weil, in the vasculature or Iymphatics,

adhesion may protect the tumor cell from host immune cell lysis (N K
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cells) (21), and allow transport of tumor cells in Iymph and blood by

formation of homotypic (22) or heterotypic (adhesion with lymphocytes or

platelets) emboli (23, 24). Subsequent to adhesion, !' host of cellular

functions important for metastatic compelency may be elicited. These

include cell migration and the release of degradative enzymes, such as

metalloproteinases, serine proteases, glycosidases, and cathepsins which

are released by the tumor cells or by host cells and lead to the dissolution

of the ECM (25,26). Migration or locomotion of the tumor ceIls may be

enhanced by autocrine motility factors and host chemotactic factors (27).

Since adhesion, as weil as proteolysis, are central to the metastatic cascade,

a more detailed account of these processes will be given in subsequent

sections.

2.3 Lymphatic metastasis

After the melanoma cells detach from the primary tumor and invade

the local stroma, they may disseminate Iymphatically. According to the

studies of Carr (28), Iymphatic metastasis can be divided into a series of

steps starting with entry and transport of tumor cells in the lymphatic

vessels followed by settling and growth in the regional lymph nodes, and

finally metastasis to other nodes. Before û closer examination of the steps
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involved in lymphatic metastasis can be undertaken, it is necessary to

describe the anatomy and u1trastructure of the normal human lymph

node.

2.3.1 The Anatomy of the lymph node

Forming the major part of the Iymphatic system, lymph nodes are

bean-shaped lymphoid organs ranging in size from 2 to 20 mm along their

longest diameter (29). The nodes, which are usual1y found in c1usters o.r
.- .

chains, can be divided into two groups depending on their location in the

tissues, the superficial lymph nodes - located in the subcutaneous

connective tissue and the deep lymph nodes - usual1y found beneath the

muscle layers. Under normal physiological conditions, the lymph nodes

are involved in antigen processing, Iymphopoiesis, and Iymph filtration

(30).

The framework of the node consists of the capsule, composed of layers

of fibroblasts and their deposited col1agen along with smooth muscle and

nerve cel1s, the trabeculae, an internai continuation of the fibrous capsule

whose fiber bundles are directed towards the center of the node, and the

reticular cel1s and their deposiled reticulin fibers, which form a network

that supports the lymphoid cel1s of the entire node (29,31). Forming the

bulk of the ECM of the node, the reticulin fibers are composed of a central

\li/rollcclill l'captal' in IIIe/allollla illvasion and rnelastasis
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core of bundles of type 1Il collagen fibrils surrounded by a discontinous

mesh of ECM proteins such as laminin, type IV collagen, heparin sulphate

proteoglycans, entaclin (32), and possibly, fibronectin and vitronectin (33,

34).

Apart from the supporting structures of the nod", there are also

important functional entities. One such entity is the lymphatic sinus

which can de divided into the marginal (subcapsular), cortical, and

medullary sinuses (31). These sinuses, which are interconnected, allow

the passage of Iymph through the node. The sinuses are lined with

reticuloendothelial cells and macrophages with their lumens containing a

variety of different lymphocytes (35) and criss-crossing reticular Gbers.

The cortical, paracortical, and medull.. ry areas are the three main areas

of the lymph node parenchyma based on morphology and function (36).

Containing the lymphocytic follic1es and their associated germinal centers,

the cortical area is the main are,1 for B-cell humoral immunity in the

node. The germinal centers contain lymphoid cells (large lymphocytes

and blast cells) showing different degrees of maturation, as well as reticular

cells and macrophages. Antigenic stimulation of the node causes these

germinal centers to enlarge reflecting an increase in B cell mitosis. As it is

the main site for ~.l1e cellular immune response (37), the paracortical area

of the lymph node is made up largely of T-cells with sorne macrophages
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and interdigitating ..elir.ular cells. This area also contains the postcapillary

v(mules, called high endothelial venules, which are involved in targeting

of circulating lymphocytes 10 the Iymph nodes (38). The medullary area is

structurally arranged into cords which contain mature plasma cells and

other lymphocytes. This region is enlarged by plasma cells during an

immune response.

After the melanoma cells invade the Iymphatic vessels, they are carried

by the Iymph to the Iymph nodes where they enter via the afferent

Iymphatic vessels. The cells may then be retained in the marginal or

subcapsular sinus where they may adhere to sinusoidal cells and possibly

Iymph node ECM found on the reticular fibers. Migration of the tumor

cells to other parts of the node via the interconnected Iymphatic sinuses

may lead to invasion and destruction of the nodal parenchyma (28). In an

attempt to destroy the tumor cells, a host immune response may be

elicited in the nodes. This response involves both B- and T-cells responses

residing in the cortical and paracortical areas of the node, respectively, as

weil as a macrophage-mediated response - sinus histiocytosis. Despite this

host response, tumor cells generally proceed to destroy the node and may

disseminate to distant nodes and organs (39).
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3.1 Introduction

Changes in adhesive events, in the fOlm of increased or decreased cell

adhesion to host cells or extracellular matrix are critical to the metastatic

process. ln order to e~:::ap;; from the primary tumor, tumor cells must lose

their adhesion to adjacent cells, an inter~ction mediated by receptors such

as the cadherins (1, :.2). Conversely, tumor cell arrest in the target orgnn site

and establishment of metastases appear to require increased adhesion,

which may be mediated by adhesion molecules of the integrin (3-5),

immunoglobulin (6) or selectin (7) families. lndeed, deletions in tumor

suppressor genes encoding either an adhesion receptor (the NCAM-Iike

molecule, DCC) or receptor-Iinked protein (APC, a catenin-binding

molecule) have been implicated in the process of colorectal carcinorna

progression. Since the progression of melanoma is associated with an

increas~'d expression of many types of adhesion receptors including

receptors MUC18 (8) and lCAM-l (9) of the 19 superfamily and the

integrins (10) a2131 (11), a3131 (12), a4131 (13), and in particular a v133 (13-15), a

more extensive review of these families of adhesion receptors is provided

below.

3.2 Families of Adhesion molecules

To date, four major families of adhesion receptors have been identified

based on sequence homologies and structural similarities. These include

the cadherins, Ig supergene family, selectins, and integrins (16-18).

Vitronectin receptor in melanoma invasion and metastasis
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3.2.1 Cadherins

The cndherins mediate cnlcium-dependent intercellular adhesion.

Ench molecu le consisls of cytoplasmic, transmembrane, and extracellular

dOlllilins (1, 2), the latter of which contains four homologous repeats (17).

As homotypic ildhesion molecules, cadherins mediate cell binding

lhrough interactions with identical cadherins found on the partner cells.

They nre present in adherens junctions (zonula adherens) where they are

required for orgnniziltion of the cytoskeleton (2) through interactions with

the cntenins (u, ~, ilnd y), cytoplasmic proteins which control cadherin

function (19).

The melllbers in the cadherin family may, according to Takeichi (2), be

subdivided into Iwo main groups, those with an extracellular domain

contnining four cildherin repeilts nnd those with more than four repeats.

The c1nssicnl cndherins are E-cadherin, first detected in epithelial tissues,

P-cadherin, found in the placenta, and N-cadherin, present in neural

tissues. In normill cells, these molecules are involved in maintaining

epithelial tissue integrity (5). In tumor ceIls, their expression is frequently

decreased and their levels were shown to be inversely correlated with the

invasive capacïty of the cells (20). As weIl, antibodies directed to E-cadherin

\Vere able 10 increase the invasiveness of a normally non-invasive canine

kidney œIl line (21), suggesting that loss of E-cadherin mediated adhesion

\litroUl'din n'ù'plor ;11 mdtwollta immsioll and metastasis
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Illav conlribute to invasion. lVith respecl 1(' Illetastasis, in scme canœrs

su ch as human breast cancer (22), Ihe incidence of regional ilnd distilnl

Illetilstases \Vas found ln enrrelate with reduccd E-cadhl'rin e'prl'ssinn.

However, this may be lunwr specilic ,1' ,"pression of E-cadherin ln

human stomach cancers resulled in incre,ls,'d llleta5tasis (23),.

Under physiological conditions, E- ,1nd l'-cadherins arc re'1uired 10

Illaintain skin tissue integrily (2-1-). In n1l'l,lnOllla5, expression 01 these

cadherins may be 1051 and this may conlnbule tn melastasis. A recent

report byTang ('/ 11/ (2-1-) delllonstrated lh,ll Illelanocytes expres5ed bolh of

these cadherins and could adhere 10 k,'r'llinocyle monolayers ill iIi/l'cl

wherea:' several melanoma cell lines ,1S w,'11 ,15 lransformed melanocyte5

lended 1:0 lack mainly E-cadherin and 10 ,1 lesser degree P-cadlll'rin and

thus resulted in 1055 of adhesion to the k"I-'ltinocyles. As kemtinocyles arc

situated in close proximity to melanocytes (Illelanoma cells) i/l i';i'(/, 1055

of light adhesion by the laller cells as a result of 1055 of cadherin expression

Illay lead to the development of the melaslalic potentia!.

3.2.2 Immunoglobulin (lg) Supergenc. .'amilv

Members of this fmnily include ad hesion receptors as weil as olher

molecu les su ch as the receptors for lhe growth fnctors POCF nnd CSF-I,

and immune system proteins 5uch as lhe T ccII receptor and the MHC

~ 'i tnml'cti" nOt'L'ptOt' in mt'!mwHlIl im',lSlOll III/Ii 1/1,' ril s filS;5
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<lntigens (25). The <ldhesion molecules of this f<lmily c<ln medinte

homotypic <lS weil <lS heterotypic cell-cell ildhesion. In the former group

<Ire molecules such ns N-C.·\M, L-l (10,23), which nre involved in

regul<ltion of neur<ll tissue morphogenesis, CEA (c<lrcinoembryonic

<lntigen) (26), and PECAivl-] (2i, 21'), which has been implicated in

leukocyte motility and migration <lcross \'<lscul<lr vessels. The latter group

includes proteins such as ICAi\I-I, 1c'·\M-2, lCAM-3, YCAM-I

(INCAM-l10), and LFA-3, which l'laya raie in Iymphocyte-endothelinl cell

interactions (29).

Several m.'mbers of the Ig f<lmily h<l\'l' been implicated in melanomn

progression and o11etastasis. The expressillil uf the N-CAM-Iike cell surface

glycoprotein, MUC-1B, W<lS shown to be increased in cryostat sections of

metastatic melanoma lesions <lS compared 10 sections of benign nevi (30).

The expression of MUC-1B wns found to correlate with verticnl thickness

of the primary lesion as weil as with poo. prognosis and development of

melastasis (31). Anolher Ig fnmily member whose expression is

upregulated in metnstatic lesions is IC\\l-1 (32). Along with its counter

receptor, the leukocyte integrin LFA-l ("L1I:!), ICAM-l (as weil as ICAM-2

nnd ICAM-3) (33) normally plnys a regul<ltory role in the host immune

response by bringing together in close proximity antigen-presenting cells

nnd T lymphocytes (34). Close cont<lct between the ICAM-expressing

ilntigen-presenting cells and LFA-l on the T cells is needed for proper

Vifnml'ctill n.·ù'l'to,. in ml'lmlOlJlll in~'ll:-:icm Ilnd I1lt'tastllsis
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antigen presentation and subsequent immune response. [n fact, antibodies

to ICAM-l were shown \0 block Iysis of melanoma cells by TIL

(tumor-infiltrating lymphocytes), LAK (lymphokine-activated killer), and

NK cells (35) suggesting that it was involved in me[anoma cell recognition

by the killer cells. ln addition to elevated expression in met<lst<ltic

melanom<l lesions, ICAM-l is also present in the serum of melanom<l

p<ltients <lnd is <l marker for progression of the disease (36-38). Stage Il <lnd

III melanom<l patients with high levels of circu[<lting [CAM-l showed

lower surviv<ll (37,38).

The Ig family molecule VCAM-l (also called INCAM-ll0), norm<llly

expressed on cytokine-activ<lted vascular Endothelium, binds to its counler

receptors VLA-4 (1l4~1) (39) and possibly 114~7 (40, 41). VCAM-l <lnd its

counter receptor media te lymphocyte-Endothelial cell interaction required

for leukocyte transmigration during inflammation. Recent studies have

shown that the expression of VCAM-l on tumor-infiltrating vascular

endothelial cells may be decreased as compared to endothelial cells distant

to the melanoma (42). Il was postulated that down-regu[ation of VCAM-I

may protee! highly vascularized melanoma lesions from destruction by

host cytotoxic lymphocytes as the lymphocytes cannot extravasate into the

lesion in the absence of VCAM-l expression (42). The ligand for VCAM-l,

VLA-4 (1l4~1), is also expressed on melanoma cells (14,43). The interaction

between endothelial VCAM-l and melanoma VLA-4 may be important for

\lilro/leeli/l reeeplor i/lmt'ill/loma i/lvasio/l and mclaslasis
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metastnsis formation. A recent report hy Garofalo et al (44) demonstrated

lhnl experimpnt.. : iung metastnses of VLA-4+ A375M melanoma cells

could be enhanced by pre-injections of Il-l, which was shown to induce

VCAM-l expression on Jung endotheliaI cells. Together these results

suggest that tumor œil intemction with the endothelium can regulate the

melnstntic process.

3.2.3 Selectins

The selectins constitute nnother family of adhesion receptors (7, 16,45).

These cell surfnce glycoprotein.:; mediate C<l2+-dependent

leukocytc-endothelial and leukocyte-platelet cell adhesion. The three

main members of the family were identified originally on different cells

such as endothelial, leukocyte, and platelets and were designated E-, L-,

and P-selectin, respectively. Sharing structural similarities such as an

N-terminal calcium-type lectin domain, an EGF-(epidermal growth factor)

like domain, complement binding protein-related modules, and :!

transmembrane domain, the selectins play a role in leukocyte

transmigration to infIam'llatory sites and in lymphocyte recirculation and

homing (29) The lectin and EGF-like domains are required adhesion to

the major selectin ligands, sialyl Lewis x, sialyl Lewis a, .and related

blood-group carbohydrate antigens (45), as antibodies directed to these

Vill'Olll'clill l'''n'plol' ill me/alloma illt'asioll and mclaslasis
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domains were found to inhibit seleclin-mediated ,ldhesion (46, 47).

Through the identification of biological ligands for the seleclins (48-S0), it

has been shown thal the interaction of lhl' seleclins with the protein

components of the ligands may also conlriblltl' to adhesion (SO).

Selectins, especially E- and P-selectin, h.1\'e also been implicated 1n

metastasis of variolls lumors sllch as colorectal (SI), breast (S2), skin

squamous cell (S3), and pancreatic (S4) carcinomas. Tlimor cells which

express the appropriate carbohydrate lig.lIllh for host endothelial cells

selectins are believed to adhere to the endolill'Ii.ll ccII during intravasation

and extravasation of Ihe tumor cell throllgh \'ascldar or lymphatic vessels

(55). ln fact, colorectal carcinoma cells e\pressing high levels of sialyl

Lewis xantigens were shown to adhere ill "il,." to E-selectin expressed on

activated endothelial cells and this adhesion correlated with the metastatic

potential of the cells (56). In another report (53), investigators working 0 n

cutaneous basal and squamous cell carcinomas found that the ligands for

the selectins \Vere present in sqllamous but not in basal cell carcinomas as

measured by immunohistochemical analysis suggesting that the absence of

appropriate ligands on basal cell carcinoma may be responsible for their

reduced metastatic potentia!.

ln melanoma tissue, positive staining for E- and P-selectin on

intratumoral endothelial vessels was found 10 be inversely correlateJ with

disease-free interval and sun'Ï\'al lime (57). Another leclin-Iike molecule

VitrOIlt'ctill n'ù'ptol' ;11 mclallOI1W illi:,tlsiolJ and mt'fllstllsis
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involved in me1anoma is the 90 kDa lung-specific endothelial cell

adhesion molecule-l (Lu-ECAM-l) (58). This molecule se1ectively binds

highly lung metastatic murine B16-Fl0 melanoma cells as pre-injection of

a MAb directed to Lu-ECAM-l prior to B16-Fl0 cell injection resulted in a

significant reduction in lung metastases whereas a similar reduction was

not seen for another lung-metastasizing cell line (59). Further studies

revealed that the staining pattern of lungs for Lu-ECAM-l correlated with

the distribution of B16-Fl0 lung metastases (60). These results suggest that

metastasis is a selective process and that tumor-endothelial cell

interactions play a crucial role in this process.

3.2.4 lntegrins

Another important event in melanoma metastasis is adhesion of the

tumor cells to the stromal, parenchymal, or subendothelial extracellular

matrix at the primary and metastatic sites. This adhesion to the ECM leads

to subsequent tumor cell invasion of the tissues and is mediated mainly by

a family of adhesion molecules known as the integrins (3,5,61-64). The

in!egrins are transmembrane glycoproteins which consist of

non-covalently linked Cl and p subunits ..nd serve as major mediators of

cell-substrntum and cell-cell adhesion. ln addition to their involvement

in tumor invasion and metastasis, integrins ..re a1so involved in various

Vitrom'ctin n'Ct'ptor in mclanomll ;'WIlS;OlJ and ml'tastasis
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physiological processes slich as embryonic developmenl and

morphogenesis (65-68), inflammation (b9), \\'ollnd healing (70, 71), and

blood coagulalion (70, 72). To date, 15 " ,1Ild 9 1\ subunils have bel'n

idenlified which combine to form <Il le<lst 21 different integrin

heterodimers (Table 1). E<lch of these integrins can bind to one or more

extracellular malrix proteins through specifie peptid l ' sequences (73, 74)

such as the Arg-Gly-Asp peptide on fibrol1l'ctin or they may mediate

œll-cell adhesion as is the case for "-lI\1 (39), and ltLl~2, (29), which

recognize their counter receptors VCAi\I-1 ,1Ild the ICAt\,l's, respectivel)'.

ln addition to the RGD sequence found in sl'veral matrix prot\!ins such as

fibronectin and vitronectin, other peptidl' SCl]UenCes have been idenlified

as integrin-binding peptides. These incillde lhe peptides KGAGDV,

EILDV, and DGEA expressed on fibrinogen, fibronectin, and collagen,

respectively (3).

Originally, the integrin family was divided into lhree subfmnilies based

on their 1"1 subunit (61), the VLA (very latc anligen) <Iid, the leucmn (112),

and the cytoadhesin «(h) subfamilies. I-Iowever, lhe discovery of new Il

subunits and the fact that LX subunits can ,lssociate with (~ subunits from

more than one family render this lradilional classification system

somewhat dated.

Generally, both subunits of lhe integrins consist of a subslanlial

Vitrant'din receptor ;', ",eltlllOma illl,tlsùm 1l11d IIlI'taslasis



•

•

•

extracellular domain, a single transmembrane domain, and a short

cytoplasmic region. The exception to this general structure is the 114

subunit which contains a very large cytoplasmic domain (75,76) consisting

of over 1000 amino acids which is approximately 20-25 times larger than

other fi subunits. ThE extracellular domain of the a subunit contains the

divalent cation binding sites and that of the Il subunit is characterized bya

region containing highly conserved cysteines. The N-terminal domilins of

both of these subunits combine to form the Iigand-binding region. The

cytoplasmic domain of the Il subunit is required for interaction with the

cytoskeletal proteins (77, 7S). UItrastructural studies on the fibronectin

receptor, revealed that the ,hree-dimensional structure of an integrin

consists of a globular head formed by the N-terminal regions of both the

subunits (79) which measures about SOx120Â. This region also contains

the ligand- and divalent cation-binding domains. Connected to this head

are two tails of about lS0-200Â in length.

Human cancer cells often displayan integrin expression profile which

is aItered in comparison to normal cells. The tumor cells may express

increased or decreased levels of specifie integrin molecules or new

integrins not generally expressed on the benign tissue. The patterns of

expression cannot however be generalized and appears to be integrin and

tumor-type and stage specifie (4). In the case of breast (SO) and colon

carcinomas (Sl) for example, the expression of several integrin subunits

Vitrollectin receptor in rnelanoma invasion and metastasis
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1>1, 1>4 and 112, no, 1>\, !>4, respectively, \\'as round to be decreased in

comparison 10 lhe respecliw normal tissue. On lhe olller hand, cerlain

lumors such as the highly malignanl cerebral glioblastoma (82) sho\\'

increasecl expression of specifie inlegrins su ch as the vilroneclin receptor

llvl>~ when compared to less maligant lumors and normal brain cortical

and cerebral tissue. Melanoma lumors and cell lines also show changes in

expression of integrins including upregulalion of "21\1 (83), n~I>1 (12), 11.1111

(13), and nvl> .• (14, 15). The upregulation of the llvl>,1 appears to be of

parlicular ?i';;lificance. This receplor \\'as identified as a marker of

rnelanoma progression and ils expressilln is greatly increased in vertical

growlh phase primary and metastatic mel'lnoma lesions (14).

ln the following sections, a more detailed description of the ltvl>,l

integrin will be presented with an emphasis on ils role in melanoma

metastasis.

3.2.4.1 Structure and Biosynthesis of the ttvl>,1 integrin

Full length cDNA for Uv (84, 85) and 1\1 (86,87) chains have been c10ned

and the amino acid sequences delermined. In addition, the promoler

region of the Uv gene has been c10ned and sequenced (88). The Uv subunil

does not contain the 200 amino acid 1('inserted/ interactive') domain (89)

Vitrotll'cti" n'cl'ptor in mL'imlOmrl im'asiotl aud 1III'fas/u:;;s

';11



•

•

•

characteristic of sorne U subunits but belongs to a subgroup of (l subunits

which is c1eaved into heavy and light chains bridged by disulphide bonds.

The Uv subunit shows sequence homology with other (l chains especially

<1<; with which it shares a 60% homology (90). The rh subunit is also

homologous to the other 11 subunits with Ihe overall homology among

these subunits of about 400,;, (90).

The early work by Cheresh et al (91, 92) showed that the synthesis,

processing. and assembly of the Uv~3 receptor as analyzed using human

llelanoma M21 cells occurs as follows: Initiallv, the Ctv and ~3 chains are

translated and transported to the endoplasmic reticulum, where they

associate to form heterodimers. These heterodimers are functional with

respect to adhesion to immobilized RGD peptide columns, an ability

acquired about 7 minutes, post-synthesis. They also react with MAb LM609

which recognizes an epitope found on both the Ct and ~ chains (91). The

next phase, at 60 minutes, post-synthesis, is rapid transport of the Ctvf33

complex t..:- the Golgi apparatus for further processing, which involves

trimming of the high-mannose oligosaccharides and addition of sialic acid

to the chains. The final step is transport of the receptor complex to the cell

membrane.

3.2.4.2 Ligands of the Ct v/33 integrin

Vitrom.'di" reet'I,tol' iu mt'/mloma ilU.'llsiOIJ lllid mt'1asttlsis
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(1. [1 Ligand

• (1.1 ~l coll, LN
(1.2 coH, LN, echo virus
(1.3 coll, epiliqrin, FN, LN
U4 FN, invasin, VCAM
(1.5 FN, denatured coll
(J.() LN
U7 ~ .N
U8 ,-=N, VN, tenascin
U9 ?
(J.v VN

uL ~2 ICAMs
(:tM iC3b, Factor X, Fgn, ICAMs
uX Fgn, iC3b

Uv ~3 VN, FN, Fgn, Tsp, vWF, OP, denatured• coll, tenascin, disintegrins, HIV Tat
Ullb VN, FN, Fgn, Tsp, vWF, coll, denatured

coll, disintegrin

a6 ~4 LN

Uv ~5 VN, HIV Tat protein

av ~6 FN, tenascin

a4 ~7 FN, VCAM

aE ~7 E-cadherin

av ~8 ?

Table 1. Integrins and their ligands
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'olher integrins such as ullb!h can be modified by the type of divalent

cation present. For example, Mn2+ but not Ca2+ was able to promote

adhesion of M21 melanoma cells to fibrinogen (99). In another study, the

uvl~J receptor isolated from human placenta was able to bind to the RGD

peptide in fibronectin in the presence of Mn2+, but not in the presence of

Cil2+or Mg2+ (100). This phenomenon of divalent cation regulation of the

integrin-ligand specificity is not unique to the vitronectin receptor and has

been demonstrated with the fibronectin receptor (15(31 (101) and with the

platelet integrin Ullbl~3 (99).

Vitronectin, the ligand first identified for (1v(33 (102), is a 75 kDa,

Iiver-derived glycoprotein originally isolated from human serum using

glass beads (103), and known also as serum spreading factor (104) or

complement S-protein. It is present in the plilsma at concentrations of

200-4001Ig/ mL and can exist in il two-chain form (65 and 10kDa) (105). In

addition to its soluble form found in plasma, vitronectin can also be

ECM-il!>sociated. It was identified with the extracellular matrix of fibroblast

cell Iines (104) and found in tumors such as advanced glioblastoma

biopsies (82) and la te-stage melanoma (15). Il is also found in the elastic

fibers of the papillary and reticular dermis (106), in loose connective tissue,

blood vessel walls, and the reticulin stroma of lymphatic tissue (107). The

latter location is of particular relevance to our study (107-109) as the lymph

\'itl'(lUl..'diu 1'('cc.'ptor in ",dullomll im.'''5ioll and metastasis
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nodes Jre J I11nJor sile for melnnol11n metJstJsis, BecJuse infiltrntion of

the Iymph nodes by tumor cells \\'ns found ln be Jccompnnied by incrensed

production of fibronectin nnd \'ilronectin (109), tlll' locnl

microenvironmenl in the node could become incrensing\y more

fnvourJble for metnstJtic melJnomn cells \\'hich express high leve\s of

«(,,1>,1,

ln Jddition 10 œil ndhesion, vitrollL'l'lin is Jiso involved in mnny

diverse processes such ns fibrinolysis. thrombosis, nnd control of the

complement systel11 (105, 110). In fibrinllh'sis, vitronectin binds to Jnd

stnbilizes type 1 p\nsminogen-nctivntor Înhibitor (PAl-\), n component of

the lIrokinnse proteolytic system, mninl.1ÎnÎng it in its nctive form (111),

Vitronectin nlso prevents th:ombin from hel'Jrin-dependent innclivntion

by nnti-lhrombin 111(105) nnd cnn bind 10 Ihe C5b-ï complex prevcnting il

from ndhesion to cells therebv prolecting them l'rom

complement-medinted \ysis (112),

3,2.4.1.3 Expression, fllnction, .lIld regllintion of uv(IJ .. nd lhe

consequences of <%vl>,,-medinted ligntion 10 vilronectin

Under physiologicnl conditions, the expression of integrin (tvl>J is

restricted. The receptor is expressed on \'nsculnr endotheli..1 cells (93), on

chorionic villi cells of lhe plncenln (113), on sl1100th muscle cells (114), on

Vitr(lI/t'ctitr n'c/.,,,to)' iu mehlllOUla imlllSl<'1l llnd lII!'t IlS1IlS;S
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lymphocytes such <lS B, T, <lnd NK cells (115·1 1ï), on bone m<lrrow-derived

l11<lst cclls (118), <lnd on m<lcroph<lgcs (119) <lnd other cells of the

l11<lcroph<lge/ monocyte line<lge such <lS osteocl<lsls (120).

The <1v11,1 rcccptor h<ls been iml'Iic<lted in the migr<ltion on

vilroncclin of severnl differcnt celltypcs incillding endotheli<ll cells (121),

l11<lcroph<lgcs (119), nellr<ll crest cclls (122), sl1100lh muscle cells (123) <lnd

111<llign<lnt cells su ch <lS lung <lnd p<lllcrL'atic c<lrcinom<l (124) <lnd

l11el<lnom<l cells (15). vitronectin recL'l'tor-ll1edi<lted migrntion on

vitronectin is <ln il11porl<lnl event in l'ln'siologic<l1 processes sllch <lS

<lngiogenesis (125), wou nd he<ll ing (12b), .lIld ell1bryonic developll1ent

(122). v<lsclll<lr cells expressing the receplor ll1igr<lle 10 form new blood

vesscls, <l process reqllired for ll1et<lsl<lsL'S forll1<ltion. Tumor cells

including ll1alignant melanoll1a cells produce <lngiogenic factors such as

bFGF which trigger this process (127). As weil, ker<ltinocytes involved in

re-epithelialization of skin wounds, <l process requiring extensive cell

Illigrntion, show increased expression of Ihe <1vl'l;\ receptor (126). During

elllbryonic development, neurnl crest cclls must Illigrü\e through various

extracellular malrices to their final targe! site where they can begin

differentiation (128). 11/ "/(1'0, the neurnl crest cells required ctv~;\ for

migrntion on vitronectin illlplying a role for this receptor in development

(122).

The (tv~;\ receptor also plays a role in pathological conditions
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requiring cell migrntion. For exnmple, the receptor hns been implicnted in

migmtion of smooth muscle cells into the neointimn, nn evenl believed 10

be importnnt in ntherosclerosis (123). As tumor cell metnstnsis requires

highly motile nnd migmtory cells, cells possessing the vitron(~ctin receptor

mny hnve nn ndvnntnge in terms of metastatie nbility. In a study of hu mn n

pnncrentic cnrcinomn cells, n fnilure to express this receptor resulted in the

innbility of Ihe lumor cel!s to sprend or migrnte on vitronectin (124).

When the cells were Ihen stably trnnsfected with n full length 13~ cDNA,

resulting in functionnl cell surface expression of avfl~, the cells gnined

migmtory competence on vitronectin.

ln nddition to ils role in adhesion and migration, avl3~ has been

implicnted in the regulntion of tumorigenesis. Using the M2I-L human

melanoma cell model mentioned above, Felding-Habermnnn et III showed

thnt these cells, which lacked cell surface avfl" could not adhere to

vitronectin ill vitro ,md were compromised in their ability to form tumors

ill ,lillo in nude mice (129). However, M2I-L cells regained their adhesive

and tumorigenic phenotype when stably transfected with an (lv cDNA

(129).

The receptor has also been implicated in cell rescue from

programmed cell death - apoptosis (130), the physiological process

responsible for maintaining normal cell turnover (131). In a recent study,

Vilrolll'clill l'''l'l'l'lol' ill IIlc/UIIOIllU illvusioll Ulld IIlctastasis
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Montgomery et III have shown that when embedded in 3-D dermal

collagen gels (the major ECM protein of the dennis), melanoma cells

required ligation of the lt v11.1 receptors in order to escape apoptosis and

form colonies. Sim.'1arly, using the chick chorioallantoic membrane

model, vascular cells undergoing angiogenesis were shown to require

ligation of the ltv[1.1 receptor for growth, differentiation, and the inhibition

of apoptosis (127). One of the key steps in apoptosis is the removal of the

apoptotic bodies by phagocytic macrophages. In faet, murine bone marrow

derived or human monocyte-derived macrophages use the av~3 receptor

to recognize and remove the apoptotic bodies (132).

Recently, antibody-mediated crosslinking of the av~3 receptor on

melanoma cells was shown to lead to increased invasiveness in the

reconstituted basement membrane Matrigel, and this was attributed to

upregulated expression of the type IV collagenase gene (133). In summary,

the vitronectin receptor has been implicated in many activities ranging

from adhesion and migration to tumorigenesis and invasion. Melanoma

cells which express this receptor are therefore likely to have a survival

advantage and an increased ability to complete the inter-cellular and

cell-ECM interactions required for metastases fo-mation.

The synthesis and expression of the av~3 receptor can be regulilted

by a variety of cytokines (119, 134), growth factors (135, 136), phorbol esters

\!ifrolll'cti" rrCl'ptOl' in ",t'llllloma invasion and metastasis
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(S5), and the steroid hormone. \'itamin D-,1 \ J.jï). These modulators of

vitronectin receptor e\pression usually .1cl on the transcription or

Iranslation of either Ihe "v or 1\,1 subunits rl'sulting in increased cl'il

surface e\pression of the comple\. Cvloi-.illl·s kno\\'n 10 increase 11lL'

e\pression of the vitronectin receptor on l11urine bone marrow-dl'rived

macrophages include IL--I-, IL-6, and the infl.ll11nl.ltory cytokines TNF" and

G\I-CSF (granulocyte-macroph<lge colol1\"'liI11111.1Iing factor) (119, 13-1-).

Ali of these cytokines e\ert their eHect on "ilrolll'ctin receptor synthesis by

upregulating expression of the II- mRN:\ \\'ith IL--I- being the most polenl

<lctivator (134). Human micro\'ascular l'ndolhelial cells incubated with

IFN-y showed decreased cell surface «(--1\' !l·vels. presumably due 10 a

d~creased expression of 1~.1 (135). In rabbil ,'ascular smooth muscle ce Il s,

TGF-B1 and PDGF-BB induced expression of "vl\.1, again through the

increased expression of li.1 mR\!A (136). The stimulation seen with

PDGF-BB was more rapid and lransient Ihall that seen with TGF-BI,

lasting only 24 hours, whereas the latter \\'as 1110re lasting. In the human

endothelial cell mode!, bFGF \\'as able 10 increase 1~.1 mRNA synthesis,

resulting in increased cell surface expression of the receptor. However,

co-incubation of these cells \\'ith IFN-y and bFGF resulted in no increases

in receptor expression suggesting thal lhe inhibitory eHeet of the

inflammatory cytokine cannol be overCOl11e by bFGF stimulation (135). In

Vitrollt.'ctin reel'ptor ;11 mt'idllO"w iU'i'tlSI(l1l IlIld J/lt'ttlstasis
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contrast to the above modulators, In,25-Dihydroxyvitamin D3 (137) ilnd

the l'horbol ester 12-0-tetradecanoylphorbol-13-acetate (85) stimulale "vll,\

expression by increasing "" mRNA levels. ln fact, stimulation of .wian

bone-marrow-derived osteoc!ast precursor cells with vitamin D resulled in

increased "v mRN A through increased rates of transcription (1:>7).

Together these fi:ldings show that in cells expressing n vl3;\ reccptor, levels

may be regulated by autocrine growth factors or as weil as by factors

produced by neighbouring host cells (paracrine regulation).

Some of Ihe consequences of (tv~3-mediated Iigation 10 vitronectin

have been described above , these are increased growth, differentialion,

invasion, migration, and sun'Î\'al (rescue from apoptosis). Many of these

processes are probably mediated through intracellular signais resulting

from receptor crosslinking. For example, migration of endothelial cells on

immobilized vitronectin was mediated by av~3 and this event resulted in

increases in second messengers such as cytosolic free calcium (Ca2+)j and

intracellular pH (124) suggesting that adhesion to this ECM protein

triggered causes intracellular signaling events leading to cell migrt'ion.

Like other integrins, the vitronectin receptor has a relatively short

cyloplasmic domain with no known kinase or phosphatase activity

characteristic of Ihe more traditional signal transducing receptors (growlh

factors). The possible transducers of integrin-dependent message are Iikely

Vitrolll'ctiu l'l'Cl'ptor ;11 ml'1alloma im.1as;olt and rnetastasis
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la be inlegrin associaled proleins such as the focal adhesion kinase

(ppI25h \K) (138). Focal adhesion kinase (FAK) is a cytoplasmic protein

tyrosine kinase localized 10 focal contacts, where integrins and cyloskelelal

elemenls are c1uslered. Binding of u v133 to vitronectin results in

localization of the receptor 10 focal contacts where il associates wilh several

inlegrin-associated proleins including the SOkDa, CD47 blood group

anligen-relaled prolein involved in the regulation of intracellular Ca2+

(139), the 190 kDa prolein which is tyrosine-phosphorylated in response to

PDGF (140), and the insu lin and insulin-Iike growth factor receptor

subslrale-l (lRS-l), an insu lin signalling intermediate involved in binding

Grb2 and PI-3 kinase, in response to insu lin (141). The latter two

inlegrin-associated proteins point to a possible integration of integrin and

growlh faclor signaling pathways. In addition, the vitronectin receptor

mediated signaling events may a1so involve activation of protein kinase

C. For example, human umbilical vein endothelial cells require U v133 for

cord (lumen-Jess capillary-Iike structures) formation and this process is

medialed by protein kinase C (PKC) as Calphostin C and staurosporine,

inhibilors of PKC, could inhibit cord formation and the PKC activator

phorbol 12-myristate 13-acetate (PMA) caused lengthening of the cords

(142).

When viewed collectively, these findings present evidence that

expression of the U v133 vitronectin receptor bymelanoma cells may provide

\'i!n'lll'l"ti" n.'ù'l'tor ;11 Ult.'lallomll irrVllsion tlPld metastasis
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them with a central mechanism ior the promotion oi adhesion, Jlligralion,

il1\'asion and growth, processes which arl' ,111 rl''luired ior Jlll'tastasis 10

regional Iymph nodes and distant organs, l1thc'r recl'plors may aet in

concerl with (l"I>,1 to enhance the Jllelastalic l'0tential oi the melanoma

cells.

Vitl'onectin n'cepto,. in mefulloma im'tlsioll tlud IJJj·t,,~J"sis
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4.1 Introduction

ln the process of invasion and metaslasis, proteolysis is required for

degradation of ECM proteins CI, 2) and cell migration through organ

stroma and parenchyma (3, -l). This process of ECM proteolysis is

controlled by various degradative enzymes including matrix

metalloproteinases su ch as type IV collagenases (5, 6) and serine

proteinases such as the plasminogen activalors, tPA and uPA (7,8). An

overview of the various classes of proteolytic enzymes relevant to cancer

metastasis in general and melanoma d issemination in particular, is

presented with a doser examination of the urokinase plasminogen

activation system which was the subject of the present study.

4.2 Proteinases and invasion

A key step in invasion, in both physiological processes such as

angiogenesis, embryogenesis, inflammation, and tissue repair, and in

pathological conditions such as tumor invasion and metastasis, is the

release by invading cells of proteolytic enzymes which degrade the

complex ECM. Structurally, the ECM consists primarily of collagens which

me triple helical proteins (9) and make up the bulk of the proteins in

mammals. Of the more than dozen characterized collagens, the most
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common types are types l, li, and III interstitial collagens found in

connective tissue. The collagen fibrils assemble into the collagen fibl'rs

which organize into different structural lattices depending on the lype of

tissue (9). In addition 10 collagen, the extracellular matrix also conlains

glycoproteins such as fibronectin, laminin, and entaclin, and proteoglycans

which vary depending on the tissue and include heparan sulphall!,

chondroitin sulphate, dermatan sulphate, and keratan sulphale

proteoglycans (10). These interact with the cc!lagen fibers to form the

three-dimensional struclure of th!' ECM. The glycoprotein vitroneclin hils

been localized to the ECM of loose conm;di~'o tissue and the elastic fibers

of the papillary and relicular dermis (11).

ln addition to connective tissue, invading tumor cells must also

transverse basement membranes. This specialized ECM also known as the

basal lamina is found at the interface between epithelial and connective

tissues and between the epithelium and vascular endothelial cells. The

basement membrane is composed largely of type IV collagen, which unlike

the interstitial collagens, forms end to end dimers instead of fibrils. In the

basal lamina, these dimers connect to form a polygon-Iike structure as seen

both in vitro and in vivo (12). Electron microscopie analyses have shown

this 50-100 nm membrane (9) to consist of three layers (4):

1. the lamina lucida, which is in contact with the cells of the epithelial

layer and is composed mainly of laminin;
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2. the lamina densa, made up of type IV collagen with sorne

proteoglycans; and

3. the lamina reticularis, which consists of interstitial collagens,

fibronectin, and proteoglycans.

The ECM structures normally form efficient barriers to cell

migration. Under physiological or pathological conditions requiring

invasion however, the invading cells secrete or bring about the secretion

of proteases which may cause dissolution of these barriers. Among these

proteases are the metalloproteinases, the cysteine proteinases, the serine

proteinases, and the aspartic proteinases (13).

4.2.1. The Metalloproteinases

The metalloproteinases, also known as matrix metalloproteinases

(MMP), are a family of matrix degrading proteinases which share several

characteristics. They are usually secreted as inactive zymogens and require

activation by other enzymes for function and they depend on a 2n2+ atom

in the active site for the enzymatic activity. Members of this farnily ail

share sequence homology and have been divided into three main groups:

interstitial collagenases, type IV collagenases, and stromelysins (4).

Collagen types 1, II, III, VII, and X are cleaved by the interstitial

collagenase (MMP-1). Melanoma celis can produce this collagenase i /1
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il! vivo (14).

The stromelysins (15), which consist of stromelysin (MMP-3),

stromelysin-2 (MMP-l0), and matrilysin (MMP-7) and more recently

stromelysin-3 (ST3) (16), form another subgroup of MMPs. They are

involved in degradation of collagens type l, IV, V, VII, IX, of ECM

glycoproteins such as fibroneclin and laminin, and of proteoglycans.

Numerous studies have implicated the stromelysins in progression and

metastasis of various tumors (15) including breast carcinomas (17) and

squamous cell carcinomas of the head and neck (18, 19). In situ

hybridization studies on breast carcinomas revealed that ST3 m RN A

levels were higher in invasive ductal and lobular carcinomas than in early

stage il! sitll tumors (17). In this study, a significant correlation was found

between ST3 levels and metastatic disease. In another study, expression of

ST3 mRNA was analyzed in numerous breast tumors and only the highly

ma lignant tumors were found to express the message for this enzyme.

Expression in this study correlated with the presence of Iymph node

metastasis (20). However, in this and other studies (21), expression of ST3

mRNA was associated with the stromal elements, particularly fibroblastic

cells, surrounding the malignant breast tumor suggesting that this enzyme

plays a role in stromal epithelial interaction. In head and neck squamous

cell carcinoma, both stromelysin (19) and stromelysin-3 (18) were
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implicated in invasiveness and progression. Again the laller study,

demonstrated that ST3 mRNA was associated with stromal cells

surrounding the invasive tumor cells (18).

The type IV collagenases include the 72-kDa and 92-kDa gelatinases,

MMP-2 and MMP-9, respectively. These enzymes degrade type IV

collagen, as weil as type V, VII, IX collagens, gelatins, and fibronectins (4).

The gelatinases characteristically c1eave type IV collagen at a triple-helical

domain which is 1;4 the molecule length from the NH2-terminus,

resulting in 2 fragments of a 1;4 and Y4 length (22). This is in contrast to

interstitial collagenase, which cleaves the interstitial collagens at the

COOH-terminal end, again generating l/.j and Y4 fragments. The

stromelysins may also c1eave type IV collagen but the cleavage site is at a

different site than that of type IV collagenases producing less well-defined

fragments.

Type IV collagenases have been implicated in the invasion and

metastasis of different tu mors ranging from breast carcinomas to

melanomas (6). In colon adenocarcinomas, the expression of MMP-2 as

measured by immunohistochemical analysis of tumor sampIes, was

elevated in primary adenocarcinomas as compared to adjacent normal

colonie mucosa and this expression correlated with the stage of the disease

as determined by Duke's classification level (23). Tissue staining of

invasive ductal and lobular breast carcinomas aIso revealed similar
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increnses in expression of f\l\IP-2 when cOlllpnred 10 norlllni duel

epilheliulll (24). In other tUlllors su ch .15 Iwo squnlllous cell cnrcinollln

cell lines, expression of MMP-2 ns weil ns i\IMP-9 wns delllonstrnted ~

gelnlin-substrnte-zymogrnphy (25). In the :\2058 hUlllnn Illeinnollln cell

line, the expression of nctivnled 72-kDn type IV collngennse could be

inhibited by n synlhetic peplide derived frolll n region on the innclive

proenzyme. This peptide contnined n crucinl cysteine residue required 10

Illnintnin the Intent form of the enzyme. Inhibition of MMP-2 in this wny

resulted in n suppression of melnnlllll<l cell inv<lsion through

reconstituted basement membrane (Matrigel), (26) suggesting Ihat this

enzyme was required for invasion ill lIit,." .1nd possibly for melaslasis ill

lIivo. In addition, ligntion of the «v~.l vilroneclin receptor on melanoma

cells has been shown to cause an upregulalion of the 72-kDa type 1V

collagenase gene and an inerease in invasiveness Ihrough Matrigel (27)

providing a meehanism 10 explain the observed increased invasiveness in

melanoma cells which express high levels of vitroneetin receptor. Along

similar lines, a study using A2D58 humnn melanoma cells revealed Ihnl

MMP-2 not only mediates Ectvl proteolysis bul can also alter cell adhl'sion

and spreading (28). In this study, the aelivily of MMP-2 in the meIanomn

cells was altered by overexpression or suppression of the specifie inhibitor,

TIMP-2. Suppression of inhibitor expression by an an ti-sense RNA to

TIMP-2 redueed inhibitor levels and resulted in deereased adhesion of the
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melanoma cells to fibronectin, vitronectin, and gelatin coated plates as

weil as to uncoated plates. Conversely, an increase in adhesion was seen

in cells overexpressing TIMP-2. Together these results suggest that

proteolysis by MMP-2 can decrease tumor cell adhesion thereby promoting

migration and invasion.

4.2.2. Cysteine and Aspartate prote.inases <Cathepsins)

The cysteine proteinases consist mainly of cathepsins B, H, L, and 5

whereas the aspartate proteinases include cathepsins D and E (4, 13). The

former peptidases have at their active site a cysteine residue whereas the

lalter have two aspartic acid groups. With the exception of cathepsin E, ail

the cathepsins are Iysosomal enzymes with broad substrate specificities

which may include proteoglycans, glycoproteins, and collagens. These

enzymes have been found in a variety of tumors and the evidence

suggests that they play a role in invasion and metastasis. For example,

melanomas may produce one or more of several cathepsins including

cathepsins B, D, H, and L (29, 30). Despite the Iysosomallocalization of the

majority of cathepsins, studies have shown that in murine melanoma

cells, cathepsin B activity in the plasma membrane fractions of these cells

is increased and this is associated with increased metastatic potential (31).

ln another study, cathepsin B-like enzyme activity was shown to be higher
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in melanomas as compared to pigmented nevi (32). This study also

demonstrated that patients with high activity of this enzyme had the

shortest disease-free interval suggesting that the enzyme may be an

important prognostic predictor in human melanoma.

Immunohistochemical studies revealed that in addition to cathepsin B,

cathepsins D, H, and L levels were also higher in metastatic melanomas

compared to primary melanomas and nevi (29, 33) suggesting that

expression 0 f these enzymes may be correlated with melanoma

progression and melastasis.

4.2.3. Serine proteinases

These endopeptidases which have at their active site serine,

histidine, and aspartic acid residues catalyze the c1eavage of a broad

spectrum of substrates. In faet, many components of the coagulati(ln,

complement, and fibrinolytic systems are serine proteases (13). Of

particular importance in melanoma invasion and metastasis is the

urokinase plasminogen activator. This serine proteinase and itsreceptor

were recenUy identified as markers of progression in melanoma as their

appearance and increased expression in sitll were found to signal the

conversion of benign melanocytic nevi 10 invasive and malignant lesions

(34,35).
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4.2.3.1. Urokinase and ils receplor - expression and funclion

The urokinase plasminogen aclivalor (uPA) and ils receplor (uPAR)

constitute an important component of the cell migration apparatus. They

play a role in diverse physiological and palhological processes mediating

cellular migration and homing (36). For example, on vascular endothelial

cells, the expression of uPA and its receplor are increased on migrating

cells in wounded endothelial monolayers sllggesting that these proteins

may be necessary in physiological processes 511ch as angiogenesis in wound

healing (37). Similarly, these proleins have been implicated in

embryogenesis and inflammation (36). l,.' rokinase and/ or its receptor have

also been implicated in invasion and melaslasis of several different tumor

types including human carcinomas of the breast (38), colon (39, 40),

pancreas (41), prostate (42), and skin (squamous cell carcinoma) (43).

Evidence for involvement of uPA and ils receptor in tumor invasion and

metastasis has come mainly from immunohislochemical analysis or ill

sitll hybridization. However, more direct methods have also been used

such as genetic manipulation of uPA or uPAR gene expression. For

example, in the squamous cell carcinoma Sludy, stable transfection with a

plasmid vector expressing 300 bp antisense DNA for uPAR resuIted in a

reduction in uPAR mRNA and a decrease in invasion as measured using

Vitrolrl'din n'cepto,. in melanomtl inr.'llsioll and mL'tastasis
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fibroblasts, the uPAR mRNA and protein expression was inhibited bya

uPAR antisense oligomer and this resulled in decreased invasiveness of

the cells through Matrigel coated filters (~). Overexpression of uPA in a

rat prostate cancer cell line transfected \Vilh a plasmid expressing a full

length rat uPA cDNA resulted in both ,lccclerated ilnd more widespreild

development of skeletill metilstilsis in recipient rats (42). Along different

lines of investigiltion, in il study using oVilrian Cilncer tumor extracts, the

levels of uPA strongly correlated \\'ilh Iymphiltic melastasis (45).

Moreover, patients with low levels of ul'.\ in the tumor extracts were

found to have a better prognosis than those \\'ilh higher levels.

The upregulated expression 0 f Ihese protei ns in metilstalic

melanoma has been weil documented (3-l, 35). In one of these sludies,

immunohistochemistry, III silll hybridization, ilnd histologicill

zymography were used to show that uPA expression and activity were

present in atypical nevi and melanomils but not in benign melanocytes

(34). Using similar techniques, another group showed that uPA as weil ilS

uPAR expression and activity were increased in la te-stage primary and

metastatic melanoma as compared to benign nevi and early stage primary

melanoma (35). It should also be noted thilt while the urokinase system

can act in an autocrine fashion with ail the essential components

synthesized by the same cell, cooperativity between different cells, in a

•

•

•

chick chorioallantoic membranes. ln 5V-lO-transformed :.u man
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paracrine manner, where uPAR-expressing cells bind and utilize uPA

secreled by other cells has also been demonstrated. For example, in studies

on colon adenocarcinomas, tumor celis which expressed high levels of

uPAR were found to bind uPA synthesized by neighbouring stromal ceIls

or tumor-infiltrating macrophages (40,46).

Urokinase converts the enzymatically inactive glycoprote:n

plasminogen, found in plasma and extracellular fluids to plasmin - a

broad-spectrum serine protease which can degrade circulating and tissue

proteins and can also contribute to the proteolytic activity of other

enzymes such as metalloproteinases, by catalyzing their conversion from

latent zymogens to active enzymes (4). Urokinase consists of an NH2

terminal growth factor domain, a kringle domain, and a COOH-terminal

region containing the active site (7). The enzyme is synthesized and

secreted in an inactive single-chain precursor form, the pro-uPA (47). In

this form, uPA binds with high affinity through its amino-terminal

domain, to a 55-60 kDa membrane receptor (uPAR) and is then converted

to a two-chain active enzyme by plasmin and possibly othb' proteases,

such as trypsin and kallikrein (48).

The human urokinase receptor is a highly glycosylated 335 amine

acid polypeptide. The molecule has no transmembrane domain and is

anchored to the cell membrane by glycosylphosphatidylinositol (GPI) (49).

The primary structure of the receptor consists of three repeated consensus

Vill'ol/"dil/ ",·cepto,. il/ mc/al/oma il/vasion and metastasis

94



•

•

•

sequences named domains 1, Il, and III. Cross-Iinking studies using uPA

and uPAR (50) demonstrated that domain 1 is the uPA binding region as

antibodies directed to this region prevented uPA binding (51). Il is

interesting to note that uPA, found in murine mammary and lung

carcinoma cells, may be involved in the c1eavage of ils own receptor

thereby specifically releasing the ligand binding domain of the receptor

(Domain 1) while leaving the other two domains (II and III) attached to the

cell membrane (52). This finding is relevant as levels of the remaining

receptor can be measured and correlated wilh uPA activity in the tumor

cells. This self-c1eavage phenomenon was first observed in U937 - a

leukemic monocytic cellline (53).

Plasminogen, the uPA substrate, also binds to a cell surface receptor

and its conversion to plasmin occurs at the cell surface. In ils bound form

plasmir.ogen is protected from the action of the circulaling inhibilor U2

anliplasmin. A third component of this cell surface proteolytic system are

the PA inhibitors PAl-l, PAI-2, protease nexin 1 and the less weil

characterized PAI-3 (54, 55). Of these inhibitors, PAI-l is known to be an

extracellular matrix protein associated with vitronectin (56).

Several inhibitors of various components of the plasminogen

activation system have been shown to inhibit the invasiveness or

metastatic ability of tumor cells. These include suramin, a polysulfonated
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nilphlhylureil compound which WilS shown 10 modulilte Ihe expression of

uPA ilnd PAI-2 in a human metastalic renal cell carcinoma cell Hne

lransplilnled into nude mice (57). This drug increased the production of

PAI-2 and decreased that of urokinase resulling in inhibition of lung and

Iiver metastases of this tumor. Another group of inhibitors which alter

the function of uPA are the synthetic urokinase inhibilors. Recently, the

substituted carboxamidines, 8428 and 8623 (58) were shown to be

competitive inhibitors of human urokinase Fibrosarcoma cells treated

wilh these inhibilors showed an inhibilion of cell surface uPA-mediated

degradation of fibronectin suggesting thilt these compounds may be useful

for prevention of invasion. Urinary trypsin inhibitor and a synthetic

peptide derived from il, could both inhibil plasmin and reduced the

invasion of HOC-1 human ovarian cancer :ells through Matrigel-coated

filters. (59) Recent work by this group (60) has shown that a hybrid

molecule consisting of the amino terminal fragment (ATF) of urokinase

(which binds to uPAR), and the urinary trypsin inhibitor, could inhibit

tumor cell invilsion through ~....Iatrigel. Specific targeting of the urinary

plasmin inhibitor to the uPAR probably localized this inhibitor to areas of

active proteolysis thereby increasing their efficiency. In another study (61)

a hybrid molecule consisting of human uPA and a ribosome-blocking

plant-derived protein, saporin was synthesized. Cytotoxicity assays

revealed that this molecule was effectively targeted to cells expressing the
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uPAR. These studies show that the urokinase plasminogcn activation

system is crucial for invasion ill vil/'o and I11ctastasis ill vivo and could

a\so serve as a target for synthetic cOl11pounds with tUl11or-inhibitory

activities.

4.2.3.2. Regulation of e:\pression of urokinase and its receptor

The synthesis of uPA and its reccptor are tightly regulated (62).

Similarly to the vitronectin receptor c:\pression, l11any factors have been

implicated in the control of these proteins. These include growth factors,

inflammatory cytokines, hormones, and phorbol esters (63, 64). For

example, bFGF has been consistently shown to stimulate production of

uPA in endothelial cells in an autocrine (65) or paracrine fashion (66).

Recent studies have shown that this upregulation of uPA production in

bovine aortic endotheliai cells was the result of an increased rate of uPA

gene transcription (67). The study also demonstrated that the presence of

bFGF was required during the delay period between increased uPA gene

transcription and uPA protein synthesis becallse a mutated bFGF protein

increased uPA mRNA levels but not lIPA protein synthesis. This growth

factor could also increase the expression of cell surface receptors for

urokinase on vascular endothelial cells (68). Another growth factor which

regulates lIPA and uPAR expression is TGFBl. The effects of this factor are
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varied depending on the cell system used. In vascular endothelial cells,

TGFBl (69) caused inhibition of uPA synthesis and did affect the

expression of uPAR (68). Similar findings were reported with 8387

fibrosarcoma cells (70). However, in human skin fibroblasts TGFBl

increased the production of uPA (71) with a resuIting increase in

enzymatic activity which could be inhibited by an anti-uPA antibody.

Likewise, in a human lung carcinoma cel1 line A549 and in a murine

macrophage cell line RAW264.7, (72, 73), TGFBl increased uPA mRN A

levels and protein synthesis. This was determined by casein substrate

zymography and immunoprecipitation in the first study and in the second

study by a unique method for quantitating uPA activity in which

macrophages stimulated with TGFBl were incubated on a bovine

endothelial cel1-deposited ECM containing bound, 125I-Iabel1ed bFGF and

the Iiberated radioactivity was measured and visualized by SDS-PAGE and

autoradiography. It is of interest to note that in endotheIial cel1s,

plasminogen activity may be regulated by both bFGF and TGFBl (74). That

is, bFGF in these cel1s upregulates the levels of uPA which in turn,

through plasmin generation, can activate (or liberate from the ECM) latent

TGFB1. TGFBl then downregulates uPA levels, possibly through increased

synthesis of an inhibitor to uPA, PAl-l, thereby providing a negative

feedback mechllnism for control of uPA activity in these cells (74). In

addition to TGFB1, urokinase via plasrnin can also convert the precursors
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of other growth factors and scatter factor, HGF (75,76), to their biologically

active forms. These factors, in addition to providing a growth or

migratory stimulus for tumor or host cells, can also modulate the

expression of various components of the urokinase system. Other growth

factors known to effect cell surface expression of uPAR are EGF (77) and

vascular endotheliaI growth factor (VEGF) (78), as found wilh HeLa cells

and vascular endothelial cells, respectively.

ln addition, growth factors, inflammatory cytokines such as IFNy

and TNFu (64, 79) have been shown to alter uPA and uPAR expression. In

the U937 mononuclear phagocyte cell line, IFNy increased cell surface

levels of uPA and its receptor whereas TNFa increased uPAR mRNA

levels without affecting uPA expression (79). In T-cells derived from

normal donors, cytokines such as IL-2, IL-4, and IL-7 upregulated the

expression of uPAR (80). It is possible that these cytokines also play a role

in regulating urokinase and ils receptor on melanoma cells.

Steroid hormones such as the glucocorticoid, dexamethasone, also

affect uPA function, usually by suppression of uPA activity (8). For

example, in MAT 13762 mammary adenocarcinoma cells, treatment with

this compound led to a reduction in uPA mRNA caused by decreased

stability of the mRNA transcripts (81). On the other hand, estrogens were

found to increase uPA activity in human mammary carcinomas (82).

Urokinase (83,84) and urokinase receptor mRNA levels have been

Vilronectin receplor in me/anollta invasion and lItelaslasis

99



•

•

•

shawn ta significantly increase in response ta phorbol 12-myristate

13-acetate (PMA) implicating PKC in the regulation of uPAR synthesis (85).

Interestingly, PKC has recently been implicated in post-adhesion,

integrin-mediated signalling and its inhibition was shown to block cell

spreading and the phosphorylation of the focal adhesion kinase, pp125FAK

(86). In a recent report, llvl~3-mediated endothelial cell migration and tube

formation which depend on uPA activity \Vere shown to require PKC

activation (87). Moreover, melanoma cell adhesion to vascular

endothelium and metastases formation could be blocked by PKC inhibitors

(88). These findings suggest that post-adhesion, integrin-mediated

signalling and uPA-mediated proteolysis both involve PKC activation.

4.2.3.3. Focal contacts - sites of linkage between adhesion and

proteolysis

uPAR and uPA have been localized to cell-cell and cell-substratum

(focal) contact sites and plasminogen has been shown to bind to ECM

proteins (36). Thus aIl the components of this proteolytic apparatus are

concentrated at focal contact sites where they can coordinate cell adhesion

and migration and may tilt the balance in favor of one cellular function or

the other. PAI-l can stabilize vitronectin-mediated cellular adhesion (89)

thereby acting in cooperation \Vith vitronectin receptors such as av~3'
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Vitronectin and other EC/o.I proteins may then be degraded by plasmin

resulting in cell detachment and migration (62). ~Iloreover, receptor

bound uPA is not internalized nor proCl'ssed. However, once it binds to

PAI-l via ils carboxyl-terminal catalytic domain, the complex is

internalized via the iow-density lipoprotein (LDL) receptor-related protein

(LRP), also known as the (t2 macrogloblllin receptor. LRP consists of two

noncovalently-linked subllnils, an extracelllliar 515 kDa subunil inclllding

the ligand binding regioil, and an 85 kDa sllbunil consisting of

extracellular, transmembrane, and cytoplasmic domains, the laller of

which contains the endocytosis signal sequence, NPXY (90-92). Following

PAI-l binding, the uPAR:uPA:PAI forms a complex wilh the 515 kDa chain

of LRP. Subsequently, the signal sequence of the 85 kDa LRP subunit

allows endocytosis of the entire complex, with the uPA:PAI-l being

targeted to lysosomes for eventual degradation and the uPAR and LRP

being recycled and reexpresserl at new focal adhesion sites on the ccll

surface (90). Binding of uPA to vilronectin-associated PAI-l can therefore

trigger a process of uPAR repositioning, thereby maximizing its utility in

conjunction with cell migration, reattachments and the formation of new

focal adhesion contacts. ln addition to this functional link between cell

adhesion to vitronectin and uPA-mediated proteolysis, recent reports

based on studies using an embryonic kidney epithelial cell Bne stably

transfected with a full-Iength uPAR cDNA isolated from macrophages,
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also suggest that the uPAR receptor can act directly as a vitronectin

receptor mediating VN recognition through ils primary structure domains

Il and III (93).
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Chapter V
The Role of the a v f33 Vitronectin

Receptor and the
Urokinase-type Plasminogen

Activator in Melanoma
Metastasis
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5.1 Overview

The findings of my studies on the role of the av~3 receptor in

Iymphatic metastasis of human melanoma cells are presented in this

chapter in the form of two published papers and additional unpublished

results. 1 was responsible for ail of the experimental work described in

these papers with the exception of flow cytometric analyses, which was

carried out by Mr. Kenneth McDonald at the Royal Victoria Hospital in

Montreal.

ln the first paper (Nip, J., Shibata, H., Loskutoff, D. J., Cheresh, D. A.,

and Brodt, P. Human melanoma cells derived from lymphatic metastases

utilize integrin av~3 to adhere to lymph node vitronectin. J.Clin.Invest. 90:

1406-13, 1992), the two animal models developed in an attempt to study

the role of adhesion i:1 lymphatic metastasis of human melanoma are

described. They consist of the MeWo model (see Fig. 1) which was

developed by intradermal inoculation of MeWo, an established human

melanoma celIline, into nude mice. Metastasis of these cells to the Iymph

nodes usually occurred within 9 weeks following injection. Lymph nodes

were removed at that time and Iymph node-metastasizing cells were

isolated. These ceIls were cloned ill vitro and a single clone MeWo LNI61

was selected for further study. A similar approach was used to develop a

second melanoma model which was derived from an inguinal Iymph
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node metastasis of a melanoma patient. This model consists of the MIMIS

parental cens and MIMIS LNI Iymph-node metastasizing cens which were

obtained in a manner similar to MeWo LNI61.

Using these two models, a good correlation was found between cell

adhesion to cryostat sections of Iymph node and the metastatic potential

il! vivo in nude rnice. Subsequently, vitronectin (VN) was identified as

the ECM protein on the Iymph node sections recognized by the metastatic

cens and a vf}3 was found to mediate the adhesion. Flow cytometric

analysis confirmed that the expression of this receptor on the metastatic

cells was significantly and specificany increased as compared to the

parental cells.

In the second paper (Nip, J., Rabbani, S. A., Shibata, H., and Brodt, P.

Coordim:ted expression of the vitronectin receptor and the urokinase-type

plasminogen activator receptor in metastatic melanoma cens.

J.Clin.Invest. 95:, 1995), further evidence based on Northern blot analysis

!lnd cell surface immunoprecipitation is presented which confirms the

initial observations of increased expression of the vitronectin receptor in

the Iymph-node metastasizing cells. In these cells, an increase was also

found in the expression of the urokinase receptor. Furthermore, when

vitronectin receptor expression in the metastatic melanoma cells was

suppressed by av antisense phosphorothioate oligonucleotides causing a

substratum-specific decrease in adhesion to VN, a reduction was also

Vitronectin receptor in melanoma invasion and metastasis

121



•

•

•

found in the levels of uPAR mRNA. Antisense oligonucleotides can

block protein synthesis through several different mechanisms including:

1. physical inhibition of protein translation by ribosomes;

2. interference with cytoplasmic translocation of mRNA; and

3. formation of RNA-RNA duplexes, resulting in activation of cellular

RNase L. AlI of whieh can lead to decreased mRNA and protein levels. In

our system, the method used was the uptake of oligonucleotide by simple

endocytosis. The use of cationic Iipids such as lipofectin, did not enhance

the uptake of the oligonucleoHdes. Conversely, ligation of the vitronectin

receptor by crossIinking antibodies caused a specifie increase in uPAR

mRNA expression. Together, these findings suggest that uPAR

transcription in the metastatic melanoma cells is regulated by av

expression and function.

In the Jast part of the chapter, recent unpublished findings are

described showing that ligation of the av-containing integrins on the

metastatic melanoma cells resulted in specifie uPAR-mediated increase in

invasiveness through Matrigel-coated fiHcrs confirming: that ligation of av

integrins indeed increased uPA-mediated proteolysis and invasiveness.

Vitronectin receptor in melanoma invasion and metastasis
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Abstract

Inlegrln a,p, ls a marker of progression in mallgnanl mela·
noma. Prevlously we reported thal human melanoma cells
derlved from reglonallymph node metastases had Increased
a,p,-medlaled adheslon to Iymph node vltron..Un. In the
presenl sludy, the expression and runcUon of a,p, were
rurther InvesUgaled wlth emphasls on the runcUonal rela·
Uonship belween a,p, and the uroklnase-Iype plasmlnogen
acUvalor system of proleolysls. We found thal metastases
derlved melanoma MeWo LNI61 (61) and MIM/8 LNI colls
had a markedly Increased expression of a, mRNA lran
scripts relaUve 10 the parent IInes whlch was reftecled ln
s1gnUlcanUy e1evaled levels of the a,p, helerodlmers on the
ecU surface. These ceIIs aIso expressed elevaled levels of
uroklnase plasmlnogen acUvalor receplor (uPAR) mRNA
and had hlgher levels of surface hound uroklnase plasmlno
gen acUvalor as delecled by Immunolabellng. To delermlne
whether the expression of uPAR and a, were IInked, a,
synthesls ln the metastaUc melanoma colls was suppressed
uslng a, anUsense phosphorothloate ollgonucleoUdes. Thls
resu\1ed ln a marked decrease ln delectable a, mRNA and
proteln and a correspondlng substratum.speelftc reducUon
ln ecU adbeslon 10 v1tronecUn. When oPAR expression ln
these ceIIs was subsequenUy analyzed, we found a reducUon
of - 50% ln oPAR mRNA levels. On the other hand, lige
Uon of the a,fJ, receptor on the melanoma cells by Immobl
Ilzed anUbody resu\ted ln a twofold Increase ln oPAR
mRNA. The resu\ts suggest thal the expression of oPAR ln
metastaUc melanoma cells Is Ilnked 10 the expression and
runcUon of the v1tronecUn receplor. (J. CUn. In••sL 1995.
95:2096-ZlOJ.) Key words: metastasls • melanoma • Inle
grln ; v1tronecUn receplor • uroklnase plasmlnogen acUva·
Ior receplor.

Introduction

Malignant melanoma is becoming increasingly prevalent world
wide (1) and its incidence is growing more rapidly than any
other form of cancer (2). Metastasis 10 the draining regional

Address correspondence te Dr. Pnl.. Brod~ Department of Sorget)',
Division of Sorgica1 Research, McGiII University, Donner Buildins,
740 Docteur Penfield Avenue, Monllca1, Quebec, canada H3A lAI.
Phone: 5t4-398-7480, FAX: 5t4-398-S361.

R.c.lved for publlcallon 1 Odober 1994 and ln ......Is.d fa"" 19
Dec.mber 1994.

J. Cino lovest.
C The Amcrican SocIety for Oinlca1 Investigation. Ine.
0021-9738195105/2096/08 $2.00
Volume 95, May 1995, 2096-2103

2018 J. NIp, S. A. R""!JanI. H. R. Sh/baIa, and P. Brodl

\

and distant lymph oodes precedes widc-spread disscminution
of mu1ignunt cells and is nonnully ussocil1ted wilh pOllf pragoo
sis (3). Little is prcsently known about the molcculnr mechn
nisms involved in melunomn disscminntion to regionlll nodes.

Turnor cell metustusis to secondury sites is u complex.
multistep process involving ccII detuchment from the primury
site, migration through Iymph (or blood) v..<sels, cell ndhesion
to celIulur nnd extrucellulur mntrix (ECM) 1 elements of the
invnded organ. proteolytic degrudntion of mntrix pmlcios. und
cell prolifcration (4). Integrins, u fumUy ofcell ndhesion recep
tors consisting of a /13 heterodimers, medinte cell-ECM "" weil
os cell-eell interJetions and ure known to rcgulntc ccII mignl
tian and growth (5). Expression of the vitronectin receplnr
integrih av/J., has becn linked to mnlîgnant progre.lision of me'n
Dornn (6) but its function in the pmecss of invusion und rnClu...tn
sis ore not presently c1eur. Recent studie.< huvc suggested thnt
clustcring of a,p, by antibody or Iigund cun trigger increu.<ed
expression of the metulloproteinu.« type IV collugenu.« therehy
promoting invusion (7). Olher sludies suggc'Sted Ibnt a,p, pluys
a role in regulution of melunomu ceU growth in vilro nnd in
vivo (8). Wc recently reponed (9) thui humnn melunnmn cells
derived from regionnllymph node.< hud un incrcu.,ed a,p,-mOOi
uted udhesion 10 Iymph node vitronectin.

ln addition 10 the metalloproteinu.«s, Ihe serine prot...«
urokinuse plusminogen uClivutor (uPA) and iL< memhrane
Iinked receptor (uPAR) hnve also heen repentedly implicuted in
the metustutic process. RocenUy we have shown thut incrensed
skelelal metastasis of prostate cnncer cells is directly reluled to
uPA overproduction (10). The evidence is puniculurly strong
for involvement of the uPA/uPAR syslem in melanoma invu
sion nnd dissemination (II, 12). This uctivily is reguluted by
plusminogen activator inhibitors 1 and 2. Binding of plusmino
gen activator inhibitor-I to receplor-Iinked uPA hus boen shown
to trigger intemalizution of the complex nnd subsequent pro
cessing and reexpression of the recoptor ut a second site provld
ing a mechanism for receplor mobility u.' the cells migrale
through degraded ECM (13). As the binding of uPA to itll
receplor accurs ut focul OOhesion contacts. nnd plusminogen
activator inhibitor-I is associaled with ECM vitronoclin and cao
stabilize vitronectin-mediated 00h05ion, it wus of interest to
investigate the relationship hetween a,p, and the urokinase sys
tem in melanoma ceUs selocted in vivo for incrensed metastasis
to regional nodes. The present results show thal uPAR transcrip
tion in malignant melanoma ceUs is linked to a, expression.

Methods
Anlma/s and 'IlnIDr Ilnes. Fcmale nu/nu (COol )Br mlce, 4-6 wk old
(Chsrles R1verConada: St-Constan~ Canada) were used forpropaptlon

1. Abbrev/atlotu lU.d /n .hls fHlP<r: ECM, extracellulsr matrix: oro,
groWlh fllClOr-like damain: uPA. waldnue pluminogen octlvllOr:
uPAR. uro1dnue plasmlnosen sctivllOr receptor.



of the human melanomn ccII Iines and for isolalion of Ihe melaslalic
vlUianl~. The miee were hllUsed in Mieroisolalor cuges (Luh Pro<.!uets
Ine.. Maywood. NJ) and hnndled in biohal.Drd eabinel~. They remained
diseu..o:;e free for up to 1 yr.

Cellline MIM was estublished from an inguinallymph node metu."la
sis of a male melnnoma palient as we deseribcd pre"iously (9). A
pigmenled c1one-MIM/8 was derived by seriai dilution c10ning uf MIM
cells. Subsequent intrndennal injection of 5 x 10" MIMIS eells inlo
the right latcrnl nanks of nude micc gn"c risc 10 palpable primury lumors
at 3 wk and regionullymph node mclnsla..~es nt 12 wk. ufter inoeulalion.
The Iymph node-invading melnnoma eells were isolated by mincing
the Iymph nodes und mechanieully dispersing the eells through an 85·
Ilm nylon tiller (Nitcx: B&SH Thompson. Town of Monl Royal. Cun
ada). Cells wcre washed and sceded ORlo 25-cm: tissue culture nllsks
(Falcon Lubwan:; Fisher Scientilie Co.. Montreui. Canada) eonulining
RPMI-I640 supplemenled wilh 5% FCS. 1% gentamycin sulfnle. 1%
pcnicillin-streplomycin. and 2 mM gluillminc (nll reagenls were frum
Gibco Lnboratories. Burlington. Canada) (RPMI·I640·FCS). Nonad
hcrent cells and cellular debris were removed 24 h 1011er and the udherenl
melunoma cells designated MIM/8 LNl. werc muintained in culture unlil
a conilucili manalaycr wu.'i oblained. The tumorigcnicilY and metn.'itatic
propenies of the mclanomn cells were dctennincd aner intr'oldcnnal
injection of 5 X lOti cells into nude mice. Of live animais inoculuted
wilh MIMIS cells. only IWO dcveloped regionallymph node melaslu.~es

whercD.~ four/four animais bearing MIM/8 LNI tumors developed re
gional Iymph node mctu...tases.

The origin and metastutic propenies of ccllline MeWo LNI 61 (61)
were describcd in detail previously (9).

Ail cellUnes werc maintained us monulaycr cultures in RPMI·I640
FCS. Celllines were subcultured twicc weekly using Ca2' and Mg2 ...
free PBS eontaining 0.02% EDTA ta disperse the cells.

AlItUmdies. mAb W6/32 directed 10 human HLA clus,'i 1 which
rccognizes an nntigenic delenninllnl common 10 products of the HLA
A. B. and C loci WD.'i oblained from Cednrlnne Lnbornlories (Homby.
Canada). Nannal mousc immunoglobulin wus from Bio·Can Scientific
(Missis,'it1uga, Canada), rabbil anti-rnouse IgO was from Dukopatts
AIS (G1ostrup. Denmnrk). peroxidn...e-<:onjugnted gont nnti-mbbillgG
from Sigma Chemical Co. (SI. Louis, MO). and pcroxidn.'ie-conjugated
mbbit anti-mouse IgG from Dimcnsion Luborulories (Missis,'\Uuga.
Cnnada). The following anlibodie.'i wcre kind gifts; mAb's LMI42 und
LM609 to the av subunit, and aiil complcx (14). respectivcly, were
from Dr. O. Che",.h (Scripp. RcsellI"Ch Clinic, LaJoU., CA), mAb
P3GS la a. (IS) .nd mAb A3·J1FS la a, (16) from Dr. M. Hemler
(Dana-Farber Cancer Institulc, Boston. MA), mAb AP-3. din:clcd 10 thc
Pl intcgrin subunit. from Dr. P. J. Ncwman (BloOO Rescnrch Institute,
Milwaukee. WI), and rubbit antibody 10 uPA. which recognize.'i the
growlh-factor-Iike domain (GFD) , 17), from Dr. Andrew Muzar (Ab
boll Labo"lories, Chicago, IL).

eDNA probes and oligomers. av eDNA (18) wns obmined from
Gibco '..abonl.lories. The mouse 72-kD type IV collagenn.fiiC cDNA wn.'i
a kind gift from Dr. Ann F. Chambers (London Regional Cancer Centre,
London. Ontario, Canada). An antisense oligonucleolide corresponding
10 the first 15 amine neids of the uPA rcceplor (19) WD.~ synlhesizec.l
by Sheldon Biolcchnology (McGiII Universily. Monlreal, Canada), uPA
eDNA (pHUK·I) wn.~ obtained from the American Type Culture Col·
lection (Rockville, MD). Antisense phosphorolhioale oligonueieotides
direcled to the av subunit of humun vih'Oncctin receptor werc chosen
on the bn.~is orthe BLAST alignmenl program (20) to have no homology
with other known human DNA sequences ineluding integrin a subunil'i
.ueh .., a, (6). They inelude AS2 (S'·TCAGCATCAATATCTIGT·
3'). complemenllU'y ta ba.fiiCS 563 to 580 of the human vitroncctin recel'"'
lor sequence; AS3 (S '·AAGCCATCGCCGAAGTGC·3'), complemen·
m'Y la bases 3110 4S oflhe human sequenee; .nd AS4 (S'·GACfGT·
CCACGTCTAGGT·3'), complemenlory la b..... 136 10 IS3. A. u
conlrol, • sense sequ.,ce SI (S'·GCACITCGGCGATGGCIT·3'),
corre.'iponding to AS3 wa.'i used. The oligonueleolides wcre synlhe.'ii7.ed
on a DNA/RNA synthe.'iizer (392: Applied Biosystems. Fosler City.

CA) and puritied lhR.'C limes using clhanol precipilutinn (2.5 \'~d uf
ethnnol uml 1/4 vol of 10 M ammonium neetole),

lmmlln0l'rt'ôl'irluicm. Tumllr eell-surfaee pn1teïns wcre 1HI·lntlCll"l1
using the lactose pc:roxidu...e melhOO (21). Equlli numbcrs uf cells uf
ench celllinro wcrc laheled. The cells were wl\:"hed repc:lIledly and Iysed
for 15 min on icc with Il n51~. NP-4n buITer euntninin~ 1 mM l'MSF.
1 mg/mllcupc:plin. und 1 mg/ml pcpslluin A (ult fmm Si~llltl Chemkul
Co.). The Iysllte WIlS clemcd hy cenlrifuglltÎon ni 1O.()(Xl g for 15 min.
To .11iquols eonltlining equal numbcrs of cpm frum eUl.:h lUmur Iysllte
(volumes udj\lslel.l to 5<Xl ,..1 wilh Iysis hutTer), 1-5 l'g uf the upprn.
priulc mAb were al.ldcd for a 2-11 illeuhulion lit 4~C und t!lis WIlN fnlhm'('~l

by in·:ub'lliun nvernight ut 4<OC wilh HXl IJlof mhbil t1llli-mUlIsc I~(j

eomplexed tu pmleïn·A CL-l" Scpl\l1ruse tlCmts (PhurnUlL'Îtl LKII Biu
Il:dmlliogy. Uppsnlll. Swcdcn). 'Ille hcul!s were wllshc~1 repente"'ly \Vith
0.1% .'lP-40. rcsusflCnded in SDS sulllple hufter.und huilc~1 fur 15 min.
nu: c1111cJ proleins were elcclmpholCsed on 7.5% SDS-I'KlIYlleryhuuilie
gels under nonrcducing conditiulls. Fur mdioluhclel! protcins. gels \Vere
dried and eXJXlsed 10 x-rny Iilm (X-OMAT AR: Eusllnnn Kudllk Cu.•
Rochesler. NY) fur 7-14 d. 11,e relati"e il1lensity of the illlegrin hmuls
on lhe IlUtorndiogmphs WllS unuIYi'-cd hy Illser del1sitmnclry \Ising t\l\

Ultrosctm XL Enhnneed Ltl...er Densitumeter (LKII Inslnllneltls Ille.•
Brommn. Sweden).

RNA i.whuicm mltl NI"t""", /JIllr mltll,\wü. Total RNA WllS isulllle~l

using lhe Ilcid gUllnidium IhiocYllnute·phenol-chlurofunn IIIclhud ur
Chomezynski and Succhi (22). Poly (A)' RNA wus isulllted using tlll

mRNA purificlliion kil obtllined from Stnungcne lne. (Ln JoUa. CA).
The RNA (30 IJg of lolili RNA or 5 IJg uf poly (A)' RNA) Wll.'t m:p".
mled by eleclmpharesis thmugh a 1.1 % agllrosc gel ctJIllnining 2 M
fom1tlldchyde. The RNA wus tmnsfel'1'Cd to a nylon mcmhmm: (Hyhuml
N: Amcrslmm International, Ollkville. Cllnuda) by cllpillury Ilcliull mut
hybridized with cDNA prubcs radiolnhclcd hy rundom primer eXlenNion
with [a.·'1PldCTP (23) or wilh uligomers whieh were end·lllbeleti with
l 'Y• .\lPJdATP using T4 pulynudeotide kinase (24) fur 4K h nt 42"e.
11le membranes Were wusht:t.1 (wict: fur 30 min lU mUI11 Icmpenllul'e
with 1 x SSC conlaining 0.1 % SOS nnd Iwicc fur 30 min lit SS"C wilh
0.1 x SSC conluining 0.1% SOS. The hlUis Wl:re eXJX)sed for 2-7 li ut
-7O"C. As a conlrol for RNA loading. the blOls were suhsequelllly
probed with a J1P·lubcled. S()()·bp 8amBI reslriclion fmgment of ml
eyelophilin cDNA (25). TIle relati"e amounts of the mRNA tnmlieripls
werc nnalyn.'tI by laser densilometry using on Ultroscun XL Enhunced
Laser Den.'tilomeler and nomlalized relative 10 Ihe internai cyclophilln
conlrols.

Revtrse trmucripurst·PCR. 1 l'g of totnl RNA cXlructed us dc
scribed wa.'t used for the reverse tnmscriplion rcnction. Subsequenl oin·
plificolion of the n::ullant lifSt strand cONA in a GeneAmp PCR SY8lem
9600 (Perkin·Elmer Cetus Instruments, Emeryville. CA) thennul eyelel
wn.'i pcrfonned using establishcd procedures (26). 30 cycles of amplili.
cntion were perfonned each consisling of dennluration ni 941l(: for 2
min. rconnellling al S5"C for 1 min. and eXlemdor al 72·C for 1 min.
The PCR product was analY7.ed on a 1% Tris·bomlelEOTA llgaroltC
gel. DlL'ied on the known number or bllliCpalrs betwL'Cn the spccllie IiCnHC
and onlisense primers used for Ihe amplificulion. the lIize of the human
uPA DNA produet wos predÎl:led to be 750 bp. For udequnle detcctlon
ofuPA DNA. D ReCond ampliru:o:ti':m of 5 pl of the firsl l'enclion praduct
wns necc.~sary.

lntlircct immunOf:Ytochtmistl"}'. Tumor eells werc cullurcd ovemlght
.t3rc on eighl..,h.mber .lides (Lab·Tek; Nune, Ine.. N.pcrvllle, IL).
The cellll were fixed with 2% fonnaldehyde/PBS at room lemperature
for 30 min and pcnnenbilii'.c:d with 100% aeetone for 2 min at -2O"C.
After rchydrution wilh PDS. rabbit unti-humon uPA (anti·OPD) anli·
body WD." added at a dilution uf 1:250 for 45 min at room tempc:ruture
foUowcd by a pcroxid.....,onjug.,cd soo. onli-rubbillSG dilulcd 1; 100,
The .lides we", de.elopcd wilh 100 !,l/ch.mber of. O.I·M Tri,·HCI
(pH 7.6) !iOlu.ion conl.inins 400 !,s/mI4..,hloro·l.n.phlhol (Bin·Rad
LaboruloriC.'i. Richmond. CA) and 0.03% H,O, (Fisher Scientific Co,.
Montreui. Canada). The chumber slides wen: dried. mounled with Im
muno-Auore CICN Biomedical5lnc.. COl'itu Me!W." CA), und viHuullzed
by Ught microscopy.

Virrontctin·mediated Adh~.fi(1II and uPAR Expre!ldnn in Mtlannma 2017
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"ïRlIr~ /. Nonhem hlot unnlysis of av mRNA Inmscripts in melanomu
suhline.'i. Poly (A)'RNA derived from MeWo, 61, MIMIS, und
MIMIS LNI cells (irlSel, lanes A, B, C, and D, respectively) wcrc size
fmelionuted on 1.1% fomlllldehyde-agnrose gels aCter louding of S pg
of mRNA onlo cuch lune. The biaiS werc probed scqucntially wilh .up_
luhclcd a. and uPA cDNA. Laser densilametry was uscd 10 quantilate
the levels of a. mRNA, relutivc 10 conlrol eyclophilin mRNA. Results
uf this unulysis an: shown in the bar gmph and ure exprcsscd us Ihe
rulio.'i of a. to cyclophilin mRNA in the melaslatic eells relative 10 Ihe
parental cells, which were lL'i5igned an nrbitrnry value of I.a.

Figure 3. Nonhcm blot nnnlysis ofuPAR mRNA trunscripts. Toini RNA
derived from MeWo (Al. 61 (B). MIMIS (Cl. and MIMIS LNI (D)
cells (instl) wus Sil.e-froetionated by electrophorcsis on 1.1 % fonnlllde
hyde-ugnrose gels. 30 pg of RNA were londcd in cach lane. The blols
werc probcd with a 31P_labclcd uPAR antiscnsc oligomer. Laser densi
tometry wu... used 10 quanlitate the intensity of the bands relative ta
conlrol bands of cyclophilin rnRNA. Rcsults of Ihis analysis are shawn
in the bur gmph and ore expressed as the rotios of uPAR la cyclophilin
mRNA in the metD.'italie cells relative to the parental cells. for which
the uPAR:eyclophilin ratio wus nssigned a value of 1.0.

cBA Figure 4. Detection of
uPA messase bY RT·
PeR. 1PS of tolnl ccllu·
lar RNA derived from
MeWo (B) nnd 61 (C)
ceUs WDS reverse tmn
scribcd and the subse
quent cDNA WDS ampli
fied O5inS specifie uPA
primers. The cDNA
procluet was cleclropho

n:scd on a l'li> TBE-agnrose sel. The expected size of the PeR produel
wu 745 bp. Size standards arc shown in lalle A.

750_

To mensure a,(1, expression in the porental and Iymph node
melllStnses·derive<! cells, Northem blot analysis and immuno·
precipitation with monoclonal antibodies to a, (mAb LM142)
and (1, (mAb AP-3) were used. Tbe resullS were in accord with
our previous observations bnse<! on Dow eylometry (9). They
show that the expression of a, mRNA in the metnstatie cells
wns significantly inerense<! ns compored 10 the porenl Iines.
When nonnalized agninst control cyclophilin mRNA levels and
annlyzed by densilometry, MIMIS LNI and 61 eells were found
10 express 10- and 55-fold more a, mRNA thnn MIMIS and
MeWo cells, respeetively, (Fig. 1). This wns reDeete<! in in·

cells were seeded in 6-well culture plates prccoated with 10 pg/ml of
mAb P3G8 for a24-h incubation. RNA was extrocled and uPAR mRNA
analyzed as describcd above. As controls, wells prccoaled with mAb
A3-IIFS to human a, or mAb W6/32 ta MHC c1uss 1 antigens were
uscd.

SlaliSlics. The Student's 1 test was used ta annlyze differences in
ccII adhe..don to ECM proteins.

Size (bp)

Results

FD EcBA

43 -

Ctll trttJlnrenl willr fJligonuc1emltlcs. Melanoma cells werc plated
in 6- or 96-well plaie... (Falcon Luhwnrc: Fisher Scienlific Co.). To caeh
weil 100 (96 wells) or 700 (6 wells) p.1 of the indiealcd concenlrntions
ofoligonueleotidcs diluted in RPMI-I64O-FCS medium wns addcd ev
cry 24 h for II. period of 3 d. Cells werc analYl.ed on duy 4.

Dcleclioll ofccli .mifacc av by EUSA. Oligonuclcotide-trcatcd cells
,,l''ed in the 96-well "laIes wc", analy"'d by ELISA (16). AOer "'
moval of the oligonucleolide-containing medium, the cells werc wa.'ihed
and ineubatcd with PBS conlnining l % BSA for 30 min. Anti-a. mAb
LMl42 WIlS uscd at a dilution of 1:500 followed by an alkaline phospha
tD.'Ie-conjugalcd robbit anti-mouse IgO diluted 1:1,000. ABTS (2.2'
azlno-bls(3-ethylbenzthiRZoline-6-sulfonic o.cid» WD., used os a sub
strote and lhe colorimelric reDction mcasurcd wilh D. microplatc reader
(3550; Blo·Rad Labomlorics) ata wavelensth of 415 nm.

Cell adheslon assays. Microlitcr plalc.'i wcre coatcd with 5 p.g/ml of
human vitroncctin (Gibco Luborotories), humnn fibroncclin, or rnousc
laminln. (both from Collabomtlve Rcscnn:h Ine.. Bedford. MA). CcII
adhellion Wo..'i rncasurcd n., we prcviously dcscribed using 4 X 10", SlCr_
lahcled tumor cclls/well and a 30 min ineuballon a' 370C (9).

mAb-mediatcd ligallon ofa" complues. One million MeWo LNI 61

200-

Figllre 2. Analysis ofcell
surface a.{J, by immuno
precipilD.tion. l:5I_ru.dio
labclcd proteins were
precipitnled from NP-40
cxtracts of 61 (Inne A),
MeWo (Inne B), MIMIS
LNI (Innes C nnd E).
nnd MIMIS (Innes D and
F) cclls with mAbs
LMI42 (Innes A-D), or
AP-3 (Ianes E nnd F).

The immunoprecipiiatcd prolein., werc scparutcd by elcetrophoresis on
7.S~ polyacrylamide gels under nonrcducing conditions nnd lite protein
bands visu.Uzed by Dutomdiogmphy of Ihe dricd gels. The positions of
preslalRed molecular weighl slandards arc indicated by Ihe bars.
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Figun 5. IlIlmunocylochcmicnl analY!ils of
cctl-surftlce-assoclated uPA. MclanolDa cells
wcre cuhured on 8-well chomber sUdes Dnd
incubaled flnn with D polyclonal anllscnam 10
uPA (.nli·OFD) .nd Ihen wilh • pemdd....
conjugDled goal onti5Crom to rabblt IgO. l'ho_
lomlcrogroph8 of reprc5Cnlalivc llfC85 fmm
MIMIS (A) .nd MIMIS LNI (8) cullures.re
shown. x400.

creased ceU surfacc expression of bath a, nnd (3, ns shawn in
Fig. 2. mAb LM142 and mAb AP-3 each immunoprecipitated
IWO bands with molecular weights conesponding ta a, and (3,.
Densitometric analysis revealed increas... of 5- and 9O·fold,
respectively, in immunoprecipitable a, on 61 and MIM/8 LNI
ceUs and a 47-fold inc.....e in immunoprecipitable (3, on
MIM/8 LNI cells, or compared ta the respective parent lines.

Urokinose hos becn strongly implicatad in melnnoma metns·
losis (11, 12, 27) and ECM vitronectin in its regulation (13).
Il wns lherefore of interesl la detennine whether expression of
urokinnse and ils rece~tor were also mOOulaled in the metostolic
melanoma cells. Whon mRNA IrnnscripL. for uPAR and uPA
were measured, we found thallhe pauerns of uPAR expression
on lhe metostatic sublines parnUelad Ihose seen for a, mRNA,
namely the expression waS significantly increused for 61 (X5)
and MIM/8 LNI (XI3) cells as compared la the respective
parent lines (Fig. 3). No uPA mRNA could he detectad by Ihe
Northern blot nssay when ... much as 5 ,..g poly(A)+ RNA of

each cell type were nnalyzed (Fig. 1), nlthough und~r similar
condilions, uPA Irnnscripls were deleclable in RNA extrnctad
from a uPA·r1ch human prostale cnreinoma ceUline, PC-3 (data
not shawn). When analyzed by the reverse trnnscript....·PCR
methOO, urokin...e cDNA w... deleclable in aU melnnomn cell
lin... sugg...ting lhatlow levels of the enzyme were expresscd
(Fig. 4).

When a rnbbil anti·uPA antibody (nnli·GFD) w... sub.e·
quently usad ta immunolahol lhe ceUs, We found that signifi·
canlly higher level. of uPA could ho deteetad on the metnstolic
cells Ihan on Ihe parental cells (Fig. 5), sugse.ting that Ihe
fonner could more efficiently bind the enzyme on the cell sur·
face.

Ta address the qu...lion of a possible coordination at the
trnnscriptionnl level in expression of the vitronectin and urokl·
nase rcccptors. IWO approache.-. Were uscd. Pirst. expression of
a, in 61 ceUs w... suppresscd by treatmenl with a, antisense
oligonucleotides. This treatment hnd no apparent effcct on ccII
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Adhesion (pcm:nl.llgc of control)

Discussion

Table 1. ReduCt!d Adhesion 10 Vitronectin in Mdanoma Cells
Trtaud wilh a~ Ant;sense Oligonucleotides

SI

118.8:14:

Oligonuclc "ide

AS]

42.7:9.4
145.6: 11.1
139.5:5

189.::20

ECM protcin

Vitronectin
Lnminin
Fibronectin
None

61 cells wen: Creatcd with 2S JJrn of the oligonucleotides for 3 d and
then dispcrsed and uscd 10 mensure ndhc:sion la microtitcr pIntes pre
ccaled with 5 JJglml of the ECM proleins. Adhesion of untreated cells
wns measured nt the sante lime and used as controleo calculale relative
adhesion ICltcl5. Results shown are means:SD of triplicatc: snmples.
Adhesion of A53-treated cclls la vitroneclin WU-'i l'IigJ11ficllntly reduced
(P = 0.023) relative ta untreated cells. wherea.'i il WD..'i unchanged for
laminin (P = 0.187), fibronectin (P = 0.124), and increased for uncoatcd
pln.es (P = 0.0152).

the other hand. cells plaled on mAb A3-IIF5 showed no ir."rcnse
in uPAR mRNA with levels rnnging from 0.76 ta 1.06 of con
trois while in cells platOO on mAb W6/32 the levels were
slightly reduced and r"J,gOO from 0.79 ta 0.94 ofcontrais. Simi
lor findings (2.2-folil specific sll•••ulalion of uPAR) were ob
tained with MeWo cells in which the a,p, receplor was Iigated
with mAb LM609 under the same conditions (not shawn).

The evidence for the involvement of bath a,p, and uPAR in
melanoma invasion and metastasis is compelling (6, 7, Il, 12,
27). Recenl findings also suggosl thal the IWo receplors are
functionolly IinkOO (13. 2S). In the presenl study, the possibilily
of a regulatory Iink in the expressioa of lhose receptors wns
investigalOO.

Wc found that human melanoma cells selecleo ;';,r incrensed
metastasis la regional Iymph nodes expressOO higher levels of
a, mRNA trnnscripts and incrensOO levels of ccII surface a,
and P, as compared la the parenl ccII Iines. This confirms and
extends our previous finding thal metastatic melanoma cells
have an incrensOO a"p,-mOOiaIOO adhesion la Iymph node
vitronectin (9). In addition. our results show thal the highly
metastatic cells expressOO significantly more uPAR mRNA trnn
scripts than the parenlal cells. These cells provide therefore a
unique experimenlal model for analysis of the funclional rele
vance ofa,p, ta melanoma metastasis on oae hand and the Iink
helwccn expression and synthesis of tlIcse IWo receplors on the
other. In this conlex~ il should he notOO thal the increascs
observOO in e~~ressio" of the a,p, complex in the IWo mela
Roma models werc not proportional to the incre8Ses in av mRNA
trnnscripts (Fig. 1). This may he due la differences either in
the levels of the p, subaailavailable for complex fonnatioa or
in po~:lrllllscriptional procossing of the a, and p, subunits ia
th.",cells.

While the expressioa of uPAR trnnscripts was incrensed in
the metastatic cclls. expression of oPA mRNA was relatively
low. However. higher levels of ccII surface uPA could he de-
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F;Xllrl' 6. Inhibition of a" synlhe."iis by anlisense oligonucleolides. 61
cells werc lrenlcd with unlisense oligonucleotides. AS2 (_), AS3 (.),
und AS4 (.6.): or wilh the sense oligonucleotidc. 51 (0). Aftcr treatment.
ccII surface cxpre.'i...;ion of a" wn... mea.'iured with mAb 142 using an
ELISA. Re."iuIL'i shown ure expres.'iCd OS ubsorbance ni 415 Dm relative
10 conlrol unlrented 61 cells Dnd represent menns :tSD of bipliculC
wells.

morphology or lhe integrily of lhe monolayer ns eonfinned by
phuse contra." microscopy und did nol reducc ccII viabilily us
ussesscd by lrypun blue cxclusion dye. A redUClion in ccII sur
fuce a,p., expression wus confinned by ELISA (Fig. 6) and
was rcflccted in 0 mnrked und substratum-specifie decrease in
ccII adhesion la vitroneclin (up ta 70% inhibilion; P = 0.009)
in the anlisense-trcated cclls (Table 1). When a, expression
wns anulyzed. a nine-fold decrcnse in a, mRNA expression wns
seen ns ...sesscd by Nonhem blot analysis (Fig. 7 Al. In these
cells. a significant decrense wns also sccn in uPAR mRNA. In
a lotal of three experiments perfonnOO. uPAR mRNA trnnscripts
were dccreased 1.7S-2.5 (mcon 2.2)-fold relative ta control
cells. Arepresentative experimenl is shawn in Fig. 7 B. In ail the
experimenls. lrealment with 10-20 pM sense oligonucleolides
failed ta reduce uPAR mRNA and in facl caused a slighl in
creuse (up la 21%) in sorne of the experiments. The reduction
in uPAR mRNA wns specific. ns no decrense wns secn in the
mRNA levels of another relatOO proteinnse expres,.:c:\ by these
melanoma cells. namely. MMP-2 (Fig. 7 Cl.

As a sccond approach and ta delennine whelner uPf··- ex
pression wns linkcd to vitronectin receptor function, wc investi
galOO lhe effcct oa uPAR mRNA expression of anlibody-mOOi
alOO Iigalion of the vitroncctin receplor. Melanoma 61 cclls were
plulOO oa cultere dishes precoalOO with mAb P3GS and their
RNA extraetOO and analyzed. mAb W6/32 direclOO la an MHC
delenninanl and mAb A3-I1F5 direclOO la !nlegrin subunil a,.
which is also expressOO by 61 cells (unpublishOO data). were
used as controls. Results of a represeatalive experimenl shawn
in FiS. S. demonslmle an anlibody-specific 2.4-fold incrense in
uPAR message in cells allachOO la P3GS-coalOO plates (Fig. S,
lane C). In three experimenlS perfonnOO. the increascs observOO
in uPAR mRNA rnngOO from 1.54- la 2.4S-fold in cclls plalOO
on P3GS-coaled dishes (mcon stimulalioa was 1.97:!:0.47). On
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signe'" Il "ultle uf I.U (imlkuh:lI" ~ " ~ 'l ....'W

"',- - hy .).

with the malignant cells whilc uPA Wus detce1Cù unly on the
adjacent stromal cells (29, 30). Other lindings nlso suggest
thut the uPA/uPAR system cun function cithcr in un nUlocrinc
fashioR or il mny involve the coopcrntion of scvcml ditTcrcnt
eell types. cach contributing a different cornponent of Ihe system
(13.29,30). It is conceivable thal in lhe presenl 1I1l1dcl. lhe
invasive und metustutic mclnnomn c~lIs couId utilize d'her en
dogcnous nnd/or exogenous uPA produccd und sccrctcd inln
the microcnvironmcnt of Ihe Iymph node by stromul or muno
cytie cells (31 ).

ln un nttempt to detcnninc whethcr Ihe increused expressiun
of uPAR in the meluslutic cclls wus linked lo Ihe eievllted
expression of al3l • two upprouchcs were uset!. Fil':\t, untiscnsc
phosphorothionle oligonucleotide."i corrusponding to unique se
quences in the av subunit were used to suppress synlhesis of
the vitronectin receplor. Our resulls show thut treulrnent with
anlisense oligonucleolides significanlly redueed cell surfuce ex
pression of the av integrin complex and ccII adhesion 10
vitronectin. Il also resultcd in a concomitant specifie reduction
in uPAR message. This suggesL' Ihal uPAR synthesis in th....
melanoma cells is regulaled by a, levels.

Severnl mechanisms may be invoked in inlcrprcting Ihesl~

resulls. Il is conceivable thal uPAR synlh..sis is transcriplionally
regulated through a feedback mechanism involviog cellulur a,
or the av·conUlining inlegrin complexes. This could provide a
mechanism for cnordinaling cell adhesion. matrix degradation,
and motilily since avPl mcdiates udhesion 10 mulrix vitroncctin,
and the uPAR/uPA complex is involved in locali7.ed malrix
degradation al L~e cell-subSlrlltum inlerphase during cell migra.
lion. Allemalively, ligand binding by a,(3, may lrigger a signal·
ing cascade leading 10 upregulalion of uPAR synth..sis. This
may he mediated through upregulatioo of autocrine growth fae·
lors which ure produced by melanoma cells and con modulate
uPA and uPAR expression (32, 33) such o. ba.sic fibrobla.Sl
growth faclor (34) and TGF·(3 (35). The latter mechanism is
supponed by our finding tha. mAb·mediated ligation of the
vilroneclin receplor caused a specifie increu.'iC in cellular levcls
of uPAR mRNA. In cells whose a, production has becn sup·
presscd by treaUDcnt with anlisensc av oligonuelcotides, Ihc
decline in uPAR expression may he a consequence of the re·

Il
0.0J---l<=LI.

W6I32 P30E A3·11F5

Antibody

Figure 8. Incrensed uPAR mRNA expression in response to Iigation
wilh an mAb 10 a ... RNA WtlS cx.traclcd from 61 melanoma cells grown
ovemight on uncoated (inw, lane A), mAh W6/32- (B), mAb PlOg·
(C), or mAb A3-IIF5- (0), coated wells. Nonhem blot a..lysis and
laser densitomctry werc performed as described in lhc tcgcRd 10 Fig. 3.
The resullS of lhc densicometry are shown in the bar graph. The values
have bcen nOmlDlized relative 10 the respective untrcated cells which
were assigned a value of 1.0 (indicnted by .). Results shown in the
inset are from a rcpresentative experiment of thrce performed.
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lecled on these cells by immunoperoxidase labeling suggesting
that they could more efficiently immobilize uPA from Ihe exlrll·
cellular environment ( 13). ln a recenl sludy of colon adeoocar·
cinoma tissue. high levels of uPAR were observcd in association
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duccd adhesion ofthese cells 10 vilronectin present in Ille culture
medium or deposiled inlo the ECM by the melanoma cell. As
Ihese melanoma cells also express a receptor for fibronectin
(a,pl. te.'iull:i not shawn) il is nol entirely surprising Ihat despile
the reduction in a., levels. no immcdiate changes were observcd
in the adhesiveness or viubilily of Ihe anûsensc-trealed cells.

While our rcsults arc consistent with a role for a.,{3J in
rcgululion of uPAR expression. the participation of olher a.,
integrins such as a.,fJ5 and a.,{31 cannat be entirely ruled out. Il
should bc: noted however, that FACS" analyses with mAb IA9
to ..ubunit (J, (36), (a gifl from Dr. M. Hemler, Dana-Farbc:r
Canccr Instilute. Boston. MA) failed to S;IOW increascs in {35
expression on the metnstatic cells relative to parental lines.
MIMIS LN! cells showcd in fact a slight reduction (63% posi
tive cells; mean intcnsity of fluore.'iCence 588) in cell~surface

(J, n.' comparcd to the parcnl MIM/8 cclls (76% positive cells.
menn inlensity of lIuorosecnce 620) (resulL' not shown). We
have also prcviously shown thut ccII surface Icvels of /JI Y.'eee
not altered in the metastalie cells (9). These findh,gs suggest
thut the other a., complexc,'i if involved. may play more minor
roles.

Antibody- or ligand-mediated cross-linking of intcgrins ha.,
been shawn la trigger signal traRsdUClion mechnnisms leading
10 prolcin Iyrosinc phosphorylation (37), changcs in calcium
innux (38), gcne !mnscription (39), and allered cell growth.
Seveml lino., of evidence suggest that a,(J, is also involved in
signal tmnsductian mcchanisms. Thus. a.,(3) wns implicated in
the regulation of proeesses such as cell migmlion (40), differen
tialion, Ilngiogeno.'is (41), and tumorigenicily (8), ;::ross-link
ing of o.,{3J was shown ta increase mc~ano'lln ccII invnsiveness
(7) and seveml a,(J,-n.ssociated proteins ha','e been described,
al lea.'t one of which, a 190·kD protein, is phosphorylateJ in
Ihe prc.senee of PDOF (42). As ""vcml of these proeesses such
o... ccII migration and invasion also involve uPA·mediated prote·
olysis (43), it is conceivable that sorne of the effeclS attributed
10 a,(J, were aClually mediated through upregulation and ccII
surface localizalion of the uPAR/uPA complex. In a recent
series of reports (32, 44, 45) it has been shown thal uPA and
uPAR exprc.ssion in cullured endothelial cells is regulaled by
bn.,ic libroblasl growth faclor and that uPA in lum can calalyzc
Ihe prolcolylic convendon of the precumor of TOFP inlo ilS
biologicaUy aClive form. A. TGF(J may enhance rnelanoma cell
prolifemtion (46), lhe induction of uPAR synthesis in response
10 a,(J, ligand binding rnay also provide a rncchanisrn for con
trol of rnelanoma ccII growth. In the regional Iyrnph node, stro
mal ccll-derivcd or autocrino:basic fibroblast growth factor
(47) may iniliale this cascade when lurnor cells .dhere 10 stro
mal vitroncclin (9) resulling in incrensed rnelanoma ccli inva
sion and migration.

The lransrr'plional regulalion of uÏ'AR synthesis is poorly
und.mlood (13). Vel the evidence is strong thal this receplor
is of major importancc to the invasion and metastasis of severnl
malignancies, including melanoma (11,12,27). A bellerunder
standing of the regulatory role thal inlegrin a,(J,-medialed adhe
sion plays in uPAR syntho.'is and funclion will shed Ughl on
Ihe ntcchanism., regulaling this receplor and can polenlially
provide a hn.,is for the developmenl of specific biologicat re
agents do.'igned 10 inhibil the aggrc.ssive behavior of lI'al;gnont
melnnomn.
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Abstraet

Humsn melanoms Js ~ hlghly metaststle cancer and Ihe re
glonal Iymph nodes are generally the flrsl site of melastasJ••
Adhesion 10 cryostsl sections of human Iymph nodes W8S there
fore sludled uslog 1..0 human melanoms models estsbllshed
from Iymph node metas...... namely. MeWo cell IInes of dl·
verse metaststle polenllals and a hlghly metsstsllc cell IIne of
rceenl orlgln deslgnsled MIMIS. We found a good correlallon
bel....n Ihe metastsllc polenllals of Ihe melanoms cells as
measured ln nude mlee and Ihelr ablllty to adhere 10 cryostal
sections of human Iymph nodes. When adheslou to Immobillzed
eXlracellular mstrlx prolelns wes measured, a slgalflcant ln·
creue ln adheslon, ..hleh correlated w1th Increased metastasls,
.... secn mslnly on vltroneetln and 10 a lesser extent on flbro
neetln. The adheslon to vltroneetln and to the frozen seetlons
..ere speelflcally bloeked by an RGD-contalnlng peptide, mAb
661 to vltronectln and mAb LM609 to Integrln a,/J,. FACSs

analysls revealed a sigalllcant and speelflc Increase ln cell sur·
face expression of a,/J, on the metastatlc cells as compared to
the parent IIne. Together these results suggest lha. the adhe
sion cif melanoms cells to Iymph node vltroneetln via the a,/J,
receptor plays a role ln the process of Iymphatle dlssemlnatlon.
(J. Cil". /"...,. 1992. 90:1406-1413.) Key ..ords: Iymphatlc
metastasls • adheslon • vltronectln reeeptor

Introduction

The rcgional draining nodes are Ihe filSl sile of metastasis for
lhe ml\iorily of primary human n..plasms, including malig·
nant melanoma. In melanoma palients, Ihe appcarancc of re
gional and distsnllymph node métastases is a ml\ior delenni·
nant of poor prognasis (1). Dcspile Ihe importancc of this
proecss 10 the prognosis and lrestmenl ofhuman malignancies
Ihe underlying mcehanisms remain virtually uncxplored.

Cellular adhesion is now known 10 play a ml\ior role in Ihe
proccss of canccr disscminalion. Tumor ccII adhcsion 10
various hasl cclls such as lymphocytes, endolhelial cclls, or
plalelets (2-4) as weil as 10 exlraccllular malrix proleins has

Portions of this work have -appcarcd in abstraet fonn (1990. Clin. &
E.tp. MttastasisSISuppl. 1]:2S-26).
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becn shown to regulale invasion and proliferalion and promole
lumor metastasis (for review sec rererences ~ and 6).Inlcgrins,
a family of ccli adhesion proleins Ihal mediale ccll-eell and
ccll-matrix inleractions, some through reco~nition oflhe Arg·
G1y.Asp peptide, have becn implicaled in the PlOC'" ofhema
logeneous disscminatlon, as Ihey mediale lumor œil allach·
menllO vaseular endolhelial cclls and 10 subendothelial malrix
proleins sueh as laminin and fibroneetin (5, 7). The involve·
menl of inlegrlns in Ihe proc... oflymphalic metastasis has
not, however. been investigated.

Previously, wc have shown Ihat lumor ccli potenliallo me
tastasize Iymphàtically correlaled weil wilh tumor ccII adhe·
sion 10 frozen seclions of Iymph nodes in several carcinoma
models ofhuman, raI, and mouse orillÎn (8-10). Here wc ex·
lend Ihcsc findings 10 Iwo human melanoma models and show
Ihat adhesion of Ihe melanoma œlls 10 Ihe frozen sections is
a.{3, medialed and Ihal vilroncelin is Ihe primary adhesion
ligand. The increascd expression of a.{3, on melanoma cclls
may Iherefore promole Iheir potenliallo adhere in and metas·
tasize 10 Ihe Iymph nodes.

Methods

Animais. 4-&'wk-old female nu/nu (COol )Br mice obtained From
Charles River Canada (SI. Constan~ Quebec, Canada) were used 10
propngale the human memnoma line and to isolatt Ij..~::h :!ode-me
tastasizing cells. The mice wcrc housed in Micro-isolator cages ob
tained From Lab Produets Ine. (Maywood, NJ) and handled in abiolog
ical containmcnt cabinet. Under these conditions, they rcmained dis
case free for ~ 12 mon.

Tumor Unes. The human mclanoma ccli line MeWo, which was
originally CSl8blished fi..m a Iymph node metastasls of a malignanl
melanoma palient ( Il), was obtained courtcsy ofDr. R. S. Kerbel (MI.
Sinai Hospital, Toronto, Ontario, Canada). The ccllswere maintained
as monolayercultures in RPMl1640 supplemenled with 10% FCS, 1%
gentamycin sulfate, 111. penicillin-streptomycin, and 2 mM glutaminc
(aU rcagents From Gibco Lahoralori... Burlington, Ontariq, Canada)
(RPMI-FCS). Monolayers wcre dispersed lwice wcckly with Ca"·
and Mg".free PDS containins 0.02% EoTA and the ceUs wcre rc
seeded al a dilution of 1:4. Alllumor cell cultures wcre incubaled al
37GC in a S% CO2 incubator.

Selection andc/oningqflymph node-metastasizing MeWo LNI61
cel/s. Regional (inguinal, axillary. or brachial) Iymph node nletastases
weredetectable in sorne orthe Dude miccwithin 9wk afterthe intrader
mal i!1ieetion of S X 10'Iumor cells when the primary tumor bad
rcaehed a mean tumor diameter of - 1.0 cm. The animais wcre kill<d
whcn the primary tumorwas > 2.S cm in diameter orwhcn moribund.
Pulmonary metasl8SCS wc... occasionally obscrvcd. The regional drain·
iog Iymph nodes wcre aseptieally remoYOd and mechanieally dispersed
through an 8S·~m filler (Nile.; B&SH Thom!"""., Town or Mounl
Royal, Canada). The cells wctC centrifuged and Ih~n seeded onto 2S·
cmztissue culture Oasu (Falcon; Fisher Scicntific Co., Montreal. Can
ada) containing RPMI 1640 with 10% FCS. On the foUowing day, the
monolayers wcre washed with RPMI 1640 10 remove nonadherenl
ceUs (mainly lymphocl1es) and debris. This procedure was routinely



carried out to confirm the presence of melnnomn ceUs in the nodes.
After one such procedure, confluent monolnyers of Iymph nodMe-
rivcd melanoma cells (designatcd MeWo LNI) were obtained. The
monolayer was subsequently dispersed and the cells reptaled at low
density leading to the isolation of individual clones. One of these
clones, McWo LNI61 (61),' wns sclcetcd for funher study as it had a
high level ofadhesion to frozen Iymph node sections (sec bclow). This
clone was used for the studies describcd. For sorne orthe experiments.
tumor cells wcre a1so isolated from the primary MeWo tumor by enzy·
matic digestion with a UypSin/EDTA solution supplemented with
DNAsc ( 12). The disperscd tumor cclls wcre passcd Ihrough an S5·pm
Nitex mesh. the filtrate spun down. and the cclls plated in culture
dishes. Thesc cells were dC!Jgnated MeWo( v) to distinguish them from
the MeWo cell line maintnineci in vitro ooly. MeWo(v) e-.:lls were
eulturcd for .s 1wk bcfore use in the experiments.

Melanoma line MIM/8. A ccllline desisnatcd MIM wns estab
lished from an inguinal lymph node metastasis of a 66·yr.-old male
melanoma palienlobtaincd recenlly through Ihepalhology labomtory
of the Royal Victoria Hospital, Montreal, Canada. The nt:V!: wa.o;
minced and the cells pass«l through an 85·pm Nitex rnesh membrant
as describod .bove for MeWo LNI 61. A single-cell suspension wns
obtaincd and platcd onlo a cullure dish precoatcd with 10 ps/mllype 1
collagen. The melanoma cells werc grown to confluence and then
cloncd by Ihe limiting dilution method. A pi~"'·n'cd clone, MIM/S,
was sctCCled for furthcr study since it was found tn he highly tumori·
genie and metastatic, gÎ\=ng rise to tumors in 4/5 ~ntradermallyinaeu·
lated Dude micc and to regional node metnstases;n 3/4 tumor·bcaring
micc. FAcse analysis (Becton Dickinson Co., Mountain View. CA)
with mAb LM609 ...vwcd thal 95% ofMIM/S cclls wc... a.p. posi·
tive.

Lymph node metastasis assay. Nude micc werc inocul~tcd intra
dermally in the right laleml Dank with 5 x 10' melanoma cclls. The
micc wcn: monitored twicc wcckly and the size of the primary tumor
measured. Alocal tumor was observe<! - 6 '...·k aner inoculation. Posi·
tive regional axillary or bmchial Iymph nodes wcre palpable - 3 wk
af\erthe appearance ofthe local tumors when the mcan diameter men
sured - 1.0 cm.

Anchorage-independentgrowth assay. To measure anehomge-inde-
pendenl growth ofthe melanoma ccUs, a modification of the standard
soft agar clonins assay wns uscd (13-15). BrieDy, tumor cclls were
mixcd with a solution of either 0.6 or 1.2% agar (Difco Labomlories
Ine., Detroit, MI). addcd ta an cqual volume of a 2x concentratcd
complete RPMI-FCS medium, and platcd at a conccntraûon of 10'
cclls /well into six·weli plates (Falcon; FISher Scientific Co.) that wc...
prelayered with a 1.2% agarsoluûon. Theoverlay wnsallowc<! to solid·
ify and covered with 1 ml RPMI-FCS. The mcdium wns replenishcd
on alteroate clays for 12 d, at whieh time the tumor colonies wcre fixcd
with 1%g1utaraldehyde and staincd with Coomassie Blue R·250 ( 16).
The numbcr and diametcr of the colonlcs wcrc determincd using a
microscope (Diaphot.TMD Inverted Nikon Canada) equippcd with
an ocular square miUimeter grid.

Cell adhesion ta cryostal s«tions ofhuman lymph nodes. Human
Iymph nodes wc... obtaincd from the Surgical Pathology Labomtory of
the Royal Victoria Hospital (Montreal, Canada). The nodes wcre rc
move<! from patients prescnting with cervical node enlargement and
wcn: snap ffOzcn in liquid N2• They wcrc routinely analyzcd by clcc·
tfOn microscopy and immunohistochemistry for evidencc of malig
nancy and uscd when the palhology findings wcre negative. Ccli adhe
sion to the cryostat sections was measured as dcscribed in detail cise
whe... (S).ln ail the experimenlS 5·pm cryOSlaI sections wc... usr.:' with
5 X 10·"Cr·labelcd lumorcclls suspendcd in a volume of40.uJ.

Cell adhesion ta ex/racellula, malrlx proteins. Microûler'plates
wcn: coate<l with human fibroncctin, mousc laminin. type IV collagcn

1. Abb,evialions uscd in this poper: ECM, extracellular matrix; MlF,
mcao intensily of Duorescence; RGO, Arg.Qly·Asp; 61, line MeWo
LN161.

(ail from Collaborntive Rescan:h Inc.. Bedford, MA). or human vi.
tronectin (Sigma Chemical Co., St. Louis, MO). nle proteins wcre
addcd to the wells at concenlmtions mnging from 1 1050 ps/ml and
the wells allowcd to dry in a laminar Dow hood ovemight. Defore the
adhesion assay, nonspecific prolein·binding siles were blockcd by the
addition ta each weil of0.05 ml ofa 1% BSA solution in PBS for 1h.
The ccll-adhesion assay wns esscnlially that describod elscwhere ( 17),
with sorne modifications. BrieDy, tumor cells ( 1x la' cens in 7S-em1

Dask) werc metabolically labelcd by incubation ovemighl with 250 ",Ci
of lS&-methionine (Tmn ]'S-LabcI™. ICN Biomcdicals Ine.. Costa
MCSIl, CA). The followins day, the cclls were wnshcd, addcd to the
protein-œatcd wells, and incubntcd at 37°C for up to 60 min. The
unbound tumor cells were aspimtcd and the wells were washcd three
times with PBS. Cells werc Iyscd with 1N NaOH and Ihe rodiooctivily
in the Iysale measufCd in a Iiquid scintillation caunter. Adhesion to
BSA-coatcd wclls wns negligible « 1%).

AnlÎsera and fk'plides. The origin and spcclficity of mAh LM609
dircctcd ta the ('t'ff1] rcceplor were dcscribed in detail elscwhere ( 17).
mAb P4CIO directed ta a functional epitopc on the 111 inlcgrin subunit
(IS) wnsa kind gi!\ from Dr. E. A. Wayner(Cytel Co., La Jolla, CA).
mAb W6i32 ta human HLA dass l, which n:cognizes an antigenie
detemlinant common ta produets of the HLA·A. B, and C loci, WU5

nb1aincd from Ccdarlane Lnboratories Lld. (Hornby. Ontario. Can.
ada). mAb 661 to vitronectin wns produccd and characterized by Ors.
D. J. Loskutoff and D. Cheresh. Balb/C micc werc immunil.ed with
purified human vitronCClin and the hybridomas inithl11y tcsted hy
ELISA on vitroncctin-œatcd wells. The supcmatants orthose hybrid.
ORIIlS that wel"e positive in the initial scrcening were subsequenUy ana·
lyzcd for the ability to bloc~ the adhcsion of human melunoma line
M21 to vitronectin-coatcd dishes (17) and mAb 661 wns found 10 be
highly inhibitory.ln illitial tests this antibody blockcd the adhesion of
61 cclls 10 vilronectin but not to fibronectin (sec ResullS, Fis. 5). mAb
3E3, whieh is dirccted 10 the ccII attachment fragment ofhumun ftbro
nCClin, was obtained from Boehringcr Mannheim Canadn (Laval,
Qucboe, Canada). Normal mousc immunoglobulin wasobtaincd from
Bio Can Scientific (Mississauga, .Ontario, Canada). Rabbil anti
mousc JsG wns obtaincd from DakopaUs A/S (G1ostrup, Dcnmark).
Peptides, G1y-Arg.Qly·AspoSer.Pro-Lys and G1y·Arg.Qly.Qlu-5er·
Pro, wc... obtaincd from Hukabel Scicntific (Lonsucuil, Quebec, Can
ada) and Peninsula Labomtories Inc. (Belmont, CA), respectively.

Inhibition assDYS. Turnor cells werc incubatcd wilh the antihodics
for 45 min at 4·C. Excess antibody wns wnshcd olfbefore addition of
the cclls to Iymph node sections or 10 vitroncetin. Inhibition by pep
tides was measurcd aner incubation orthe·cclls with VariOUl peptide
conccntrations for 1S min at room tempcraturc. Cells wcrc Bddcd ta
the frozen sections or to vitroncetin-œalcd wells without prior wash
ins. When the elfects ofmAb JE3 and 661 on cclladhesion wc... testcd
they wcre addcd to Ihe frozen sections or ta vitronectin-coatcd wclls
logether wilh the rndiolabelcd cclls.

Indirect immunoj1uorescence assay. Tumor cells were incubatcd
for 2 h al 37·C on eight..hamber s1ides (Lab-Tek; Nune, Inc.. Naper·
ville, IL) that had becn precoatcd with 10 PS vilronecûn. Thcccliswcre
fixcd with 1% g1utaraldehyde/PBS and permcabilized wilh 0.4% Tri·
Ion X·IOO in PBS containins 50 mM glycine Ha. The chambon wcre
wnshcd with RPMland mAb LM609 addcd at adilulion of 1:25 for 1h
at 4·(', followc<! by a second incubaûon with FITC-conjugatcd ionl
anti-mouse IgO (Bio/Can Scienûfic) at a dilution of 1:100. The IUdes
wcre dricd and mountcd with a g1ycine-glycerol solution ( 19).

Flow cylome/ry. For Dow cytometric analysis, 1X 10· tumor cclls
wcre incubatcd for 1h on icc fini with 65 lIB/mi of the mAb and then
with ATC-eonjuptcd goal anti-mouse IgO (ISO ps/ml). ADerwash
ins. the cclls wcre resuspendcd in 1 ml of RPMI 1640 and analyzcd
usins a ccllanalyzer (FACSTAR: Becton Dickinson. Mountain View,
CA) equippcd wilh an argon·ion (15 MW) laser at 4SS nm with a
530/30 DF filter: The progmm uscd 10 analyze the data wu Consort
JO'" Version E 12/S6 (Becton Dickinson). Control cclls wcre incu·
batcd with the second antibody only. For cach ccllline - 5,000 cclls
wcre analyzcd.
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StaJistÎcs. Student's t test WD5 used to analyzc adhesion data and
Fisher's Exact test was uscd to analyzc results ofin vivo studics (20).

Table 1. Incidence of Primary Tumors and Lymph Node
Metastases in Animais Inoculated with Tumor Lines MeWo
and MeWo LNI61 Cells

Rellultll Ccli.
injected

Incidence of
pri1TW')' tumors

Incidence ortqiorUll
Iymph node meta:st4SCS

o

0.6"

2/14'
6/10

0.3"0.6"

14/19'
10/10

0.3'"CeUlinc

MeWo
MeWo LNI61

.....
MeWo 0.27±O.047 O.IS±O.OS 19.5±2.6 S3.3±14.0
MeWo LN161 0.73±O.2S 0.37±O.13 113.4±13.3 1I0.0±46.9

The clonins method is dcscribcd in Mcthods. The re.ults arc mcans
and SO of lriplicate samples. The dill'erencc in c10Ding emciency and
coluny SÎ2C bctwccn MeWo and 61 cclls was significanl (P < O.OS) in
balh agar conccntrations. 'Clonins elliciency was caleulaled by
counting the number of colonies 12 d aftcr plating 10' lumor cclls.
, The diameters of ail the colonies were measurcd usi(Og a Nikon
invcncd miCtnSCOpc cquippod with an ocular grid. 1 Final conccn
tration ofagar in the overlay.

Iines, where secn, were ofa considerably lower magnitude. Ad
hesion 10 BSA was < 1%.

Thal Ihis diffcrential adhesion 10 vitroncctin was nol an
anifact of the prolongcd in vitro culture ~r MeWo ceU. was
established by reinoculalion of Ihe melanoma ceUs into nude
mice 10 obtain-MeWo( v). Thcsc tumor ceUs were maintained
in cullure for only 1 wk 10 deplele the hast ceU infiltrale and
Iheir adhesion 10 cryOstal sections was Ihen mcasurcd. Resulls
shawn in Fig. 1 demonstrale that there was no significant dif
ference (P > O.lll belween the adhesion of MeWo or 61 cells
propagated in vivo and those maintained in vilro for an ex
tended period of time, confirming thal the increascd adhesion
of61 cells was not duc to Ihe in vitro-in vivo selection proccss
perse. Similar resulls were obtained when the adhesion ofthcsc
Iines to vilroneclin-eoated dishes was measurcd (data nol
shawn).

To investigale the role ofvitroncctin in the adhesion ofline
61 ceUs to Iymph node sections, the tumor cell. were trealed
before the adhesion .....y with antibody LM609 dirccled to
integrin a,/3,. Resulls shown in Fig. 3, A and B demonstrate a
dose-dependent inhibition by the antibody of attachmenl 10
Ihe sections and ta vilroncctin-coated dishes. Maximal inhibi
lion ranged between 70 and 80% of control levels. A mAb
directed to the funclional domain of the /3. subunit (P4CIO)
also inhibited adhesion to the sections with maximal inhibition
ranging belwccn 40 and 45% wherens a mAb directed 1-' an
HLA c1ass 1 delerminanl (W6{32) had no measurable effcet
on the adhesion (Fig. 3 Cl.

Table Il. Clonlng Ej/iciency ofMeWo Cells ln SemlsoUd Agar

Nude mice wcre injectcd intradcrmally in the right lateral reglon with
5 X 106 eells. Tumors developcd within S-6 wk and Iymph node
metnstases observcd when the mean diametcr orthe tumoIS measured
1.0 cm. 'P =0.134. • P =0.032 (Fi,her's Exact Test).

-L
T

'"
50

Metastalie MeWo cclls were isolaled from Ihe regionallymph
nodes of lumor-bcaring nude micc, eullurcd in vitro for - 2
wk and Iheir adhesion 10 eryostal seclions of human Iymph
nodes mcasurcd and eomparcd wilh Ihal oflhe parental MeWo
line. The resulls shown in Fig. 1 are consislenl wilh previous
findings wc obtained using a brensl carcinoma model (9) and
demonslrale Ihal the Iymph node metaslascs-derived lumor
cclls were signifieantly more adherenllo Iymph node eryostal
seclions than Ihe parenlline. The metastalie cclls were subse
quently c10ned and clone 61 was selecled for funher sludy as il
was found 10 be highly adherenllo Iymph node eryostal sec
lions (Fig. 1). When lhe lumorigenie and metastalie propenie<
of clone 61 were subscquently analyzcd by inoculation of the
lumor cclls inlradermally in nude micc, we found Ihallumor
bcaring animaIs inoculaled wilh 61 cells had a significantly
hi!\her incidencc oflymph node metastases than animals inocu
laled wilh the MeWo cells, wherens Ih. incidence and raIes of
growth oflhe primary lumors wcre nol n."kedly differenl (Ta
ble 1). Funhermore, 61 cells had a significantly higher eloning
effieieney in semisolid agar (Table Il), a propeny previously
shown 10 correlale wilh Ihe metastalie polential of melanoma
cells (13).

The adhesion of MeWo and 61 cells 10 exlracellular malrix
proleins Ihal were previously idenlified in human Iymph nodes
(21,22), namely, fibroncctin, laminin,lype IV collagen, and
vilroncctin, was subscquently invcstigaled using malrix pro
lein-coaled dishes. As shown in Fig. 2, a significanl difference
in adhcsion belwccn MeWo and 61 cells al all time inlervals
lesled was secn only on vilroncctin-coaled plaIes. Attaehmenl
of 61 cells 10 other malrix proteins was lower than thallo vi·
lroncctin and differenccs belwccn the adhesion of Ihe IVin cell

McWo MeWol,vl tdcWoLNI MeWoLHl61 MtWoLNI6I(VI

TumorUnes

Figurt 1. Adhesion of MeWo ccII. 10 cryostat sections of human
Iymph nodes. SubUnes thal have becn passsged in vivo and rcadaplcd
10 culture in vitro are dcnotcd with a (v). Results arc mOIns and SO
ofquadruplicate samples. The propanlon of the 61 and MeWo LNI
ccII. lhal adhcrcd 10 Ihe sections was significantly higher \han thal
of M.Wo ccli. (P < 0.007 and 0.039, rcspcctively). There was no
significanl differencc_n the adhcsion of MeWo LNI and 61 cclls
(P> 0.1).

,_ J. Nip. H. Shlbata. D. J. LoskuJoff, D. A. Cheresh. and P. Brodl
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Figure 2. Adhesion of MeWo and 61 cclls la ECM protein-coatcd pintes. Forcoating, 50 ~I ofa 10 ~8/ml50lulion orthe proleins were addcd la
cach weil ofa microtiter plate. ResullS shawn are mcans and 50 of tripliente samplcs. The background adhesion ta BSA-coatcd wells « 1%)
was sublraetcd. 61 (e) cclls were signifienntly more adherentto vitroncetin Ihan MeWo cclls (0) at ail lime intcrvals (P < 0.04 al 10 and 20 min
and P<. 0.001 at40 and 60 min). Difi'crcnccs in attachment to fibronectin and laminin werc significant ~nly 0160 min (P < 0.04 and < 0.01,
r<spcetively) and ta type IV collagen at20 and 30 min (P < 0.05).

Consistent with the role of vitroncetin as the ligand on the
Iymph node frozen secûons W8S also our finding that an ROD
,. )ntaining peptide significanUy and specifically blockOO the
adhesion of61 cells to the sections (shown in Fig. 4). Further
more, a mAb to human vitronectin (mAb 661 ), whieh blockOO
the binding of 61 cells to vitmnectin-coatOO dishes (Fig. 5 B)
but not to fibronectin-eoatOO dishes (Fig. 5 C), also inhibitOO
the adhesion ofthese cells to the eryostat sections by 80% (Fig.
5 A). In contrast a mAb, directoo to the cell attaehment frag
ment ofhuman fibronectin (mAb 3E3), inhibitOO adhesion to
the sections by only 19%.

Cell surrace expression ofa,p, on the MeWo cells W8S sub
sequently measured by Oow cytometrie analysis using indirect
immunoOuorescence staining. As shown ID Table III and Fig.
6, the proportion of posiûvely lahelOO cells W8S significanUy
higher in the 61 subline relative ta MeWo. This W8S also re
OcetOO in an increase in the Mean intensity of Ouorescence
(MIF)(from 133.2for MeWo to 163.2for61). When the MlF
measured with MeWo cells W8S used as an arbitrary lower Iimit
(Fig. 6 A, saUd vertical bar), to estimate the proportion of
"brightly" Ouorescingcells in the two cell Iines, as Many as 40%
of61 cells but only 8.1%ofMeWo cells (P < 0.001) were found
to he brighUy stainOO. These results wcre in contrast to Ouores
cence profiles obtainOO with antibodies P4CIO and W6/32,

where no ineresse in the proponion orIaheled cells or in MlF
for 61 cellswasobservOO (Fig. 6 Bond Cond Table Ill). Fluores

. cein-lohelOO 61 cells eultured on vitronectin-eootOO dishes are
shown in Fig. 7. The cells were virtuolly indistinguishoble mor·
phologically from MeWo cells.

To determine whether our findings wilh the MeWo line
were relevant to other melonomas, in portieular melonomo
cells ofmore recenl origin, a second melonomo model recently
developed from a human Iymph node metastasis was used. A
pigmentOO clonai subline, designotOO MIM/8, W8S obtainOO
and found to he highly tumorigenie and metastatie, giving rise
to primory tumors in four of five intradermolly inoculotoo
nude mice and to regionollymph node metastases in three of
four tumor-bearing mice.

When adhesion ofMIM/8 cells to eryostat sections ofhu
mon Iymph nodes W8S mcasured, it W8S found to he as high as
that of the 61 cells (i.e., 5-6 X 10' cells ottaehOO/section).
Results ofinhibition studies wilh lhe mAb ore shown in Table
IV. Similar to the results secn with 61 celIs, the adhesion to the
sections eould he significantly inhibitOO by mAb LM609,
whereas mAb P4C10 and mAb W6/32 did nol significantly
reduce binding. A significant inhibition of binding was 0150
secn when either mAb 661 or mAb 3E3 were addOO to the
sections togelher with the MIM /8 cells.

Role ofVitroneclin Receptor ln Lymphali~ Mnoslas;s ofHuman Melanoma 1401
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Fillllre 5. mAb 661 to humon vitroncctin blocks odhcsion of61 cclls 10
frozen section•• Shawn ore Ibe elfCC\S ofmAb 661 on odhesion of61
cclls 10 frozen Iymph node sections (A), vilroncctin-coalcd dishes
(B), ond fibroncctin-coatcd disbes (C). Cclls were oddcd to the dif·
rerent substrata togethcr with the antibody. The resutts shown are the
mCQns and 50 oftriplicate samples. Adhesion to the sections in the
presencc ofmAb 661 was significnntly lower (P < 0.02) thon thot of
ony of the control groups.

potenlial for Iymphatic metastasis in severa! animal and hu·
man carcinoma models (S-IO). The present study extends
these findings and establishes the relevance of this adhesion
system ta. h'Jman melanoma. Our fmdings with the MeWo and
MIM/Slines are particularly significant as bath Iines were es
tablishcd from lymph node metaslaSes and the major site of
metastasis for these œlls in nude mice after intradermal inocu
lation is the regïonallymph node ( Il ). The increased attach·
ment ta frozen seclions secn whh melanoma œlls that origi.
natcd from a Iymph node metastasis in a nude mouse and
similar findings obtaincd with a human breast careinoma 5Ub-

Fign,. 4. An RGD-con·
toining peptide blocks
Ihe .dhesion of 61 cclls
to Iymph node sections.
The cells wcre incu
botcd wilh Ihe peptide
for 15 min before oddi·
lion to the sections. The
rcsults arc menns and
SO ofquodruplicnle
somplcs.
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Hgn,. J. mAb LM609 blocks the .dhcsion of 61 cclls 10 the Iymph
node sections. Cells wcre prctrcuted with the antibody and wnshed
threc limes beforc their addition to the frozcn sections (A) or 10 via
tronC:Clin (8). The resullS shown arc the rnenns nnd 5D orquadru
plicn,e somplcs. Adhesion 10 BSA-coatcd wells « l'!» was sub
tmctC<l. Tbe elfCC\S of mAb P4CI0 (directcd la Ihe p, subuoit of in·
logrin.) ond mAb W6/32 (directcd 10 HLA closs 1detenninoot) on
udhesion to the sections arc compan:d with the elfect 01' 1·l.1609 in
C. Thcre was no signi6cant diffcrcnce betwecn the adhesion ofun·
l""'lcd ..II. ond ccII. l""'lcd wilh mAb W6/32.

Our previous work bas shawn Ihallumor cell adhesion ta fro
zen Iymph node seclions was an in vitro correlate oftumor œil

Discussion
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Table 111. f10w Cytometric Anal}'sis ofmAb-stained
Melanoma Cells

Cellsurfll.œ CcII type
Antibody dctenninant arnllyzcd

LM609 a./3) MeWo
MeWo LNI61

P4CIO p, MeWo
MeWo LNI61

W6/32 HLA elass 1 McWo
MeWo LNI61

Positive
",lb

99.9
99.8

100
100

the Iymph node stroma and the subcapsular sinus (10). Fur
thermore, wc found that mAb 661 to human vitronectin,
which inhibited binding of61 cclls to vitronectin but not fibro
ncctin-cooted dishes, also blocked adhc..ion ofthesc cclls to the
frozen sc'Ctions. Asecond mAb (3E3) directed to the ccll-bind
ing domain offibroncctin had only a minor inhibitory effc'Ct on
.h,' adhesion of 61 cclls but eould significantly œduee adhcsion
ofMIM/8 cells, suggesting Ihat for some melanoma cclls n,il,
may mediate adhcsior 10 multiple ECM ligands in the node.

Aow cytornctric unatysis using indin.~t immunoOuorcs-
eenee labelins revealtu Ihol a significantly larger proportion of
61 eells eompared wilh MeWo eells labeled inlenscly with anti
body LM609. This ineœased expression was specifie to ...il.l

Figure 6. Aow cytometric annlysis of immunoOuorcsœnce·lnbelcd
MeWo Bnd 61 cells. An indirect stnining method WBS IIscd to label
lhe ccU,with mAb LM609 (A), P4CIO (8), and W6/32 (C). Control
cclls that werc incubatcd only with the second antibody wcrc usc:d
for gnting. The dottcd venical bar rcprcscnts the maximum stDining
ofcontrol cells. The solid venical bar in If denotes Ihe menn inlensity
ofOuon:scence mcasurcd for MeWo cclls. This W05 usc:d as an arbi
trary lowcr Iimit 10 determine Ihe proponion of cclls in Ihe two ccII
Iines for which ccII surface expression of a.fJ] excccdcd Ihi! level.
Each profile is bascd on Ihe analysis of - 5,000 ecUs. The ordinate
in cach graph reprcscnts the number ofcclls and Ihe abscissa shows
the relalive intensity ornuorcsccnce.

Cclls werc Inbeled using BD indirect immunol1uoresccncc nssay and
anll1yzcd u,ing a FACSTAR CeU Analyser. Controllevel, wcn: deter
rnined by trcatÏllS the cells with the second antibody ooly. Maximal
staining undcr control conditions was uscd as a lower Iimil for gnting
positive cells.

lin', ( 10) suggest that ccllular mechanisms that mediate Iym
phatie dissemination in !.h!~ ?!!!mal model arc relevant to the
elinical process. Il should be noted in this context that there
was no significant differencc between the Adhesion of MeWo
and MeWo LNI61 cclls to cryostat sections ofhuman kidneys
(adhesion levels were 2.2 and 2.6%, respectively), suggesting
that the Adhesion ligand on the Iymph node sections may be
expresse<! in an organ-selective manner.

Our resulls show that binding of 61 cclls to the sections was
RGD dependent and mediated in large part by the receptor
",.(3,. Adhesion studies on extmcellular matrix-coated dishes
confirmed thatthis metastatic subline was signifieantly more
adherentto vitronectin than the parentalline MeWo whereas
the differences in allachmentto collage" 'V, fibronectin, and
laminin were more minor. This inereased adhesion was notthe
result of the in vivo selection process pcr se as no differenees
were found in either the levels ofadhesion or in the expression
of «.(3, (as assessed by FACS; resulls not shown) between
MeWo cclls maintained in culture or derived from a soliù tu
mor growing in vivo. Morcever, in recently published studies
by Albelda et al. (23), it has becn shown that adaptation of
melanoma biopsy-derived cclls to growth in vitro augmenled
mlher than reduced their expression of «.(3,. Il appears there
fore that melanoma cclls metastatie to the Iymph node repre
sent a subpopulation of tumor cclls with inereased adhesive
ness to the Iymph node extmccllular matrix (ECM).

The ability ofmAb LM609to block the adhesion of61 and
MIM 18 eells to frozen sections eonfirmed that it was mediated
by integrin "'.(3,. The differences in the levels of inhibition by
mAb LM609 ......l on the frozen sections (Fig. 3 A) and on
vitronectin-coated dishes (Fig. 3 B) suggesi that although ",.(3,
may be the main receptor mediating Adhesion to vitronectin on
the frozen sections, olher receptors, possibly «.(3" may play a
role in the adhesion orthe 61 cclls to vitronectin-coated dishes.

Although receptor «.(3, is also known to mediate allaeh
ment to fibrinogen and von Willebmnd factor ( 17),thesc pro
teins are unlikely to play a role in the adhesion of the mela
nomacclls to the Iymph node sections. ln a recent study, fibrin
ogen eould not be detected on Iymph node eryostat sections
whereas von Willebmnd factor was found to be localized in the
blood vessels (D. A. Cheresh, unpublished observations). Tu
mor ccII attaehment, on the other hand, has becn localized to
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Fig",,· 7. ImmunoOuoresœnce-tobeh.*d 61 ceUs. CeUs werc culturcd on vitroneclin<œted chomber slides and 10beled with mAb LM609 and on
FlTC.conjugolc:d goal onti-mouse IgO onlibody. Positivcty stoined ecUs orc secn in B. Th\.' sorne microscopie field Yic:wed by phase contrast
microscopy is shown in A. X400.

mAb uscd Adhesion

rllhle 11'. '/1", fJji.'t:1 (ymAb l'remme", 0111/'" Adhesioll
l!rMIMIS Cr'//"''' l'ra:"" S<'t:tiOIlS (yllllmllll L}'mph Nodes--

Treotment with mAb wus US dcscribc:d in the legcnds \0 Figs. 3 ond S,
Anlibody concenlmlions USl..*d wcrc 20-25 IJgJmL Shpwn orc means
±SD of Iwo la Ihrce experiments. Meon adhcsion of contrat (non..
treotoo) cells WDS 5.3 x 10' celiS/section (10% or total).

thesc "high expresser" cells aise represent the mllior subpopu
lalion mediating attnchment in the in vitro assays.

Our results with antibody P4C10 suggest that ~, integrins
aIse play a role in the adhesion of61 cells to the frozen sections.
However the failure to demonstrate a consistent dilference in
the attnchment of MeWo and 61 œlls to fibronectin, laminin,
and type IV collagen and the results ofthe FACS analysis show
ing a decrease in the inteasity oflabeling with P4ClOin 61 cells
compnred with MeWo œlls (Fig. 6 B) when tnken together
argue that the preferential attnchment to vitronectin through
a,~, plays a more d~isive role in this tumor model. It is possi
ble that adhesion through ~,-contnining complexes represents
a secondary event that may be triggered by a,~,-mediated at
tachment and may play a stnbilizing role.

Although changes in integrin-mediated adhesion oftumor
œlls to the extracellular matrix have been shown to regulate the
growth and hematogenous dissemination of canœr œlls (5),
this report provides the first indication that an integrin receptor
molecule may play an important role in Iymphalic metnstnsis.
ln this context our findings are consistent with two recent re
portsthat implicated the a,~, receptorin the malignant progres
sion of human melanoma. Using a histochemical analysis to
mensure the expression ofvarious integrin molecules on frozen
sections deri~ed from melanoma biopsies, Albelda et al. (23)
have recently shown that a significant increase in the œil
surface expression of this receptor in situ is associated with
progression ofthe disease from benign nevus to vertical growth

SI±IO
SO±II
62±8
88±11
97±20

137±23

661
3E3
LM609
P4CI0
W6/32
mmlgG

and did aot reOeet a geneml upregulation ofintegrins or dilfer
entiation antigens as neither ~I nor MHC expression were in
cren.'iCd in thesc cells. Together our results suggest that mela
noma cells expressing high levels of a,~, may bave a selective
advantage with respect to metastnses formation in the Iymph
node. As adhesion to vitronectin in the present tumor model is
mpid (with maximal binding seen at 20 min) and since dilfer
ences between adhesion of the two celllines were apparent as
carly as 10 min aOer incubation with the ligand, it is Iikely that
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phase-malignantmelanoma.Marshalletal.(24J.using im·
munohistochemistry and immunoprecipitation with an anti~

VnR-specific mAb, have shown that a.lJ, expression is signifi·
cantly augmentcd in human melanoma cells comparcd with
forcskin-derivcd nonnal melanocytes.

The functional significancc of ccII adhesion to vitroncctin
in the process oflymph node metastasis requircs further inves
tigation. Important in this respect are recent reports by Kramer
et al. (21 )and by Reilly and Nash (22 J, the first demonstraling
that basement membrane components such as fibronectin, la
minin, and type IV collagen are associated with the reticular
fibcrs found throughoutthe Iymph node parenchyma, includ·
ing the Iymphatic sinuses, and the second showinga eodistribu·
tion of vitronectin and fibronectin to the rcticulin stroma of
human Iymph nodes (referencc 22; see also references 25 and
26J. WC have confinned thesc findings and found thatthesc
ECM proteins can bc localized to the reticular fibcrs and ger·
minai centers on Iymph node cryostat sections (unpublished
observation). As Iight.microseopy analysis revcaled that sorne
ofthe cclls adhering to the frozen sections can bc found in the
marginal sinus (S, 10), it is possible that vitronectin and fibro
nectin providc a site of anchorage for canccr cclls infiltrating
the node and reaching Ihe marginal sinus via the aiferentlym·
phatic channels. The observation by Reilly and Nash (22) that
synthesis ofvitronectin and fibronectin in the node is upregu·
laled after invasion by the tumor cells Sl'ggests Ihatthe local
environment in the node may bccome in",:asingly favorable
to canccr cells that express high levels of ~\e VnR.

Our finding that6I cclls had a significanlly increased meta·
statie potential in vivo comparcd with MeWo cclls is consistcnt
with the notion that a.p, plays a role in the increased mcta·
static potential ofthesc tumor oeil in vivo. The increased clon·
ing efliciency of 61 cclls in semiS()lid media suggests that, in
addition, changes in other, growth·related properties of thesc
cclls (possibly indirectly related to a.p, expression) also con·
tribute to their enhanced metastatic !lOtenlial.

Boukerche et al. (27) have shown that the local growth ofa
human melanoma in nude micc could bc inhibited by pretreat·
ment ofthe cclls with a mAb reactive against the platelet glyco
protein am,/l,. This glycoprotein complex is known to mediate
platelet aggregation and shares the P, subunit with the a.p,.
Taken tosether with thesc observations our results strongly
suggest that reagents such as mAb and peptides that can inter·
fere with melanoma adhesion may provide potent therapeutic
tools in the management of malignant melanoma during the
carly stages ofdissemination.
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5.4

5.4.1. Introduction

Previously, we have shown that uPAR expression in lymph nodt'-

metastasizing MeWo LNI 61 melanoma celis was linked to the expression

and function of the vitronectin receptor. In that study, Iigation of Uv

integrins by MAb resulted in a specifie increase in uPAR mRNA. The aim

.
of the present study, was to further explore the effect of av Iigation by using

a functional assay to measure cell-mediat<!d proteolysis and invasion.

5.4.2. Materials and Methods

Tumor Iines. The origin and metastatic properties of cell line MeWo LNI

61 (61) were described in detail previously (1). The cells were maintained as

monolayer cultures in RPMI-FCS and passaged twiee weekly using Ca2+

and Mg2+-free PBS containing 0.02% EDTA to disperse the cells.

Antibodies. MAb's LM142 and LM609 (2) directed to the av subunit and

the a v/33 complex respectively, were generous gifts from Dr. D. Cheresh

Vitronee/in receptor in me/anoma invasioll and metastasis

140



•

•

•

(Scripps Clinic, LaJolla, CA), MAb A3-IIF5 to integrin subunit U3 (3) was a

generous gift from Dr. M. Hemler (Dana Farber Cancer Institute, Boston,

MA), MAb W6/32 directed to human HLA cIass I which recognizes an

antig;mic determinant common to products of the HLA-A, B, and C loci

was obtained from Cedarlane Laboratories (Hornby, Ontario, Canada), and

MAb 3936 which recognizes the human uPAR in its Iigand-bound or

unbound forms was from American Diagnostica Inc, (Greenwich, Cf).

Proteinase Inhibitors. The plasmin inhibitor, E-aminocaproic acid, was

obtained from Sigma Chemical Co. (St.Louis, MO) and the synthetic

metalloproteinase inhibitor U24522 (4) was from Dr. G. Dipasquale (Stuart

Pharmaceuticals, Wilmington, DE).

MAb-mediated Ligation of the vitronectin receptor. One million MeWo

LNI 61 cells were incubated for 24 hours at 37°C in 6 weil culture plates

precoated with 10'lg/mL of MAb's LM142, LM609, A3-IIF5 or W6/32. The

cells were then dispersed and used in the Matrigel invasion assay as

follows. Matrigel (Collaborative Research, Bedford, MA.) was diluted with

cold distilled water to a final concentration of 0.23mg/ ml and 60 III added

to 8 Ilm polycarbonate filters. The filters were dried overnight,

reconstituted with serum free-RPMI and placed in 24 weIl plates. To each

filter 5xl04 cells in 100 111 RPMI containing 0.2% B5A were added with or

Vitronectin recel'tor in melanoma invasion and metastasis
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without the indicated concentrations of antibodies or inhibitors. Human

iibronectin (51Ig/ ml. Gibco BRU was used as a chemoattractanl in thl'

10\Ver chambers. The pliltes \Vere incubated for 48 hours at 37°C in a:;";,

CO=!, water-saturated atmosphere. The cells on lhe upper surface of the

filter were then removed with a cotton swab and the filters fi~ed in 0.1'-;,

glutaraldehyde for 20 minules and stained with 0.2";, crystal violet for 30

minutes. For each filter 20 random fields \Vere counted using an inverled

microscope (lnverted Diilphot-TMD, Nikon, Canada) al 100X

magnification. Duplicate samples were analyzed for each assay condilion

(sel' schematic represenlation Fig. 1).

5.4.3. Results and Suml11arv

Results shown in Fig. 2 del110nstrate lhal ligation of thl! vilrOlwclin

receptor uvl:l3 by immobilized antibodies resulted in an increase of up 10

2-fold in invasiveness through Matrigel as cOl11pared to control, untreated

cells (Fig. 2 and 3). MAb LM609 directed to the Uvl~3 complex as weil as

MAb LM142, directed 10 the Uv subunit both caused a significnnt increase

in invnsiveness of these cells wherens a control nntibody to MHC Clnss 1

nntigens, MAb W6/32, did not nffect invnsiveness. This incrense in

invasiveness wns completely nbrognted by MAb 3936 directed to the uPAR

but not by control nntibody MAb W6/32 (Fig. 3). A similnr reduction in

invilsion wns seen when n plnsmin-specific inhibitor, E-aminocnproic ncid

Vitrollt.'ctin "l'Ceptol' in me/ullolJJtl ;m.1as;oll tlud ml'tasttlsis
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was used, whereas a metalloproteinase-specific inhibilor U24522 had a

partial effect (36% Inhibition) (Fig. 4).

Previously, others (5) have shown that the ligation of the

vilronectin receptor resulled in increased invasiveness of melanoma ceIIs

through Matrigel which was attributed to an increase in the expression of

the metalloproteinase MMP-2. In our study, a similar increase in

melanomu cell invasiveness was observed however our results suggest

that this increase was due mainly to increased uPAR-uPA function as a

MAb to uPAR and a uPA inhibitor completely abolished the increase in

invasiveness and also reduced the base level of invasion. While MMP-2

may also play a role in invasiveness in our model il does not appear to be

the major mediator affected by av ligation ns a specifie MMP inhibitor had

a more minor effect on the invasion. Il is possible that in fact, the

upregulalion of uPAR, which rends to increased production of ceII surface

plasmin, also plays an indirect role in MMP-2 mediated proteolysis as

plasmin can convert pro-MMP-2 to its active form and thereby regulate

MMP-2 aclivity (6). Taken together these resulls provide the first evidence

that Hgalioll of the vitroneclin receptor on metastatie melanoma ceIIs

enhances invasiveness through upregulation of uPAR mRNA expression

and a resulling increase in uPAR-mediated function.

Vitl'ollcclill l'cccptor ill me/allOllla illvasioll alld IIIctastasis
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Figure 1. Matrigel Invasion Assay
Schematic representation of invasion of tumor cells through a Matrigel barrier.
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Figure 2. Increased invasiveness of 61 ceUs in response to Iigation
with MAb to the vitronectin receptor.

61 melanoma cells grown overnight on MAb W6/32-, MAb LM609-, or MAb LM142 coated wells
were dispersed and placed on Matrigel-coated wells. Control cells were grown on uncoated wells.
After a 48 hour incubation at 37°C. the cells invading to the underside of the filter were filled,
stained. and quantitated by counting 20 random fields using an inverted microscope. The results
shown are expressed as invasion relative to untreated cells. Shown are means±SO of duplicate
exper1ments. The total number of cells counted on control filters was 932±15.6. The invasion
levels for LM609- and LM142-treated cells were significantly increased (p<:0.036) when compared •
to untreated cells. W6/32-treated cells showed no significant increase in invasion (p=0.87).



•
::!()() -

150-

100-

50- '

0-

..L

W6/3::! LM61)l) LM14::!

•

Immobilized MAb



•

•

Figure 3. MAb 3936 abrogates the incremental increase in 61 cell
invasion due to Iigation with anti-av MAb.

The invas:iJn of 61 melanoma cells grown overnight on MAb LM142-coated (+) or uncoated (-) wells
was measured using a Matrigel assay as described in the legend to Fig. 1. CeUs were added
together with 40pg/mL MAb 3936 or MAb W6/32. The results are expressed as invasion relative to
control cells grown on uncoated wells. Shown are means±SD of duplicate experiments. When
compared to untreated, LM142-stimulated ceUs. MAb 3936 treatment significantly reduced the
level of invasion of the cells (p<O.001) whereas MAb W6/32 did not alter the invasion significantly •
(p=O.64).
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Figure 4. A plasmin inhibitor blocks the incremental increase in 61
invasion due to Iigation with anti- av MAb.

The invasion 01 ~. melanoma cells grown overnight on MAb Uvl142-coated (+) or uncoated (-) wells
was measured in a Matrigel assay as described in the legend to Fig. 1 alone, with 1mg/mL
e-aminocaproic acid or 20tlM U24522. The results are expressed as invasion relative to cells
grown overnight on uncoated wells. S.lown are means±SD of duplicate experiments. The levels
01 inhibition of invasion caused by e-aminocaproic acid (p<O.001) and U24522 (p<O.OOS) on
LM 142-stimulated cells were signilicant when compared to untreated LM142-stimulated ceUs. •



,,'

240

220

200

180

o Untreated

!SI e·ACA (lmglinL) , '

'Illill U24522 (201'M) "

....... '....

80

60

120

40

20

o

§ 100
'ü)

]

,....,

~O~U 160
140

'0
~
'-"

•

- +
LM 142 Stimulation

•



•
1.

5.4.4. References for ligalion sludies

Nip, Jo, Shibala, H., Loskuloff, D. Jo, Cheresh, D. A., and Brodl, P.

•

•

Human melanoma cells derived from Iymphalic melaslases use inlegrin

(tvl~J 10 adhere 10 Iymph node vilroneclino J.Clin.lnvesl. 90: 1406-13, 1992.

2. Cheresh, D. A. and Spiro, R. C. Biosynlhelic and functional

properties of an Arg-Gly-Asp-direcled receplor involved in human

melanoma cell allachmenl 10 vitronectin, fibrinogen, and von Willebrand

faclor. J.BioI.Chem. 262: 17703-11, 1987.

30 Weilzman, J. B., Pasqualini, R., Takada, Y., and Hemler, M. E. The

function and distinctive regulalion of the inlegrin VLA-3 in eell adhesion,

spreading, and homolypic cell aggregation. J.BioI.Chem. 268: 8651-57,1993.

4. DiPasquale, G., Caecese, R., Paslernak, R., Conaty, J., Hubbs, S., and

Perry, K. Proteoglyean- and eollagen-degrading enzymes from human

interleukin 1-stimulated ehondroeytes from several species:

proteoglyeanase and eollagenase inhibitors as potentially new disease

Illodifying antiarthritic agents. Proeeedings of the Society for Experimental

Biology & Medicine. 183: 262-7,1986.

5. Seftor, R. E. B., Seftor, E. A., Gehlsen, K. R., Stetler-Stevenson, W.

G., Brown, P. D., Ruoslahti, E., and Hendrix, M. J. C. Role of o.vfl3 integrin

in human melanoma cell invasion. Proe Natl Aead Sci USA. 89: 1557-61,

1992.

Vi/I'oth'cti" n.-ccptor ill melarro"ltl im.'asioll llnd IIlL'tastasis

14-1



•

•

•

6. Twining, S. s. Regulation of proteolytic activity ln tissues.

Crit.Rev.Biochem.MoI.Biol. 29: 315-83,1994.

Vitronectin receptor in metanoma invasion and metastasis

145



•

Chapter VI
Integrin a3~1 Mediates

• Adhesion of Human Breast
Carcinoma Cells to the Lymph

Node Stroma

•



•

•

•

6.1 Breast Cancer Studies

6.1.1. Introduction

In this chapter, studies on the role of U3131 in human breast cancer

cell metastasis to the Iymph nodes are presented in the form of a published

paper and unpublished results. The paper is entitled "Analysis of tumor

cell adhesion to frozen Iymph node sections - a correlate of Iymphatic

metastasis in breast carcinoma models of human and rat origin" published

in Breast Cancer Research and Treatment 17: 109-120, 1990. This paper

demonstrated that there was a positive correlation between the adhesion

of the rat or human breast cancer cells to the respective Iymph nodes and

their metastatic ability il! viva. The increase in adhesion to Iymph node

cryostat sections was specifie, as adhesion to rat liver or brain was nol

altered. For both human and rat models, an RC\)-~ontaining peptide, ns

weIl as a polyclonal antiserum to 13' integrins, blocked adhesion to Ihe

Iymph node sections. In this study, 1 was responsible for the selection of

the lymph node-metastasizing Hs578T cell Iines as weil as adhesion assays

with these ceIls using frozen sections of human Iymph nodes~ Additional

studies using several antibodies to integrins and ECM proteins

subsequentiy demonstrated that cell adhesion to the sections was mediated

by fibronectin and the ceIl surface adhesion receptor mediating the

adhesion was identïfied as the integrin (1313, (in press).

Vitronectin receptor in me/anoma invasion and metastasis
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6.1.2. tvlaterials and ~Iethods

AnimaIs and Tumor lines. Four to six week oid female nu/nu (CD-I)Br

mice (Charles River Canada; SI-Constant, Quebec) were used for

propagation of the human breast carcinoma ccII Iines and for isolation of

Iymph node-metastasizing cells. The miel' were housed in Micro-isolator

cages (Lab Products Inc.; Maywood, NJ) and handled in biohazard cabinets.

Human breast carcinoma line Hs5ïST (1), was obtained from the American

Tissue Type Collection. Hs5ïST was mainlained as a monolayer culture in

DMEM supp\emented with 10% FCS, l':;, gentamycin sulfate, l':;,

penicillin-streptomycin, and 2mM glutamine (DMEM-FCS) (ail reagents

were from Gibco Laboratories, Burlington, Ontario).

Selection of lymph node-metastasizing Hs578T ceUs. To obtain Iymph

node metastases of tumor Hs5ïST,4 x 106 tumor cells were inoculated into

the mammary fatpads of female nude mice. Tumors appeared

approximately 2 wk \ater. The animais were sacrificed when Mean tumor

diameter was 3-3.5 cm or when they appeared moribund. The inguinal or

the axillary and branchial nodes draining the tumor site were removed,

minced, and cultured in RPM\-FCS. Tumor ceIls were harvested about 2

weeks tater (LNI cells) and were reinjected into nude miel' for selection of

the next generation of metastatic (LNII) cells. This procedure was repeated

Vill'olleclill l'eeeplor illllle/IIIIOIIIII Î/"'tlsiOIl tllld 1IIl'tllslllsis
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seven limes.

Antibodics. MAb 661 (2) 10 the cell adhesicn fr<1gment of vi!ronectin was

oblained from Dr. O. Loskuloff (Scripps Research fnstitute, LaJolla, CA),

MAb 3E3 directed to the cell attachmenl fragment of human fibronectin

\Vas obtained from Boehringer Mannheim Canada (Laval, Quebec,

Canada), and normal mouse immunoglobulin was obtained from Bio-can

Scienlific (Mississauga, Ontario). Rabbi! anliserum to the (31 subunit of

integrin was a gift from Dr. R.O. Hynes (~tlT, Boston MA)

Lymph node adhesion assays. The adhesion of breast carcinoma cells to

cryoslat sections of human Iymph nodes was measured using 5/1m

sections and a 45 min incubation at 4°C as previously described (2). In

some experiments blocking antibodies to integrins were incubated with

the tumor cells for 4~: minutes at 4°C prior to the adhesion assays. l'vIAb to

matrix proteins were ildded together with the tumor cells. Where

appropria te, normal rabbit IgG was used ilS il control.

6.1.3. Results and Summarv

To examine Ihe relalionship belween cell adhesion and lymphatic

melaslasis in breasl cancer, an experimentill model was developed using

14Y
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Hs578T breast carcinoma ce Ils. These celis were injected inlo the

mammary fatpads of female nude mice giving rise to local tumors ilS weil

as regional lymph node metilstilses. The adhesion of the parental Hs578T

cells and the melastalic cells isolated from the regional Iymph nodes was

then lested using cryostat sections of human Iymph nodes. The results

shown in Figure 6 of the attached paper indicate that there was a

significant increase in the adhesion of the metastases-derived cells 10 the

cryostat sections as compared to adhesion of the parent cells. Seriai

propagation of lhe metaslatic cells resulted in further increases in the

adhesion (see Fig. 6). Other experiments revealed that an RGD-containing

peptide cou Id block carcinoma cell adhesion to the Iymph node sections

suggesting that an integrin receptor may have been involved. To further

explore this possibility, a polyclonal antiserum directed to the ~1 integrin

subunit W<lS used. This antibody inhibited the adhesion of the breast

c<lrcinoma ceIls by 75% while control preimmune serum had no effect (see

Fig. 9 in <lttached paper) suggesting that a ~1 integrin was involved. In a

subsequent experiment, a metastatic variant Hs578T LNVII selected

through seven Iymph node metastases to mammary fatpad implantations

was used. MAb 3E3 directed to the cell attachment fragment of fibronectin

blocked adhesion of these cells to the Iymph node sections but a MAb

directed to the cell binding domain of vitronectin, previously shown to

block human melanoma cell adhesion to vitronectin in these sections (2),

Vit l'ol/cclil/ l'cccptOI' il/ lIIc/al/ollla illt'asiol/ al/d metastasis
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and a murine preimmune serum had no inhibitory effecl (see Fig. 1).

Olhers in Dr. Brodt's laboratory have subsequently isolated mt Iymph node

stromal cells which were shown by immunohistochemical staining to

express cell surface- and ECM-associated fibroneclin. Adhesion and

spreading assays using these stromal cells have subsequently shown that

the major receptor involved in human breast carcinoma cell adhesion and

spreading on Iymph node stromal fibronectin was integrin U3(31 (paper

submilled for publication).

The n31~ 1 receptor, whose ligands include laminin and collagen (3)

as weil as fibroneclin, has been implicated in the invasion and metastasis

of several tu mors including melanomil (4), basal cell carcinoma (5), and

small cell lung cancer (6). Despile reports of downregulation of the

receptor in sorne tumors (7, 8), immunohistochemical studies involving

melanoma (4) and basal cell carcinoma demonstrated that ils expression is

increased with progression of the disease in the former and upregulated as

compared to normal epidermal basal cells (5) in the latter. In one

immunohistochemical study (9), analysis of a large bank of different

tumors revealed that this receptor was expressed in the majority of

primary and metastatic solid tumors tested. Additionally, metastases of

some tumors, including breast and renal carcinomas, and melanomas

expressed higher levels of the u3(31 receptor than the respective primary

tllmor, implicating the receptor in tumor progression. Il is conceivable

Vill'ollt'clin l'CCl'I,tOl' in mdllllomll ilwasion and metastasis
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Figure 1. Inhibition of human breast carcinoma cel! adhesion to
Iymph node cryostat sections by an anti-FN antibody.

To 5jJm Iymph node cryostat sections 5x10 551 Cr-labeUed ceUs were added in the
presence of antibodies to fibronectin, vitronection or control IgG for 45 min at 4°C. The
sections were rinsed to remove the non-adherent ceUs, the adherent ceUs Iysed with 1N
NaOH and the radioactivity associated with the Iysates determined in a y counter. Shown
are the results of experiments pertormed with human Hs578T-LNVII tumor ceUs on cryostat
sectons of human peripheral Iymph nodes. Anti-FN and anti-VN antibodies were used at •
concentrations of 25jJg/mi. As a control, preimmune IgG was used at the same
concentration. The results shown are means±SO of duplicate experiments.
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therefore that in breast carcinoma, <13131 is functionally relevant to disease

progression by mediating epithelial-stromal interaction in the draining

lymph nodes which promote tumor survival and growth.

Vitronectin receptor in me/anoma invasion and met~stasis
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Tumor cell adhesion to frozen Iymph node sections - a correlate of
Iymphatic metastasis in breast carcinoma models of human and rat origin
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Summnry

The raie of tumor ccII adhesion in Iymphntic metastasis of brenst cancer wns investigated in vitro using a rat
mammary cnrcinoma model of four celllines with difterent metastntic phenotypes. two human breast cancer
cell Iines. and cryostast sections of normal rat or human Iymph nodes. respectively. A positive correlation
WaS found between the adhesion levels obtained with three metnstatic rat mammary celllines (TMT·08l >
MT·100M & TlvlT-50) and a non·metastatic line MT-W9B, the latter being 3-1 fold Jess adhesive to the
Iymph node sections than the metastatic tumors. This selective adhesion was specific, as it wns not found with
cryostat sections of rat Iiver and brain. Enzyme nssays indicated that cell surface glycoproteins bearing
terminal p-galactoside residues were involved in the adhesion of the rat tumors.

Adhesion of the human breast carcinoma cells Hs578T:o sections ofhuman Iymph nodes was significantly
higher than Ihat of the normal breast epithelial cellline Hs578Bst. and comparable to adhesion of a second
breast carcinoma line, MCF·7. Moreover. Hs578Tcells isolated from regionallymph nodes oftumor·bearing
nude mice \Vere significantly more adhesive to human Iymph node sections than the parentaJline.

Adhesion of both human and rattumors could be panially blocked by the addition of the synthetic peptide
GRGDSPK and bl' antibodies directed to the pl chain of integrin, suggesting that an integrin receptor may
played a raie in the adhesion. The results suggest that tumcr cell adhesion to cryostat sections oflymph nodes
is a correlate of the malignant phenotype in mammary tumors of diverse origins. and could be used to
delineale the adhesion factors mediating Iymphatic metastasis.

.-lddms [or o[[prim" P. Brodt. Oept of Surger)'. MeGiII University. Monlreal. Queb... Con.d. H3A lA~
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Introduction

Among the numerous cellular properties now
kno\Vn 10 regulate the metastatic phenotype of tu
mor cells. the importance of cellular adhesion as a
mediator of cellular invasion. mOlility. and growth

•
has been weil documented [for reviews see 1. 2].
Adhesive interactions have been demonstrated be
tween metastasizing tumor eells and various com
ponents of the host microenvironment including
the extracellular matrix [3-5]. endolhelial cells [6.
7], and parenchymal ceIls [8. 9] of invaded organs.
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Studics in sc\'crallaboratorics using. cxpcrimcntal
tumor models have shown that the melastatic pro
cess l'an be suecessfully arrested hy reagents which
inhibit tumor adhesion [10-131·

Human carcinomas. primary hrc:l.st canccr in
particular. frequently disseminale via Iymphatic
channels and may reach the circulation through
Iymphovenous connections in the nodes [14. 151.
Despite the c1inical importance of Iymphatic dis
semination. the host-tumor interaclions which un
derlie this process have reeeived Iittle attention.
and the role of cell·cell and cell-matrix adhesion is
therefore virtually unknown.

In previous studies wc have shown that a lymph
node melastasizing subHne of the murine Lewis
lung carcinoma (Hne H-59) was signiiicantly more
adhesive to cryostat sections of lymph nodes than a
second subHne (M-27) which disseminates only he·
matogenously [16]. Subsequent studies employing
a monoclonal antibody specific for tumor H-59
(MoAb 12150) identified a 37 kDa cell membrane
protein as a possible mediator of tumor cell ad
hesion in this model [171.

In the present study. the relevance of this ill ,'irro
system tO the metastatic properties of breast cancer
l'clis was assessed using a rat mammary carcinoma
model and two ecU Hnes derived from primary hu-

man hreast carcinomas. In both models. a gond
correlation \Vas found between tumm ccII ahility 10

hind 10 the sections and the maHgnant phenotype.
Suhsequent studies suggested that integrins play a
raie in this attaehment.

:\latcrials and mClhods

.-III/mals
Wistar/Furth (WF/HSD) iemale rats \Vere ob
tained from Harlan Sprague Da\Vley Inc. (Indi·
anapolis. IN. USA). They \Vere used hel\Veen the
ages llf 7 and 26 \Vk for mainten~n':~ of the mam·
mary earcinoma Hnes and fr,( asseSS''lent of the
metastatic phenotype. Nu/ru (CD-I) tlR iemale
micc \Vere used 10 maintain the human tu.'lor lines
and for the selection of 1ymph node metm.;:.ing
tumor eells. They were obt:Jined from Charles Riv·
cr Canada (St-Constant Quebee) and maintained
in :\licro-isolator cages obtained from Lab prod·
ucts Inc. (Maywood. New Jersey). Ali procedures
requiring handHng of nude mice were earried out in
a hiologieal containment cabinet.

TUlllur /illes
Rar m"lIIlIIary carcilloma/illes TMT·OS/. TMT·50,

Tablt' J. Tumorigc.,icity and mC[3sl:ltic propcnics of the: tumer linc!l·

Tumorigcnidly Inl,.'idence oi lymph 110de metastascS lung melastascs

•

Regional Dismntb

MT·\\,°B 0115 0
DtT·;O 911S 411R 0
MT·IO<.\~t tO 19 5119 0
DIT·IlSI 30':1) ~6130 4130'
Hs5"j'~B~1

Hs57~T - SIlO 0
~tCF·~ 015' -'
~ Rcsuhs are basco \10 complete autopsies and hislOI\l!;!C31 an31ysis l,f lymph nodes and Jungs. Tumorigcnicity and metasU151S werc
assesscd in 15-30 lumur·inoculatcd rilts and (f\lr the human celllincsl in 5-10 nude mice. Rat tumors were inoculated inlo the mammary
falpolO using mincl.'d tumm tissue or ~ x 10" disperscd tumor cells, Human (;c1l5 were inocul:l1cd iota the mamm.lrY (atpad of nude .miee
using. ~ 1Hs57STl 11r5o (H~S7SBst. ~ICF· 7) mlllilm cells. Tumors :Ippearcd in ail animais injeClcd with tumorigcnic cclllincs. Su animab
inoculatcd with Hs5iSBsl ..:etls dC\'eloped tumurs.
~Thc axlllary and hrachialnodcs contral:u.:ral1t1 the dralning nodc~ wcre 01150 in\'olvcd.
.The numbcr ni mc1asmses in posith'c lungs rangcL! roetwcen :: and lU.
,j ~Il:tastasisof lumnr ~ICF·; to Iymph nm!l: :lOd lungs uf nude miee has becn obscrvcd by other inVc5tigators 1231,
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,IIT/{)(I. and .HT- \\"1/1 were induecd in \V/Fu fe
male calS hy a proton)1 of combincL! chcmical carci
nogenesis with 3·MC\ (3-melhylcholanthrene)
and immunosupprcssion. Thc.:ir origin and malig
nant properties have heen deserihed in detail previ
ously ilS. l'II. A melastatic ,'ariant of :VIT· lOG de
\'clopcu "ipomancously in ~)ur Iaooratory and \Vas
used in ail the experiments, It was redesignated
:V1T-IUOM. The metastalic properties llf the !Umar
Iines as observed during the course of the present
stu,ly arc summariled in Table 1. TIle tumor Iines
were maintained il/I';"o by implanlalion of minced
tumor tissue into the rat mammary fatpads ad·
jacent ta Ihe inguinal or axillary nodes. Tumors
were excised when they reached 3 cm in diameter.
then minced and implanted into new rats. Autop.
sies were always performed at the time of tumor
excision and the regional and distant nodes. the
lungs. and the vicseral organs were examined for
macroseopie metaslases and analyzed by histology.
Cuilures were established from tumor ccIls derived
from the solid !Umors by digestion with trypsin
1201. The dispersed cc Ils were plated on ECM (ex
tra cellular mmrix) coated plates which were pre
pared as described by Vlodavsky et al. [211. BAE. a
hovine aortic endothelial ceilline (obtained courte·
sy of Dr. B. Zeuer. Dept. of Surge,,·. Harvard
:V1edical School). lVas used as the source of ECM.
The tumor cells were passaged once weekly (ECM
plates were used only for the first three passages)
and maintained in RPI\H·FCS (RPMI containing
10% l'CS. 0.01 M HEPES. and: x 10-; M gluta·
mine). To disperse the ccII monolayer. cells were
incubaled for 10 min at 3i' C with a solution of
PBS·EDTA (Ca++ and :Vlg-+ free phosphate
huffered saline containing Il.:~,, EDTA.l.

Breast carcinoma line Hs578T and the non·ma·
lignant ccII line Hs5ï8Bst. which was originally
derived from the periphery of the carcinoma and
chtlracterized as myoepithelial in ,)rigin [22], were
llbttlined from the ATCC. Hs5iST was maintained
as a monolayer cuilure in DME:o.l-FCS. Hs578Bst
cells were maintained in D:VIE:o.I·FCS containing
ais" I·~;. non essential ttmino acids 1Gibco. Burling'
ton. Ontario. Canada). 1m~1 llxtllucetic acid. 0.2
unils, ml insulin (Sigmu1.11.5 ml\1 sodium pyruvale.
und 30 ng!lnl EGF (epidernml growth factor. ob·

Tumor adhesiol/ il/ lymphallc mecascasis III

tained from Collaborauve Research. Mass.).
These ccIls grew in ..itro for up ta 4 passages. at
which time they normally became senescent. Line
MCF-7 [23]. obtained through Ihe court"y of Dr.
B. Brenner (Lady Davis Research Institute. Mon
treal), was maintained by weekly passage in RPMI
l'CS.

Selection oflymph I/ode-metascasi=il/g Hs5ï8T cells
Ta oblain Iymph node metastases of tumor Hs5iST.
4 x 10' !Umar cells were inoculated into the mam·
mary fatpads of female nude miee. Tumers ap·
peared approximately 2 wk later. The animais were
sacrificed when mean tumor diameterwas 3-3.5 cm
or when they appeared moribund. TIle nodes
draining the tumor site (the inguinal or the axillary
and brachial nodes) were removed. minced. and
cultured in RPMI·FCS. When tumar cells ap·
peared in the culture (LNI cells), they were rein·
jected into nude mice for selection of the next
generation of metastatic (LN2) cells. This proce·
dure was repeated 3 times.

Adhesioll assa.v
Rat Iymph nodes and other organs were obtained
from normal WfFu 01 Wistar rats. Human Iymph
nodes were obtained from the Surgical Pathology
Laboratory of the Royal Victoria Hospital. The
nodes removed from patients presenting with cer·
vical nade enlargement were snap frozen in Iiquid
Nl and analyzed by electron microscopy. by immu·
nahistochemistry. and by marker analysis for evi·
dence of malignancy. They were used in the ad·
hesion assays only if the pathology findings were
negative. Adhesion ta cryostat sections IVas mea·
sured essentially as we described previously [161.
Briel1y, "Cr·labelled cells (5 x I(j! in 0.05 ml
RPMI·FCS) were layered onto 5-7!Lm eryostat
sections for a 45 min incubation at 4' C. Unat·
tached cells were removed by washing. and the
sections were fixed in ~% glutaraldehyde in PBS
befare the radiaactivity associated with the sec·
tians IVas measured in a y counter. Treatment of
the tumar ceIls with tunicamycin and various en·
zymes was carried out as described in detai! else·
where [16. 17].



Resulls

The tumorigenic and metastatic propertics (lf the
various celllines used in this study arc summarized
in Table 1. The data. based on complete autopsies
and confirmed by histology, \Vas compiled over a
period of two years and is based on analysis of
15-30 rats for each tumor type. The data on the
human breast cancer celllines Hs578T and MCF-7
is based on autopsy findings in 5-10 tumor.bearing
female nude mice.

Adhesion assays were perforrned using the rat
tumors and frozen sections of rat lymph nodes.
spleen,liver, and brain. Resuhs arc shown in Fig. 1
and Fig. 2. A significant difference in the adhesion
of the different celllines was seen only with Iymph
node and spleen sections, and the level of adhesion
correlated weil with the metastatic phenotypes of
the tumor lines. Thus, the adhesion of lumor
TMT·081 was higher than that of tumors TMT-50
and MT-l00M, and ail three melastatic ccli lines
were significantly more adherent than the non
metastatic line MT·W9B (Fig. 1). Adhesion to
brain sections was low for ail tumor lines tested.
Adhesion ta liver sections was high (relative ta
Iymph nodes) but did not vary significantly among
the different cell Iines and did not correlate with the
metastatic phenotypes of the tumor cells (Fig. 2
and Table 1).

Ta determine the raie of plasma membrane glv
coconjugates in the adhesion ta Iymph node se~.
tians, lUmors TMT-081 and MT·W9B were pre·
treated with tunicamycin, exoglycosidases, or pro·
nase prior to the adhesion assay. Results of a repre·
sentative experim'ent are shown in Fig. 3. None of
these treatments resulted in an increase in the ad·
hesion oftumor MT·W9B. Trcatment ofTMT-081
with ~-galactosidase or neuraminidasc alonc failed
ta modify the adhesion while treatment with bath
enzymes, with tunicamycin, or with pronase ail
resulted in a significant reduction in adhesion.

Similar analyses were carried out with the human

Stalisties
The Student's t-test was used for alllhe statistieal
analyses.

Fig. 1. Adhesion of rat mammary c:lrcinoma lines ta frozen
sections of rat Iymph nodes. Ta cath section 5 x 1()5 !ICr_
labcllcù cc Ils wcrc added. Results rc:present mcans and S.D. of
3-6 èxpcrirncnts. Adhesion of line MT-W9B wns significantly
lower (P < 0.01) than tholt of any of the other cell lines. Ad
hesion of tumar ~tT·lOOM WOlS significantly lowcr (P< O.OS)
thon thot 01 TMT·OSI.

AllIisera alld peptides
MoAb/LM609 reactive with the human vitronectin
receptor Cl,~, [2-11 was a kind gift of Dr. O. Cheresh
(Scripps C1inic. La Jalla. CA). Rabbit antiserum ta
the ~, subunit of integrin [251 was a kind gift of Dr.
R.O. Hynes (MIT. Boston. MAI. Tumor ceUs
treated with the antibodies atthe specified concen
trations were washed -Itimes prior ta the adhesion
assay to remove unbound antibody. Peptide
GRGOSPK [261 was obtained from Hukabel Sci
entific (Longueuil. Quebec. Canada) and peptide
GF GESP from Penninsula (Belmont. CA). CeUs
were preincubated with the peptides at the spec
ified concentrations f,'r 15 min at room temper·
ature and then added Ir, the frozen sections without
washing.
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Fig. :. Adhesion or rat cellUnes to Crozen sections of dütereht organs. Results are menDS and S.D.• of quadruplic3tc samples. The
adhc:slon of tumar Th1T·081 to Iymph node iJnd spleen sections WB! significantly tùgher than that or tumors ~tT·l00M (P < 0.005 and
< U.025 respectÎ\'cly) .md ~IT·W9B CP < 0.005 and < 0.01 respcctivcly). Adhesion ofMT·l00M to these sections was aIso signific::lOtly
higher ,h.n ,h., of ~lT·W9B (P< 0.(01).
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F(~. J. The dfcClS of tunh:am~'cin and enz~'mc trcatment on the adhcsion of rat tumar cells to cryostat sections of rat l~'mph Rodes.
En...·ymc tre:lttnL'nt \\'35 camcd out as described in the Matcrials and mcthods section and in grenier dClail prcviously [16J. To cach
sect:on S x l~ unlreated or treated cells were added. The rcsults reprcsent means and S.O. oftriplic:uc samplcs. For bath lunlor lincs
there WBS a significanl decreas!: in adhesion followins lrcatmcnt wilh tunicamycin orpronase (P < 0.005 for TMT·081 and < 0.025 for
~1T-W9B l. The reduction in adhesion fotlowing lrealment with ncuraminidasc combined with p-galaclosidase was also significanl (P <
O.O:,sl.
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Fig. -1. Adhesion of huma" ecU tines to frozcn sections oChum:m lymph "odes. Experiments wcre: pcrformed nsdetniled in the h:gend hl
Fig. l. Results arc cxpressed iJS me:ms and S.D. of 3--l expcrirncnls. ln ~ach cxperimcntl)111ph nodes dcrivcd Crom dUfercnt donors wcrc
used as asource of frozcn sections. Adhesion oi c:lfcinoma line Hs57ST was significantly highcr thDn thot of line HsS7S8st 1p.< 0.0:51.
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breast cancer lines HsS78T and MCF-7 and the
control epithelialline HsS78Bst. As shown in Fig.
4. the adhesion of line HsS78T was significantly
higher than that of the normal epithelial cell line
and comparable to the adhesion of line MCF-7.
Treatment of tumor HsS78Tcells with tunicamycin
and pronase reduced adhesion significantly. while
treatment with neuraminidase and ~-galactosidase

separately or in combination had no effect. None of
the enzyme treatments increased the adhesion of
line HsS78Bst (Fig. 5).

ln arder to determine whether the level of ad
hesion in l'ilro ofline HsS78Tcorreiated with meta
static potential in \·ivo. tumorcells were inoeulated
into the mammary fatpads of female nude mice.
Regionallymph nodes were removed from the tu
mor bearing mice and the infiltrating tumor cells

were harvested and expanded in culture. The ad
hesion of these cells ta frozen sections of human
lymph nodes was then compared to that of the
parental cellline. Results shown in Fig. 6 demon
strate that tumor celis isolated from lymph node
metastases in nude mice were significantly more
adherent ta the sections than the parental cellline.
and that continuous selection oflymph node metas
tases resulted in turther increase in the adhesion.

To test whether attachment ta extracellular ma
trix proteins played a raie in the adhesion. the
ability of the Arg-Gly-Asp containing hepatpep
tide GRGDSPK to block adhesion ofthe tumors to
the Iymph node sections was tested. Results shown
in Fig. 7and Fig. 8 demonstrate thatthe heptapep
tide inhibited the attachment of tumors Hs578T
and TMT-081 '(respectively) significantly better

',', .•'_,Ji,
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Fig. 5. The crrccls of lunic3mycin "nd enzyme ncatmcnt on the adhesion of the hurnBn tell lines la frozen sections of human lymph
nodes. The c:cperiments wcrc pcrfonncd 3S describcd in the Materials and mcthods section. The rcduction in adhcsion of line HsS7ST
WBS significtmt following 1rc~llment \\ith pronasc 1P< 0.(025) and luniC3mycin (P < O.OOS) only. The rcduction in :adhesion of
HsSiSBsl following trc:llment \Vith prantlsc:. ~.g3Iactosid3SC. or ncuraminasc and p.galaclosidase was also signific::mt (P< 0.05). (-)
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than the peptide GRGESP contammg the se·
quence Arg-G1y-G1u. The inhibition of adhesion
by the peptide was not complete. reaching 4S%
(TMT-OSI) and 77% (Hs57ST) of controllevels at a
concentration of 0.75 mM. ln eomparison. inhib·
ition by the control peptide was 6% and 33% re
spectively.

The role of intcgrin receptors in the adhesion to
frozen sections was further assessed by pretreating
tumors TMT-OSI and Hs57ST prior to adhesion
with a polyclonal antibody directed to the ~, sub
unit of integrin and with a monoclonal antibody
(LM609) directed against the a.~, receptor for vit
ronectin [241. The role of the receplors for fibro
nectin and vitroncctin was of particular interest. as
the synthesis of thcse matrix proteins is significant
Iy augmentcd in Iymph nodes infiltrated by metas-

tasizing tumor cells [27]. We found that the anti
body to ~, reduced adhesion of both tumors (Fig.
9). The reduction in adhesion was. however. con
siderably greater with tumor Hs57ST (> 75% vs
30% for TMT-OS1). MoAb LM609 had no signif
icant effect on the adhesion of either of the tumor
lines (not shown).

Discussion

This investigation was prompted by our earlier
finding that the potential of tumor cells to metasla
size to regional lymph nodes correlated with ad
hesion to frozen lymph node sections in a murine
lung carcinoma model [16]. The objective of the
present experiments was to establish whether this
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Fig. 6. Increased adhesion of HsS78T cells following selection of
rncl351illic tumar eells from rcgionallymph nodes of Dude mite.
Hs578T eells wcre inoculatcd iota the mammary facpads of
{cmale Dude miee and lymph Dode rnetastases wcrc harvestcd
and culturcd ilS dcscribed in Mlltcriills and methocls giving me 10
Une LN!. Line LNIll was derived lollowing three eonseeutive
cycles of isoh:uion and rcinjection of Iymph Dode metastasmng
cells. Rcsults arc means OInd S.D. of quadruplicatc samples.
Adhesion ollines LNI and LNIII eells was signifieantly higher
than that 01 the parentalline (P < 0.005). P value lor LNIll vs
LNI is <0.1.

correlation was also relevantto other tumor mod
els including human carcinomas. Breast cancer
models were selected for study because Iymphatic
metastasis is a common butliule understood event
in the pathology of this disease [5, 28. 29].

We found thattumor cell auachmentto cryostat
sections of Iymph nodes and spleen correlated weil
with the ability of the rat tumors to metastasize
lymphatically, while the auachment of a human
breast carcinoma line was significantly higher than
that of non-malignant breast epithelial cells. Fur
therrnore, adhesion of the human carcinoma cells
appeared to correlate with potential for Iymphatic
metastasis in vivo in immunodeprived nude mice.
The results also demonstrated that. in both human
and rat tumor models. cell surface glycoproteins
were involved in the auachment. As the auach-

Fig. 7. Elfeet 01 GRGDSPK and GRGESP on .dhesion of
turnor l'MT.()8t. Tomor eells (lO'/mi) were ineuba.ed wi.h the
peptide lor t5min. a14"C and then added 10 Ihe sections (5 x
lOS cells in 0.05 ml) withoul washing. Expcrimcnts werc carricd
out in quadruplicates and cach poinl is the 1tyerage of 2 experi
meRts. The 5.0. witbin cxperiments rangcd bctween 4-10% of
tbe mean adhesion values.

ment of the rat but not of the human tumor cells
was sensitive to treatment with neuraminidase and
li-galactosidase. it appears that different carbohy
drate residues are involved in the adhesion of these
tumors.

Changes in cell surface carbohydrates have been
linked to cell adhesion and to the metnstatic pheno
type in various other tumor models [3G-32). Of
panicular interest in this context is a recent repon
by Buckley and Carlsen [33) demonstrating a posi
tive correlation belWeen the potentinl of rat mam
mary carcinoma cells to metastasize to the regional
Iymph nodes and their ability to bind the lectin
soybean agglutinin. In tbis model terminal galac
tose and N-acetylgalactosamine were implicated in
the metastatic phenotype of the tumor cells. Our
results with the rat model are similar to previous .
findings with the murine tumor line H-59, where
li-galactoside and sialic acid residueswere implicat
ed in aUachment to mouse Iymph node sections

; ..'.. ",-::
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Fig. 8. ECCeel oC GRGDSPK and GRGESP on adhesion oC
Hs578T. The experimental procedure WilS as described in the
legend to Fig. 7. E3ch poine is the average of1 e:tperiments. The
S.D. Mlhin e:<periments ranged between S3nd 15% orthe me:ln
adhesion \'3.1ucs.
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Iymph nodes. possibly by serving as siles of 'an·
chorage' for lhe disseminated tumor cells.

Il should be poimed out thal tumor cell adhesion
is only one in a chain ofevems which constitutes the
'metaslatic cascade' (38), Access ta lhe organ mi
crovasculalure from lhe primary site (mechanical
faclors), invasion. and proliferation in lhe mi·
croenvironment of the secondary organs are sorne
of the other limiting factors which influence the
potential of the tumor cells ta fonn melastases [2.
39). This is demonstrated weil by our findings thal
the rat tumor celllines which exhibited' higher ad·
hesion la Iiver than ta Iymph node sections in vitro
(Fig. 2) failed ta metastasize ta lhe Iiver in vivo.

eell adhesion ta frozen sections in "irro has pre
viously been used ta study the raie of specific ceIl·
cell interactions in lymphocyte trafflc and homing
(40) and in the organ specifie patterns of melaslasis
of severaltumor types [41. 43). Lymphocytes and
Iymphoma cells have been shawn ta adhere prefer
entially in virro ta high endothelial venules of pe-

[161, However. the adhesian molccules in the Iwa
tumor models appear ta be antigenically distinct.
sinee a MoAb (12150) which was faund ta black the
adhesian of the murine tumar cells ta the sections
failed to inhibit attachment of the rat tumor
TMT·IJ81 [171·

Our blocking experiments with synthetic pep·
tides and with antibadies directed to the PI subunit
of integrin suggesl thal receptors for extracellular
matnx proleins and in particular far fibranectin arc
involved in the adhesioo ta the Iymph node sec·
tians. As the inhibition of TMT·081 and Hs578T
adhesion in the presence of lhe RGD-containing
peptide did nOl exceed 50-75% of control. it is
probable that other adhesion factors may a1so be
involved [34J. In recent related sludies. we found
that tumor TMT-081 was more adherent la fibro
nectin than the other rat lumor cell lines. while
there was no difference in the adhesion la collagen
type 1. collagen type IV, laminin and vitroneclin
[351. In addition. Iight microscopy analysis con
firmed that tumor TMT-081 cells attached ta re
gions of lhe frozen sections which labelled posi
tively wilh antibodies la fibronectin (manuscripl in
preparalion). Funhermore. lumor line Hs578T
(L:-II) adhered significamly better la fibronectin
and collagen lype IV than the paremalline Hs578T
(unpublished observation). Togelher these results
suggest lhat preferential adhesion ta the frozen
sections eould be relaled ta an increased attach
ment of the tumors ta matrix proleins. fibronectin
in particular.

Whilc increased attachmem ta basement mem·
brane (BM) fibronectin and laminin has been Iink
ed repeatedly ta tumor cell pOlemial ta metastasize
hemalogeneously (36). few investigations have
bccn reported on the raie of matrix altachment in
lymphalic melastasis. Relevam in this respect are
t""O rccent studies by Kramer cr al. [371 and Reilley
and Nash [271. the former showing that the reticu·
lar fibers of the node consist of collagen type III
libers surrounded by the BM proteins fibroneetin.
laminin. and collagen type IV. and the lalter dem
onstrating an increased synthesis of fibroneclin and
vitronectin in Iymph nodes inlïltr:lted by carcinoma
eells. These sludies suggesl thal matrix proteins are
Iikely ta play a raie in lumor disseminating la the
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•



Fig. 9. Effecl oC rabbit antibodics to the ~l chain of integrin on adhesion. C~lIs (4 x 10' ml) werc incuh.ucd for 1hr. Olt 4-C wilh the
antibody or with preimmune rabbit serum diluted 1:2S in RPMI. Shown are mcans and S.D. ofqundruplicntc samples. The reduction in
adhesion following treatment with the antibody was significant for tumor Hs57ST (P < 0.005) and for tUmor ThIT·OBI (P < O.ll!). The
serum dilution of 1:~ wus selecu:d on the basis of preliminary cxpcrimcnts showing muimnt sptcifiC inhibition at Ihis concenlr:nion.
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ripheral nodes or Peyer's patches. corresponding
ta their preferential arrest in these nodes in vivo
[40. ~3l. Those slUdies eventually led to the identi·
fication of the lymphocyte 'haming receptors',
among them one integrin molecule. which direct
lymphocyte trafflc [44, ~Sl. Studies with tumor cells
have demonstrated a correlation between tumor
cell potential to metastasize to Iiver and lung and
their adhesion to frozen sections of these organs
[41.42], but the site of tumar allachment on these
sections has not been identified. Other studies
demonstrated that the endothelial cells [6. il and
the extracellular matrix proteins [46] of diffcrcnt
organs express unique adhesion prapenies. sug'
gesting that they may provide the basis for thc

specificity of tumar cell attachment in vitro and
'haming' in vivo.

Although the adhesion ligands on Ihc cryostat
scctions in our experimcntal modcls remain to be
positively identified, our results taken together
suggest that the tumor cells adhere 10 the Iymph
node ECM, possibly ta ECM componcnts exposed
or deposited in the sinusoidal spaces, in particular
fibroncclin. This adhesian may in tum be required
for tumor ccli proliferation in response to lacal
growth factors, as has been demonstrated in other
modcls of organ specific mctastasis [47]. Our find
ings that preferential adhesion to lymph node sec
tions is a carrelate aflymphatic mct35tasis in carci
noma models af diversc origins strongly suggcst
that this in vitro model provides a useful systcm for
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analysis of adhesion faclors relevant 10 Iymphatic
melastasis in l'Îva. Moreover. it could polentially
be used as a c1inicallool 10 aid in lhc staging and
prognosis of breasl carcinoma.
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7.1 Discussion

The evidence described demonstrates that the av~3 vitronectin

receptor is involved in melanoma metastasis to the lymph nodes while

for breast carcinoma integrin a3~1 may play a metastasis facilitating role.

The results described provide the first indication that the vitronectin

receptor plays a role in regulating cellular invasion through a

transcriptionallink with the uPAR/uPA system of proteolysis. This could

provide the cells with a central mechanism for coordinating cellular

adhesion, matrix degradation, and migration since av~3 mediates cell

adhesion to matrix vitronectin, and the uPAR/uPA complex is involved

in localized pericellular matrix degradation at the cell-substrntum

interphase during cell migration.

Several mechanisms may account for the increase in uPAR

expression and function seen following ligation of the vitronectin

receptor. Antibody- or ligand-mediated crosslinking of integrins have

been shown to trigger signal transduction mechanisms leading to protein

tyrosine phosphorylation (1, 2), changes in calcium influx (3), gene

transcription (4), and altered cell growth. Recently, the signaling pathways

of integrins, including avlh have been more closely examined. The

molecule thought to play a central role in integrin-mediated signal

transduction is pp125FAK. This molecule has been shown to have binding

Vitronectin receptor in melanoma invasion and metastasis
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sites for proteins involved in the Ras and Src signaling pathways (5)

further supporting a direct Iink between integrin-mediated and Ras

signaling pathways. A recently identified integrin-Iinked protein kinase

(ILK) was coimmunoprecipitated with ~1 and phosphorylate in the

cytoplasmic domain suggesting that this molecule can also mediate

integrin intracellular signal transduction possibly independently of FAK

(6). Another FAK-independent tyrosine kinase Syk, was shown to be

involved in post-adhesion signaling by monocytes (7). Il is thought that

Syk is involved in nuclear translocation of the transcription factor NF-KB.

Interestingly, it has been shown that an antisense oligonucleotide directed

to the p65 (ReIA) subunit of NF-KB inhibits av~5-mediated PKC-dependent

cell migration on vitronectin (8, 9). As weil, studies on the fibronectin

receptors a5~1 and a4~1 which recognize different regions on the

fibronectin molecule, revealed differences in their effects on MMP

(stromelysin-l and 92-kD gelatinase) gene expression (10) upon

Iigand-binding suggesting that they mediate distinct ligand-specifie signal

transduction mechanisms. Il is possible that in the melanoma cells,

cross-Iinking of av integrins triggers a signaling cascade leading to the

upregulated expression of uPAR possibly through the activation of PKC - a

regulator of uPAR synthesis (please also see discussion in Chapter IV).

Alternatively, il is conceivable that av~3-mediated Iigand-binding brings

Vitronectin receptor in melanoma invasion and metastasis
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about increased synthesis of autocrine factors such as bFGF and TGFB

(11,12) which were implicated in the regulation of uPA and uPAR

synthesis (13-18).

In light of our findings, it is al50 conceivable that sorne of the effects

previously attributed to av~3 function such as its role in cellular

migration, invasion, and angiogenesis (19-21) were in fact mediated

through upregulation and cell surface localization of the uPAR/ uPA

complex (22). In a recent series of reports, (13, 23, 24) il has been shown

tha, uPA and uPAR expression in cuItured endothelial cells is regulated ~

bFGF and that uPA in turn can catalyze the proteolytic conversion of the

precursor of TGFB into ils biologically active form. The induction of

uPAR synthesis in response to av~3 ligand-binding may also provide a

mechanism for control of melanoma cell growth as activation of TGFB

may provide a signal for melanoma cell proliferation (25). Furthermore,

plasmin was shown to catalyze the hydrolytic c1eavage of the

matrix-associated motility factor pro-HGF (scatter factor) to ils active form

(26, 27) and melanoma cells were found to express the tyrosine kinase

receptor for HGF/SF, oncogene c-met (28), and respond to exogenous HGF

synergistically with bFGF to promote motility and growth (29).

As mentioned previously, involvement of the regional and distant

Iymph nodes is a major determinant of poor prognosis in melanoma

patients. As our studies revealed, metastatic melanoma cells isolated from

Vitronectin receptor in melanoma invasion and metastasis
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regional Iymph nodes express increased levels of both av~3 and uPAR.

This suggests that upregulated expression of these receptors may give the

melanoma cells a selective growth advantage in the microenvironment of

the node. When taken together with other observations, our results are

consistent with the following postulated model for early events in the

course of Iymph node invasion and colonization (see Fig. 1 and 2):,

Melanoma cells from the primary tumor may infiltrate the node

through the afferent lymphatic vessels and enter the subcapsular

(marginal) sinus, which is lined by reticuloendothelial cells enmeshed in

reticular fibers traversing the sinusoidallumen (30). These fibers, which

are composed of a central core of type III collagen fibrils surrounded by

ECM proteins such as laminin, type IV collagen (31) and possibly,

fibronectin and vitronectin (32, 33) may initially provide a scaffolding for

melanoma cell aUachment and migration, two functions dependent on

integrins. As nodal infiltration bytumor cells is accompanied byincreased

production 0 f fibronectin and vitronectin (33), the local

microenvironment could become increasingly more favourable for

melanoma cells which express high levels of av~3' Breast carcinoma cells

expressing increased levels of the a3~1 receptor for fibronectin, collagen,

and laminin would also benefit from this fibronectin-rich

microenvironment. Others have shown using intravital microscopy

Vitronectin receptor in melanoma invasion and metastasis
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shown in the context of the Iymph node sinus.
8chematic diagram of the known functional links between vitronectin receptor-mediated adhesion and the urokinase
p1asminogen activation system. Shown is a diagram of a melanoma œil within the confines of Iymph node marginal sinus.
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(IVVM) that meehanieal arrest is involved in the early stages of metastasis

formation and that specifie adhesion may not be the predominant homing

meehanism (34). These findings were observed in studies on the

microvasculature of mouse liver and muscle celis during blood-borne

metastasis. However, similar studies have not been done using the

regional lymph nodes. Binding of the vitronectin receptor to local ECM

vitronectin may trigger increased synthesis and clustering of the uPA

receptors at focal adhesion contacts (35, 36), resulting in more efficient

pericellular matrix degradation and cellular migration (see Fig. 2). It is

coneeivable that the inereased proteolysis and migration we observed may

have been due to more rapid turnover of the uPAR-uPA-PAI-l complex

formed via the vitroneetin-bound PAI-l. Increased PAI-VN binding may

have resulted in less vitronectin available for the VNR if the VNR-VN

and PAI-VN binding are competitive. Likewise, avantisense treatment of

the melanoma cells leading to decreased vitronectin receptor expression

may have increased the availability of PAI-l binding sites on vitronectin

and this inerease in PAI-l sites eould have resulted in reduced uPA-

mediated proteolysis. This meehanism is unlikely however, sinee the

binding sites on vitronectin for VNR and PAI-l are distinct. The binding

sites for PAI-l and the vitronectin receptor have been localized to the

snmatomedin Band RGD domains of vitronectin, respectively (37). As
h~

well, the av antisense treatment resulted in a specifie decrease in uPAR

Vitronectin receptor in melanoma invasion and metastasis
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mRNA suggesting that there is a true transcriptional Iink and not merely a

functional association between avf33-mediated adhesion to vitronectin and

the LlPA proteolytic system. As uPAR-bound uPA can activate

pro-MMP-2, this is also in accord with reports that MMP-2 activity in

melanoma cells may promote cellular migration and invasion by reducing

cellular adhesive (integrin-mediated) contacts (38). Increased proteolysis,

possibly also involving upregulation of type IV collagenase production

(20) may resuIt in the release and/ or activation of matrix-bound growth

factors such as bFGF, TGFB, and HGF/SF, which may in turn increase

melanoma cell proliferation and motility. Receptor avf33-mediated ligand

binding may also result in a net increase in melanoma cell growth

through ils more direct role as a negative regulator of apoptosis (21). Thus

the cumulative effect of increased a vf33 expression is to enhance the ability

of the melanoma cells to survive, proliferate, and eventually invade the

Iymphatic parenchyma.

Alterations in normal cellular expression of integrins may

contribute to the increased propensity of melanoma and breast carcinoma

cells for lymphatic metastasis. In the epidermis, il has been shown that

melanocytes express cell surface a3, a6, aV! and 131 (although in culture, as

and 133 expression are a1so upregulated) (39). Migration of the melanocytes

was shown to be mediated by a vf33 as weil as aS~l suggesting that

Vitronectin receptor in melanoma invasion and metastasis
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• expression of the vitronectin receptor indeed makes the cel1s more motile.

Upregulation of the vitronectin receptor in melanoma progression would

expIain the increased motility and invasiveness of the tumor cel1s. The

integrin subunits expressed in normal breast tissue in sitll include Ul, U2.

ln infiltrating ductal carcinomas,

•

•

immunocytochemistry demonstrated that the expression of Uv was

increased whereas the other subunits were general1y decreased. However,

in mucinous breast carcinoma, cel1 surface expression of U2, U3. U6, Uv. and

134 was upregulated. Similarly to melanoma, breast carcinomas whether

infiltrating or mucinous usual1y metastasize first to regional lymph nodes

(41). In our system, the finding that the adhesion of lymph

node-metastasizing Hs578T LN cel1s to frozen sections of human lymph

nodes correlated with metastatic potential is in accord with our findings

with the melanoma mode!. However, in the breast cancer model, the

integrin molecule involved was identified as the u3131 receptor. This

integrin has been implicated in the metastasis of a variety of solid tumors

including breast carcinoma. In one study, the u3131 receptor was present in

82% of metastatic tumors examined immunohistochemically and was

associated with a ligand present at the tumor epithelial-stromal border

(42). In our study, u3131-mediated adhesion of the breast carcinoma cells to

Iymphatic stromal cell fibronectin may be important for lymphatic

Vitronectin receptor in melanoma invasion and metastasis
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metastasis. Fibronectin adhesion was through the a3~1 integrin despite the

significant levels of the major fibronectin receptor a5~1, expressed on these

cells. Others have shown that the ability of a3~1 to mediate adhesion in

the presence of other integrins is poor (43). Our findings may be unique to

our breast carcinoma system, but demonstrates that a3~1 may be the major

contributor to FN adhesion even in the presence of the major fibronectin

receptor. Since fibronectin is a major component of the reticular fibers of

the Iymph nodes, carcinoma cells expressing high levels of the a3~1

receptor may adhere to these fibers and establish colonies in the node.

While these integrin-ECM interactions are probably not unique to the

Iymph node and may also be required for colonization of other, more

distant organs, il is at the early stage of the disease, before widespread

dissemination occurs, that therapeutic intervention aimed at disrupting

these interactions is likely to be most effective.

Disruption of adhesive interactions between integrins and their

ligands could prove to be useful in preventing metastatic disease. For the

vitronectin receptor av~3, synthetic integrin ligand analogues such as cyclic

RGD peptides as wel1 as neutralizing anti-integrin MAb's have been used

in experimental in vivo models to cause regression of various tumors

including melanoma (21). In our study, the av antisense

phosphorothioate oligonucleotides have been used to block av synthesis

Vitronectin receptor in melanoma invasion and metastasis
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and functions and these mayalso prove to be a usefui therapeutic too\. In

our studies on MAb-mediated integrin crosslinking, we showed that

uPAR mRNA synthesis was increased in response to the crosslinking of

the VNR and that this caused an increase in invasiveness through

Matrigel. The mechanism of this increase in uPAR mRNA production

and cell invasion is not known but we postulate that il may be linked to

activation of the PKC signaling pathways. If this is confirmed, the use of

appropriate PKC inhibitors may provide alternative means for disturbing

signal transduction mechanisms downstream of the VNR activation

event. Together these approaches for inhibition of cell adhesion or the

resultant signaling mechanisms could prove useful in the clinicat

management of disseminated cancers probably as adjuvants to

conventionai surgicai techniques.

Future research would focus on elucidating the signaling pathways

linking uPAR transcription to receptor av~3' Additionally, the roIes, if

any, of other vitronectin receptors such as av~5 and av~ll or other integrin

heterodimers in regulating uPAR synthesis and function shouid he

examined to determine if our findings with av~3 are unique to this

integrin. Recent reports suggest that the signaling pathways of growth

factor receptors such as the insulin (or IGF-l) receptor (44) and PDGF

receptor (45) may be Iinked to av~3-mediated signaling. The clarification of

the relationship between growth factors and av~3 signaling in our system
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specifically, further examination of the expression of various growth

factors in response to aY~3 Iigation and how they affect aY~3 signaling

pathways may be of interest. Finally, the consequences of long-term a y

suppression in melanoma cells and ils effect on growth and development

of metastatic disease in laboratory animais remain to be studied. In

addition to long-term suppression, the development of ay-deficient

transgenic mice could be highly informative. In this respect it is of interest

to note recent observations made with transgenic mice bearing a null

mutation in the vitronectin gene (46). These mice were normal in terms

of development and subsequent fertility with the only measurable change

being a loss of PAI-l binding activity of the murine plasma, as weil as the

lack of vitronectin protein. This finding may not be totally surprising as

there may be sorne redundancy in function of the integrin adhesion

systems during development and fibronectin receptors, such as a5~l, may

replace the vitronectin adhesion system in these mice.
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