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Abstract

Normal skin architecture and melanocytefunction is maintained by a dynamic interplay betweenthe melanocytesthemselves,
the epithelial cells between which they are interspersed,and their microenvironment. The microenvironment consists of the
extracellular matrix, Þbroblasts, migratory immune cells,and neural elementssupported by a vascularnetwork, all within a milieu
of cytokines, growth factors, and bioactive peptidesas well as proteolytic enzymes.Cells interact with the microenvironment via
complex autocrine and paracrine mechanisms.Proteolytic enzymesin melanomamay activate or releasegrowth factors from the
microenvironment or act directly on the microenvironment itself, thereby facilitating angiogenesisor tumor cell migration. This
review summarizesrecent Þndings regarding the expression,structure and function of proteolytic enzymesat or near the cell
surface in cellÐcell and cellÐstroma interactions during melanoma progression. Cell-surface (membrane) peptidases are a
multi-functional group of ectoenzymesthat have been implicated in the control of growth and differentiation of many cellular
systems.The potential, but yet speculative,role of other membrane-boundmolecules,such as multifunctional surface proteins
with adhesion and protease activity (ADAM gene family) or the ephrin/Eph receptor protein kinases in the pathogenesisof
melanoma are discussed.© 2002 Elsevier ScienceIreland Ltd. All rights reserved.

Keywords: Melanoma; Proteolysis; Microenvironment; Stroma; Cell-surfacepeptidases;Ephrins; Eph receptors

1. IntroductionÑ or: why is cell-surfaceproteolysis
important in tumorigenesis?

Normal skin homeostasisis maintained by dynamic
interactions between the melanocytes and their mi-
croenvironment, such as keratinocytes, Þbroblasts, en-
dothelial and immunocompetent cells, and the extra-
cellular matrix. Melanocytes adhere to keratinocytes,
whereas communication between melanocytes and
Þbroblasts or endothelial cells occur through soluble
factors. During the transformation and progression of
melanocytesand melanoma cells, there are reciprocal
interactions between the neoplastic cells and adjacent
normal skin cells, such as dermal and epithelial cells
(see[1,2] for review).

Cancerand melanomaresearchover the past decades
has beenlargely focusedon eventsoccurring within the
boundaries of the plasma membrane of the malignant
cell. The dominant paradigm, wherein multiple genetic
lesions,e.g.of the cyclinD/cdk4-p16INK4A -pRb-pathway
[3,4], provide both the impetus for and the possible
Achilles heel of cancer,which in return can be targeted
for gene therapy [5], is not sufÞcient to understand

melanoma as a diseaseprocess.Furthermore, some of
the geneticlesionsfrequently encounteredin other solid
tumors, e.g. alterations of the p53 tumor suppressor
gene product, are apparently not of relevance in the
evolution of melanoma [6,7]. Considering that 2% of
the gene products of organisms, whose genome has
beensequencedare proteases[8], many exciting discov-
eries about the functions of thesemoleculesin physio-
logical and neoplastic processescan be expectedin the
future. In the following review, we will use selected
examplesto illustrate the inßuenceof cell-surfaceprote-
olysis and the resulting alteration of the pericellular
microenvironment for the evolution of melanoma.

2. From slaveto master: selectedplayers in
maintaining normal skin architecture

The basic properties of cellular behavior that deÞne
function are growth, morphology, polarity, adhesion,
migration, and expressionof tissue-speciÞc proteins [9].
Theseproperties constitute the cell phenotype,which is
conferred by interaction betweenthe expressionof spe-

Table 1
Interactions of keratinocytes with melanocytesand melanoma cells are E-cadherin-dependent

Characteristic Melanoma cellsMelanocytes

With E-cadherinNo E-cadherin

Mel-CAM /MUC18 HighNegative Negative
Negative! v" 3-Integrin High Negative

Invasivenessin skin reconstructs Negative High Low
YesAttachment to keratinocytes YesNo

YesNoGrowth regulationa Yes
Yes NoGap juctionb Yes

a Growth regulation of melanocytesor melanoma cells in co-culture with keratinocytes.
b Gap juction communication betweenkeratinocytes and melanocytesor melanoma cells.
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Fig. 1. Biological eventsleading to melanoma developmentand progression.The model, developedby Clark et al. [19], implies that melanoma
commonly developsand progressesin a sequenceof stepsfrom nevic lesions,which can be histologically identiÞed in approximately 35%of cases.
However, melanoma may also develop directly from normal cells. The role of melanoblasts(immature melanocytes)in melanogenesisremains
poorly deÞned. The progressionfrom normal melanocyteto nevusmay be initiated by lossof contact betweenmelanocytesand keratinocytes, i.e.
the melanocytesescapefrom keratinocyte (KC) control. Genetic changes,which are currently not deÞned, are expectedat the transition from
common acquired (benign) nevus to dysplastic nevus/RGP/in situ melanoma (left vertical arrow), allowing cells to persist. Additional genetic
changesare expectedin the progression from RGP/in situ melanoma to VGP (right vertical arrow). At the VGP (tumorigenic) step, increased
growth, invasion and stromal ÔlandscapingÕby proteolysis occurs.

ciÞc genesand the cellsÕresponsesto ECM, to neigh-
bouring cells and to soluble effectors, such as growth
factors and cytokines [5,10].

Normal melanocytesare tightly controlled by kerati-
nocytes (Table 1). Keratinocytes, the ÔmastersÕ, dictate
when the melanocytes,the ÔslavesÕ, can grow and what
cell-surfacemoleculesare expressed[11,12].The kerati-
nocytes need cell-cell contact to establish this control,
which is mediated by E-cadherin. E-cadherin is found
on normal melanocytesand to a lesserdegreeon nevi
and little on melanomas (Fig. 2) [13]. The loss of
E-cadherin expressionhas signiÞcant biological conse-
quencesin melanocytic cells. Melanoma cells have es-
caped from keratinocyte control by shutting off
expression of E-cadherin and activating N-cadherin
[14]. They can now leave the epidermis, invade the
dermis and closely adhere to and communicate with
Þbroblasts, endothelial cells, and other stromal cells
and components. The Ôrun-awayÕslave has become a
powerful ÔmasterÕ, accepting growth factors from ker-
atinocytes; it now directs the presenceand functions of
Þbroblasts, endothelial and inßammatory cells in its
microenvironment. The melanoma cells tell the Þbrob-
lasts to produce a scaffolding with matrix proteins, and
to release growth factors, which melanomas cannot
synthesize on their own, but which increase their
growth, survival and invasive capacity [15]. The sym-
biosis has been reversedand the malignant melanoma
cells are in the driverÕs seat.

The escapeof melanomacells from the epidermiscan
be experimentally reversed.Forced reexpressionof E-
cadherin in melanomacells leadsto growth retardation,
inhibition of invasion and induction of apoptotic death
in three-dimensional skin reconstructs, and decreased
tumorigenicity in mice [14]. Thus, E-cadherin may act
as an invasion suppressor in the melanoma system.
Melanoma cells, even the most aggressivemetastatic

ones, can again come under the control of kerati-
nocytes,if the expressionof E-cadherin is re-established
by gene transfer [16]. The N-cadherin gene is then
downregulatedand the melanomacellsno longer estab-
lish gap junctions with Þbroblasts [14]. The kerati-
nocytesare again in the driverÕs seat:They can adhere
to the E-cadherin expressingmelanoma cells and dic-
tate whether thesegrow or not [16]. Within a few days,
all melanoma cell surface molecules associated with
growth, invasion and metastasisare shut off. Important
markers are the " 3 integrin subunit that allows biologi-
cally early melanoma cells to invade into the dermis
[17,18], and the cell-cell adhesion marker Mel-CAM /
MUC18 [12,18]. We do not know the mechanisms,by
which keratinocytescan transmit their signals,but these
signal are strong enough to force the melanoma cells
back into a subservientposition.

3. Melanoma developmentis a multi-step process

Basedon clinical and histopathological features,Þve
steps of melanoma progression have been proposed
(Fig. 1) [15,19]: common acquired and congenital nevi
with structurally normal melanocytes,dysplastic nevus
with structural and architectural atypia, early radial
growth phase(RGP) primary melanoma,advancedver-
tical growth phase(VGP) primary melanomawith com-
petence for metastasis, and metastatic melanoma.
Despite a wealth of research resources (tissues, cell
lines, and antibodies), the genetic and biochemical al-
terations responsiblefor the developmentand stepwise
progressionof melanoma still remain enigmatic. Cyto-
genetic analyseshave failed to identify consistent gene
deletions, mutations, translocations, or ampliÞcations
in sporadic cases[1,2].
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Fig. 2 summarizes selected genetic and biological
eventsleading to melanoma developmentand progres-
sion. The dynamic progression from a resting
melanocyte to a common acquired nevus is very com-
mon and does not appear to accompany genetic
changes.Nevus cells isolated from common acquired
nevi have a Þnite life span and generally do not carry
cytogeneticabnormalities [20Ð22].

We postulate that melanocytesprogressto a nevusby
escapingfrom the normal contact-mediatedcontrols of
keratinocytes. Keratinocytes are the dominant cellular
partner of melanocytesin the epidermis and control the
growth, morphology, and antigenic phenotype of
melanocytes [11,23] by establishing direct contact
through the cell-cell adhesionreceptor E-cadherin. This
contact, in turn, facilitates formation of gap junctions
through connexin 43 [14]. It remains unclear, whether
signals for phenotypic control over melanocytes are
relayed through E-cadherin, gap junctions or other
accessorymechanisms.Nevertheless,E-cadherin down-
regulation coincides with melanoma progression. Re-
duced E-cadherin expressioncan be observedearly in
the nevus stage and the majority of melanomas are
E-cadherin negative [13].

In contrast, expressionof N-cadherin is upregulated
in nevi and melanomas.Such a shift in cadherin proÞle
confersnew adhesiveproperties to the cells.Acquisition
of N-cadherin may allow gap junctional communica-
tion of nevus and melanoma cells with N-cadherin-ex-
pressing Þbroblasts and endothelial cells [15]. Genetic
changesare anticipated when dysplastic nevi develop,
but the nature of thesechangesis currently unknown. It
is possible that mechanismsleading to persistenceand
proliferation of dysplastic nevi rest in the dysfunction
of the physiological cascadeof apoptosis. Progression
from dysplasia to RGP primary melanoma is gradual
and spontaneous, and may not require additional
molecular changes[15]. The transition from RGP to
VGP is a biologically and clinically critical step,accom-

panying additional geneticabnormalities. However, the
speciÞcsare largely unknown. In sectionsof lesionsand
in cultured cells,we havedescribeda variety of changes
at the biological level, which explain RGP to VGP
progression [24].

Unlike RGP melanomas, VGP cells are metastasis-
competent [25] and easilyadapted to growth in culture.
In addition, VGP cellsare lessdependenton exogenous
growth factors [26] and have growth characteristics
similar to metastatic cells, such as anchorage-indepen-
dent growth in soft agar and tumorigenesis in im-
munodeÞcient mice. VGP primary melanomasdisplay
numerouscytogeneticabnormalities, suggestingconsid-
erable genomic instability. No major additional genetic
changes may be required for further progression to
metastatic dissemination since most VGP melanomas
can be readily adapted to a metastatic phenotype
through selection in growth factor-free medium or by
induction of invasion through artiÞcial basementmem-
branes [27]. This suggests that micro-environmental
factors, such as cellÐmatrix and cellÐcell signaling are
critical for the metastatic phenotype.

4. Gatekeepers,caretakersand landscapers

The prevailing paradigm for the developmentof can-
cer is a multi-step process,during which a cell acquires
multiple genetic mutations [5,9,28]. The central ques-
tion that has dominated the literature in the past years
is: how many and what genetic changesare necessary
for a cell to becomemalignant [5,9]?In a step towards
functionally categorizing thesegeneticchanges,Kinzler
and Vogelstein have classiÞed the genes involved, as
thosethat monitor growth by suppressingproliferation,
inducing apoptosis or promoting differentiation (Ôgate-
keepersÕ). These are assistedby genes that indirectly
suppressneoplasiaby ensuring the Þdelity of the DNA
code through effective repair of DNA damge or by

Fig. 2. Dynamic changesin expressionof adhesionreceptors,ECM proteins and proteolytic surfaceenzymesin melanomaprogression.Decreased
expression(downward arrow) is seenfor somecadherins,CAMs, integrins, and cell-surfacepeptidases.A strong increase(upward arrow) is seen
for a variety of adhesion-relatedmoleculesand cell-surfacepeptidases,Þrst in nevi, then in VGP primary melanomas.
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regulating genomicstability (ÔcaretakersÕ) [29]. Recently
they havealso recognizedenabling genes(ÔlandscapersÕ)
[30], which might affect non-target cells by modulating
the microenvironment, in which tumor cells grow, per-
haps by direct/indirect regulation of extracellular ma-
trix proteins, cell-surfacemarkers, adhesionproteins, or
secretedgrowth factors [31]. Others refer to the afore-
mentioned by the well-acceptedterm of microenviron-
mental ÔeffectorsÕ[5].

Malignant tumors are complex tissues,composedof
many cell types, such as Þbroblasts, endothelial and
inßammatory cells, and cannot exist in isolation [9].
Thus, normal cells within the neoplastic tissue are not
idle bystanders,but active participants that shape the
frequencyand featuresof malignant tumors. Hence,the
multi-step genetic modiÞcation theory often fails to
acknowledgethe signiÞcanceof such forces in the de-
velopment of neoplasia [5]. Biological events are now
beginning to be understood in terms of speciÞc prote-
olytic proteins affecting cellÐcell contacts,cell adhesion
and their dynamic reciprocal interaction.

5. Stroma and the pericellular microenvironment

The pericellular microenvironment (ÔstromaÕ) of the
normal melanocyte and its malignant counterpart, the
melanoma cell, is remarkably complex and consistsof
cellular, molecular and mechanical components. The
insoluble extracellular matrix (ECM) [32] is composed
of proteins, glycoproteins, proteoglycans, and gly-
cosaminoglycansin a complex arrangement that pro-
vides structure, generates biological signals, stores
factors that generatebiological signals, and exerts me-
chanical inßuences on the epidermis, including the
melanocyte.Cells that inßuencea melanoma cell or its
normal progenitor, the melanocyte, include kerati-
nocytes,Þbroblasts, adiposecells, endothelial and resi-
dent immune cells (in skin: Langerhans cells), each of
which representsa heterogeneouspopulation of cellular
phenotypes[1,2]. In addition, the stroma has temporal
and spatial complexity: it changeswith time and tumor
progression and is tissue-type speciÞc. The speciÞc
molecules that are responsible for tumor-induced
changes in the microenvironment and the reciprocal
modiÞcations of the tumor by the microenvironment
are starting to be known, as are the intracellular path-
ways that result from theseinßuences.

For example, Mel-CAM /MUC18 is an adhesion re-
ceptor that is involved in cellÐcell interactions. Its
expression is upregulated during melanoma develop-
ment in a step-wise fashion and coincides with the
separation of nevus cells from keratinocytes (Fig. 2)
[12]. Mel-CAM binds to a currently unidentiÞed ligand
[18], and may play a major role in metastasis by
mediating not only melanomacellÐcell interactions, but

also melanoma-endothelial cell adhesion. Mel-CAM
appears to act in concert with ! v" 3, the vitronectin
receptor, in promoting metastasis.As the cells progress
from RGP to VGP, expressionof ! v" 3, ! 2" 1, ! 3" 1,
! 4" 1, ICAM-1, and GD2 gangliosideis increased.The
most notable marker is the beta3 subunit of ! v" 3
integrin, which appears to be the most speciÞc
melanoma-associatedmarker distinguishing RGP from
VGP melanomas(Fig. 2) [33]. It is also a prime candi-
date for prognostic studies [34].

6. ECM and cell-surfaceproteolysisregulating cellular
ecology

The cell-surfaceand the pericellular spaceare a dy-
namic microenvironment. CellÐcell and cellÐECM in-
teractions provide cells with information essential for
controlling morphogenesis,cell fate speciÞcation, gain
or loss of tissue-speciÞc functions, cell migration, tissue
repair, and cell death [10,32,35].

During cellular responsesto developmentalor patho-
logical cues,ECM, cell surface proteins, and receptors
are activated or removedby proteolysis [36,37].Seques-
tration, presentation or activation of growth factors is
also regulated by proteolysis [10,38]. One often over-
looked aspectof pericellular proteolysis is its potential
role in angiogenesis[39], immunity and host defense.
DeÞcient proteolysis leads to diseaseprocesses,just as
overproduction of proteinases does. Another level of
complexity derivesfrom the multiple cell types involved
in proteaseexpressionwithin a tumor. In many typesof
carcinomas, matrix-degrading proteasesor cell-surface
peptidasesare produced not by the epithelial cancer
cellsbut by surrounding stromal and inßammatory cells
[10,40].

Over the past decade,cell biology has Þrmly estab-
lished in model systemsthat the complex interactions
between epithelial cells and the microenvironment are
critical for maintaining a normal, balancedhomeostasis
[5]. We will now discussin more detail evidenceillus-
trating the contribution of the microenvironment to
normal melanocyte homeostasis.Disrupting this bal-
anceby altered cell surfaceproteolysis can induce aber-
rant cell proliferation, adhesion,function and migration
that might promote malignant behavior of melanocytes.

7. Cell-surfacepeptidases:hydrolyzing bioactive
peptidesas a critical componentof growth control

Cell-surface peptidasesare a group of ubiquitously
occurring ectoenzymes with a broad functional,
pleiotropnic repertoire (Table 2, Fig. 3). They are inte-
gral membrane proteins of the plasma membrane,
asymmetrically oriented with the catalytic site exposed
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Fig. 3. Melanoma-associatedcell-surfacepeptidases.Cleavagesite and enzymatic activity (modiÞed from [42]).

at the external surfaceof the cell [41]. They are widely
distributed in human tissuesand the physiologic conse-
quencesof their activity vary according to their cellular
location (reviewed in [42]).

In protein metabolism, their functional importance is
well documented,especiallyin peptide degradation and
amino acid scavengingin the brush border membranes
of renal and intestinal microvilli: peptidaseshydrolyze
peptides to facilitate absorption by enterocytesin the
intestinal brush-border membrane (in this location 6Ð
8% of the protein is aminopeptidase N [APN]), and
recycle amino acids in the brush border of kidney
proximal tubule cells [41]. They also perform more
subtle physiological tasks. For example, in synaptic
membranes, APN and neutral endopeptidase (NEP,
enkephalinase)inactivate endorphins and enkephalins
[43,44]. They cleavebioactive peptides (Fig. 3), result-
ing in activation or inactivation, and function as recep-
tors and as molecules participating in adhesion or
signal transduction (reviewed in [42] and [45]). Hence,
cell-surface peptidases might have a key role in the
control of growth and differentiation of many cellular
systemsby modulating the activity of peptide growth
factors and by regulating their accessto adjacent cells
[41] (Table 2). Whether the enzymatic activity is neces-
sary for all of these different functions remains to be
determined [45].

In hematopoiesis,the expressionof cell-surfacepepti-
dasesis a characteristic of severaldistinct developmen-
tal stages. The classiÞcation of leukemias and
lymphomas is based in part on the expressionof cell-
surface antigens, which are also present on normal
precursor hematopoietic cells. For example,molecules,
such as CD10/NEP (common acute lymphoblastic
leukemia antigen [CALLA]) and CD13/APN havebeen

used for years in the characterization and typing of
leukemia or lymphoma cells [46]. Subsequentanalyses
of cloned cDNAs identiÞed three of these differentia-
tion antigens,aswell-known membranepeptidaseswith
common structural and regulatory features(reviewedin
[42]): Aminopeptidase N (APN, CD13, EC 3.4.11.2),
neutral endopeptidase (NEP, CD10, CALLA, EC
3.4.24.11, enkephalinase, neprilysin), and dipeptidyl
peptidaseIV (DPPIV, CD26, EC 3.4.14.5).

Cell-surfacepeptidasesare also involved in the con-
trol of cell growth and differentiation by controlling the
accessof peptide growth factors to their receptors on
the cell membrane [47Ð49] and in the Þnal steps of
collagendegradation in the ECM [50] (Table 2). There-
fore, control of bioactive peptides through either acti-
vation or inactivation by cell-surface peptides is a
critical component of growth control. This idea has
also direct implications for the development of neo-
plasia. Two basic mechanismsof cell-surfacepeptidase
involvement in carcinogenesiscan be predicted [46]: (1)
loss of function, resulting in an inability of the trans-
formed cell to inactivate a mitogenic peptide or activate
an inhibitory peptide;and (2) gain of function, resulting
in the activation of a mitogenic peptide or the inactiva-
tion of an inhibitory peptide. Consequently,abnormali-
ties in expressionpattern and/or catalytic function of
cell-surfacepeptidasesresult in altered peptide activity,
which contributes to neoplastic transformation and/or
progression.Data, which implicate speciÞc cell-surface
peptidasesin the pathogenesisof human cancers (re-
viewed in [46]), including melanoma, are beginning to
emerge.We will now discuss which evidence to date
indicates a role for cell-surfacepeptidasesin the devel-
opment of melanoma.
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7.1. Dipeptidyl peptidaseIV (DPP IV , CD26, EC
3.4.14.5)

Dipeptidyl peptidaseIV (DPPIV) is the bestcharacter-
ized cell-surfacepeptidasein melanoma. I t is a type II
membraneglycoprotein with multiple properties,includ-
ing serineproteaseactivity and the ability to bind ECM
components [51Ð53]. DPPIV has also been called
adenosinedeaminasebinding protein or adenosinedeam-
inasecomplexingprotein [54]. Chemokinesare potential
substratesfor DPPIV [55], including RANTES (regu-
latedon activation, normal T-cellexpressedandsecreted)
and monocyte chemotacticproteins (MCP) 1, -2, and -3
[56Ð58] (Table 2). DPPIV expressionon T cellshasbeen
designatedCD26 [42,51]. DPPIV is also expressedon
epithelia and melanocytes[42,51,52].It has long been
recognizedthat expressionof DPPIV can be downregu-
lated or altered on cancercells [59,60].SpeciÞcally, loss
or alteration of membraneexpressionof DPPIV hasbeen
reported in prostate [40,61], colorectal [62,63], gastric
[62], lung [60], and hepatocellular [60] carcinomas and
melanomas[52]. In addition, DPPIV is involved in the
Þbronectin (FN)-mediated adherence of metastatic
breast cancer cells to lung endothelium, in which case
DPPIV is expressedon the endothelial cells and FN is
expressedon the cell surfacesof the malignant cells[64].

DPPIV expressionduring malignant transformation
hasbeenbestcharacterizedin melanocyticcells.A series
of work by Houghton and colleagueshas shown that
DPPIV is expressedin vitro and in vivo by normal
melanocytes, but not by melanoma [52,65]. Loss of
DPPIV expressionprobably occurs at an early stageof
melanoma progression, when melanocytes transform
into melanoma cells [52]. More speciÞcally, DPPIV is
expressedby cutaneousmelanocytesand common nevi,
but is not detected in vivo or in vitro on cells from
primary or metastaticmelanomas.In an in vitro system
that sequentially transformed melanocytes in deÞned
steps,lossof DPPIV expressionoccurred concomitantly
with the emergence of growth factor independence
[65,66]. More recently, the re-expressionof DPPIV in
human melanoma cells at levelscomparable with those
found in normal melanocyteshasbeenshownto produce
profound phenotypic changes[67].Theseincluded abro-
gation of tumorigenicity, re-emergenceof requirements
for exogenousgrowth factors to maintain cell survival,
and removal of a block in cell differentiation. Using a
point mutation in the active serineproteasedomain of
DPPIV, the authors also observedthat serinepeptidase
activity was required for most effects but not for cell
survival. Re-expressionof DPPIV rescuedexpressionof
a secondputative surfacepeptidase,Þbroblast activation
protein (FAP/seprase;seebelow) [68,69],suggestingthat
expressionof this secondmoleculecontributes to effects
on cell survival in malignant cells.

7.2. AminopeptidaseN (APN, CD13, EC 3.4.11.2)

The functional role of APN varies depending on its
location. Other membranepeptidases,such as NEP or
DPPIV often co-localizewith APN and seemto cooper-
atein peptidedegradation[42].Furthermore, like DPPIV
[53], APN has been considered an auxiliary adhesion
molecule [45].

In contrast to DPPIV, APN isnot expressedby normal
melanocytes, but becomes increasingly prevalent as
melanocytestransform to dysplastic nevocytesand ma-
lignant melanoma cells [70,71]. When melanoma cells
form colonies, the majority of APN moleculesrelocate
to sitesof cellÐcell contact; in thosecells,APN seemsto
be tightly associatedwith ECM components[70]. APN
has a direct role in melanoma cell invasion and ECM
degradation [50]. Betastatin, a competitive inhibitor of
APN function, as well asantibodies to APN, inhibit the
penetration of melanoma cells through an artiÞcial
basementmembranein vitro without affecting cell adhe-
sion or cell growth [50,70].Thus, the expressionof APN
is thought to play a critical role as one member of a
cascadeof enzymesthat hydrolyse extracellular matrix
proteins [50,70].APN may serveas an activator of type
IV collagenaseand other matrix proteins by cleaving
N-terminal amino acids (Fig. 3), thereby allowing the
acquisition of invasive and metastatic competence
[50,72]. Interestingly, APN was shown to be the major
receptor for the transmissible gastroenteritis virus
(TGEV) [73] that causesseveregastroenteritisin piglets,
and for the human coronavirus 229E [74] that causes
upper respiratory infections. More recent data indicate
that APN plays an important role in tumor vasculogen-
esis,identifying it as a critical regulator of angiogenesis
[75,76].

7.3. Neutral endopeptidase(NEP, CD10, CALLA , EC
3.4.24.11, enkephalinase, neprilysin)

Neutral endopeptidase(EC 3.4.24.11), also termed
neprilysin, enkephalinaseor CD10 is a 90Ð110 kDa
zinc-dependent metallopeptidase that cleaves peptide
bonds on the amino side of hydrophobic amino acids
(Fig. 3). It is identical to the common acutelymphoblas-
tic leukemia antigen (CALLA) [77]. NEP inactivates a
variety of physiologically active peptides,including neu-
rotensin, met-enkephalin, substanceP, bombesin and
endothelin-1, thereby reducing local concentrations of
peptidesavailable for receptor binding and signal trans-
duction [78,79](Table 2). NEP is normally expressedby
a wide range of tissuesand cells [78].

NEP is also expressedby one-third to one-half of
primary and metastatic melanomasand the percentage
of NEP-positive cells within a given lesion appears to
increasewith tumor progression[80]. Thus, unlike other
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solid tumor malignancies,melanoma does not Þt with
the paradigm that NEP is lost upon tumor progression,
but that gain of NEP function may be advantageous.
More recently, however, it has beenreported that NEP
is highly expressedby human melanocytes,and that its
expressionand catalytic activity are downregulated by
UVB light. In addition, it has been shown that ! -
melanocyte-stimulatinghormone (! -MSH) and adreno-
corticotropic hormone (ACTH) are speciÞc substrates
for NEP and that speciÞc inhibition of NEP increases
the melanogenic activity of these peptides on human
melanocytes [81]. Among keratinocyte-derived agents,
the melanotropic hormones (! -MSH) and ACTH ap-
pear to be very potent stimulators of human pigmenta-
tion. These data indicate that NEP inactivation by
UVB in melanocytes may enhance the proopiome-
lanocortin (POMC)-derived peptides paracrine loop,
mediating UV-induced pigmentation.

Until now, the biological and regulatory effects of
NEP were presumedto result only from its enzymatic
function [49]. However, recent data suggestthat NEP
may possessother biological properties in addition to
its ability to catalytically inactivate neuropeptide sub-
strates. NEP protein expression by itself can effect
signal transduction pathways, which, in turn, regulate
cell growth [82,83] and apoptosis [84].

8. Seprase/Þbroblastactivating protein: yet another
proteolytic enzymein malignant tumors

A subfamily of membrane-boundnonclassicalserine
proteases,including sepraseand DPPIV, are implicated
in matrix degradation and invasivenessof migratory
cells [53,85Ð87]. Seprase is a homodimeric 170-kDa
integral membrane gelatinase, whose expression ap-
pearsto correlate with levelsof invasivenessmanifested
by the human melanoma cell line, LOX, in an in vitro
ECM degradation/invasion assay [88]. The deduced
amino acid sequenceof its 97-kDa subunit (seprase-l),
predicts a type II membrane topology with a short
cytoplasmic tail (six amino acids) followed by a
transmembrane region (20 amino acids) and a large
extracellular domain (734 amino acids) [89]. Seprase
requires the dimerization of its inactive subunits for
activity [89,90]. Comparisons of their deduced amino
acid sequencesindicate that sepraseis essentiallyidenti-
cal to human Þbroblast activation protein (FAP), which
is expressedon reactive stromal Þbroblasts of various
carcinomas and on Þbroblasts of healing wounds
[91,92]. Additionally, seprase exhibits a striking se-
quencehomology (52%) to DPPIV, which increasesto
a 68% amino acid identity between their catalytic re-
gions [89].

Sepraseis selectivelyexpressedby Þbroblastic cells in
areasof active tissueremodeling,suchas the embryonic

mesenchyme,areasof wound healing, the gravid uterus,
and the reactive stroma of epithelial cancers(over 90%
of breast, colorectal and lung carcinomas)[91,92]. It is
also expressedin vivo in subsetsof bone and soft tissue
sarcomas[68,69].This proteaseis generallyabsentfrom
the stroma of benign epithelial tumors and normal
adult tissues[69]. In vitro, sepraseinduction is observed
in proliferating cultured Þbroblasts and in melanocytes
grown with basic Þbroblast growth factor and phorbol
ester [69]. Sepraseis a dual-speciÞcity enzymethat acts
as a dipeptidyl peptidaseand collagenasein vitro [93].
Seprase(! / ! ) mice are fertile, show no overt devel-
opmental defects,and haveno generalchangein cancer
susceptibility [94].

9. Ephrins and eph receptors:control of cell behavior
by intercellular communication

The Eph receptorsare the largest family of receptor
tyrosine kinases and include at least 14 structurally
related members.Initially isolated as orphan receptors
(lacking known ligands), at least eight Eph ligandsÑ
ephrinsÑ have recently been reported (Fig. 4) [95,96].
Recent advanceshave started to elucidate the develop-
mental functions and biochemistry of Eph receptor
tyrosine kinases and their membrane-bound ligands,
ephrins. Unlike most ligands, ephrins do not function
in a soluble form but must be membrane-bound to
activate their receptor(s) [95] (Fig. 5).

Fig. 4. Melanoma-associatedephrins and Eph receptors. The EphA
class of receptors bind promiscuously with ephrin-A ligands; EphB
receptorsbind ephrin-B proteins. EphB5 doesnot bind to any known
ephrin. The afÞnity of interactions differs betweenrespectiverecep-
tor Ðligand combinations (modiÞed from [101]).
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Fig. 5. Structure, interactions and signal transduction of Eph receptors and ephrins. Eph receptors share a number of features, as indicated.
Ephrins have conservedresiduesin the extracellular domain and fall into two structural classes:proteins of the ephrin-A subclassare anchored
in the plasma membranethrough the covalent attachment of a glycosylphosphatidylinositol (GPI) group. Proteins of the ephrin-B subclasshave
a transmembranedomain and short cytoplasmatic region. Bidirectional signaling (arrows) can occur upon interaction of cells expressingEph
receptorsand ephrins. Modi Þed from [101,99].

Juxtacrine interactions between Eph (receptor) and
ephrin (ligand) on opposing cells were initially impli-
cated in patterning of the brain and somites,and in the
process of neural cell guidance (reviewed in [97,98]).
Eph receptor tyrosine kinasesand ephrins mediatecon-
tact-dependentcell interactions that regulate the repul-
sion and adhesionmechanismsinvolved in the guidance
and assembly of cells, and thus the establishment,
maintenance, and remodelling of patterns of cellular
organization (reviewed in [95,99]). Eph receptors and
ephrins can also trigger an adhesive responseof en-
dothelial cellsand are required for remodelling of blood
vessels(reviewed in [95,100]).

A number of studies have implicated Eph receptors
in carcinogenesisbased on their elevated expression
and/or expressionof aberrant transcripts in tumor cell
lines [101]. Eph-B3 (Hek-2) and Eph-A2 (Eck) are
ectopically expressedin over 90% of melanoma cell
lines [102,103]. Cell lines from increasingly advanced
melanomas express increasing amounts of Eph-A2
[104]. The Þrst identiÞed Eph ligand was ephrin-A1/
B61, a ligand for Ephs including Eph-A2 [105,106].
Ephrin-A1 was found to stimulate proliferation of
melanoma cells that overexpressEph-A2, and there-
fore, proposed to be an autocrine growth factor [104].
Normal melanocytesdo not respond to ephrin-A1 nor
expressthe Eph-A2 receptor. Immunoreactive Eph-A2
was not detectable in most uncultured lesions [107].
However, the ligand ephrin-A1 is expressed by
melanoma cells, both in cultured and in uncultured
lesions,and correlateswith progression [107].

Ephrin-B2 (Lerk-5), a ligand for Eph-B3, is also
overexpressedin melanomaand correlateswith tumori-
genicity and metastatic potential [108]. Eph receptors
and ephrins may promote angiogenesiswithin forming
melanoma,or cellÐcell repulsion and henceinvasion as
well as metastatic spread.

10. The ADAM family: multifunctional surfaceproteins
with adhesionand proteaseactivity

The ADAMs are a multifunctional genefamily, some
of which play a role in diverse biological processes,
such as fertilization [109], myogenesis, neurogenesis
[110], and the activation of growth factors/immune
regulators such as TNF- ! [111]. Moreover, the
ADAMs havepotential implications for tumor metasta-
sis via cell adhesion and protease activities [112,113].

The term ÔADAM Õ stands for a disintegrin and
metalloproteinase, which represent the two key struc-
tural domains in thesemolecules.ADAMs, which can
processor remove the extracellular domains of cell-sur-
face proteins, are critically placed for regulating signal-
ing. These multifunctional surface proteinases are
particularly intriguing in that they contain both cell
adhesionand proteolytic domains. The emerging prop-
erties of the ADAM genefamily have beenthe subject
of several recent reviews [36,37,110,114,115].Among
the 29 known ADAM cDNAs to date, 17 have a
metalloproteinaseactive site.

Cells have the ability to modify their surface to
regulate various kinds of functions [37]. For example,
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the extracellular domain of ! 40 plasma membrane-
anchored cytokines, growth factors, receptors, adhe-
sion molecules, and enzymes can be cleaved and
thereby released(shed) from the plasma membrane by
various proteases (called sheddases or secretases)
[116Ð118]. These sheddasesare themselvestransmem-
brane proteins and, in several cases, are ADAMs.
One of the best-studied casesof shedding is the re-
lease of tumor-necrosis factor ! (TNF- ! ), a cytokine
that is involved in the inßammatory response. The
release of TNF- ! from various cell types occurs in
response to injury or infection and plays an impor-
tant role in the adaptive immune response.TNF- ! is
synthesizedas a 26 kDa membrane-anchoredprotein
from which an active soluble 17 kDa extracellular
domain is proteolytically released.This proteolytic re-
lease is catalyzed by TNF- ! converting enzyme
(TACE, or ADAM 17) [116,118].

Kuzbanian (ADAM 19) is also a sheddasethat has
been found to releasea soluble form of delta, Notch
ligand [119,120].Notch is a surface receptor that reg-
ulates cell fate determination in various aspects of
development, such as neurogenesis[110,117].Metallo-
protease disintegrin cysteine-rich 9 (MDC9, or
ADAM 9) has been reported to shed the heparin-
binding EGF-like receptor [113]. Both the membrane-
anchored and soluble (shed) form of this growth
factor are active, but the soluble, diffusible form can
act on cells distant from the site of its release.
ADAM 17/TACE, ADAM 10/Kuzbanian and
ADAM 9/MDC9 are three ADAM metalloproteases
for which a function has been reported and that act
as sheddases(reviewed in [110]). The other 14 pre-
dicted proteasesremain Ôorphan proteasesÕ, lacking an
identiÞed endogenoussubstrate [37].

Potentially, cell-surface proteasesare also involved
in cleavageof growth factors such as TGF- ! that are
membrane-bound or enzymes and receptors that re-
quire activation. At present, no studies have yet com-
prehensivelyexamined the expressionor regulation of
ADAMs in melanoma or, for that matter, most solid
tumors. However, we anticipate that our understand-
ing of the interplay at the cellular level between
melanoma and stromal cells as well as the molecular
processesunderlying the progression from RGP to
VGP melanoma will improve dramatically by contin-
ued study of theseproteins.

11. Summary and perspective

Our understanding of ECM proteolysis and cell-
surface moleculesin the progression of melanoma has
expandeddramatically in recent years [121]. It is clear
that the stroma is an integral part of the tumor and
that it contributes to some of the most destructive

characteristics of malignant cells [10,38,122].There is
now voluminous evidence that melanoma cells are
inßuenced by the surrounding microenvironment and
vice versa [15]. Numerous studies support the concept
that melanomagenesisis a multicellular process, in
which destruction of the microenvironment is required
for the conversion of normal melanocytes to aggres-
sive melanoma cells with the potential for invasion
and metastasis.

Understanding the molecular mechanismsby which
membrane-bound proteinases are regulated and acti-
vated, the nature of their molecular and cellular
targets, and how adhesion and proteolysis are inte-
grated will provide exciting new areas for investiga-
tion over the coming years and could ultimately lead
to novel therapeutical strategies for this aggressive
neoplasm. The emerging appreciation of controlled,
speciÞc endoproteolytic cleavageof cell-surface recep-
tors to modulate receptor activities and initiate novel
signaling pathways also illustrates the complexity of
the control mechanismsinherent in the processesof
vasculogenesis and angiogenesis [39,95,110]. The
molecular mechanismsinvolved in the complex cross-
talk between normal melanocytes as well as
melanoma cells and their microenvironment hold
great promise as targets for melanoma therapy.

Dissecting the molecular components of
melanomaÐstroma interactions requires model sys-
tems, in which a single variable can be manipulated
and assessed.More recently, such powerful models
have been emerging, e.g. melanoma in human skin
reconstructs or orthotopic in human skin grafted to
mice [123]; thesewill allow us to examine more accu-
rately the pathways and eventson the cell-surfaceand
the pericellular space,which impinge on the microen-
vironment and drive the progression of melanoma to
a fatal metastatic neoplasia.

12. Outstanding questions

What features of the microenvironment exactly pro-
mote melanoma?Are thesemelanoma speciÞc?

What is the precise role of cell-surface peptidases
and membrane-bound enzymesin regulating the peri-
cellular microenvironment and what are their sub-
strates?

Can changes in the expressionof these proteolytic
enzymesbe used as clinico-pathologic markers for the
diagnosisand prognosis of melanoma?

Can the microenvironment be targeted therapeuti-
cally to prevent invasive melanoma?

Can manipulating the expressionof proteolytic en-
zymesreverseinvasive or metastatic melanoma?
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