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Abstract Cutaneous malignant melanoma is the most

aggressive skin cancer. It is also the most rapidly spreading

cancer in terms of worldwide incidence. Although it is

detected by simple inspection and can be relatively easily

removed or treated, differential diagnosis to other melano-

cytic lesions, lack of prognostic markers, and no efficient

treatment of advanced melanoma pose problems. Detection

and targeting of proteases may represent a useful tool since

they play a role in tumor cell metabolism, invasion, angi-

ogenesis and metastasis. This review gives an overview of

the role of proteases in development and progression of

cutaneous malignant melanoma. In addition, regulation,

activation, and interaction of proteases and their inhibitors

are explained for tumors in general. The potential use of

proteases as differential markers for melanoma mimicking

melanocytic lesions, as biomarkers in tissues, and as

prognostic serum markers is discussed. Current and future

possibilities to target tumor proteases in therapy are

presented.
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Abbreviations

CMM Cutaneous malignant melanoma

RGP Radial growth phase

VGP Vertical growth phase

ECM Extracellular matrix

MMP Matrix metalloproteinase

MT-MMPs Membrane-type MMPs

ADAM A disintegrin and metalloproteinase

ADAMTS A disintegrin and metalloproteinase with

thrombospondin motifs

TIMP Tissue inhibitor of metalloproteinases

PAI Plasminogen activator inhibitor

uPAR Urokinase plasminogen activator receptor

tPA Tissue-type plasminogen activator

uPA Urokinase plasminogen activator

DPP IV Dipeptidyl peptidase IV

cat Cathepsin

Epidemiology and prognosis

Cutaneous malignant melanoma (CMM) is a malignant

melanocytic lesion with an incidence in the order of

3–7%/year for fair-skinned Caucasian populations [1].

Mortality rates are stable in some countries (USA, Australia,

Nordic countries, UK, Canada) and increase in other coun-

tries (central and southern European countries) [2]. The

prognosis of melanoma is inversely correlated to the thick-

ness of the lesion according to the Breslow index [3, 4]. This

index gives the distance (in mm) from the stratum granu-

losum to the tumor cells at the invasion front ([5], Fig. 1).

Survival is strongly associated with thickness of tumor at

time of diagnosis. Data from the Scottish Melanoma Group

showed that 5-year survival for patients with melanoma

thinner than 1.5 mm was 93% among males and 97%

among females. Patients with thicker melanomas (particu-

larly more than 3.5 mm) had a decreased survival rate.
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Five-year survival in patients with melanoma thicker than

3.5 mm was 47% in men and 55% in women [6]. Numerous

trials on advanced melanoma showed that current thera-

peutic options with chemotherapy, immunostimulants, and

vaccines are not effective [7].

Why study proteases expression in melanoma?

The role of proteases in melanoma and other melanocytic

lesions has been investigated over the last decades with the

focus (1) on their roles in the development of melanoma, (2)

as tissue biomarkers in the differential diagnosis of melano-

cytic lesions, and (3) as therapeutic targets for melanoma

therapy. The effect of protease inhibitors in tumor therapy

was found to be generally unconvincing [8–10]. As for

melanomas, the effect of proteases as markers for differential

diagnosis or as prognostic markers is relevant from a clinical

standpoint. This review intends to summarize the importance

of different types of proteases in this area and to suggest new

therapeutic options for proteases.

Melanoma develop in a multi-step model first described

by Clark and Elder ([11]; Fig. 1). This model describes

melanoma development as a continuum of transformation

of the melanocytes, melanocytic dysplasia, and melanoma

formation. The outlined steps involve genotypic alterations

including loss of tumor suppressor genes, microsatellite

instability, and alterations of the mismatch repair system.

Progressive transformation is accompanied by increases in

the thickness of the melanocytic lesion. Melanoma

thickness, according to the Breslow index, is still the most

predictive parameter for prognosis and survival of the

patient [5]. This classic model serves to outline the

increased likelihood of metastasis in thicker lesions. This

theory, however, cannot explain why the majority of mel-

anomas arise in healthy skin without nevi as precursors.

This phenomenon can be better explained by the tumor

stem cell concept; which states that mutated melanocyte

stem cells or immature progenitors give rise to melanoma

lesions. According to this theory, the melanoma progenitor

is located in the dermis—the presumed reservoirs of these

cells are the hair bulbs. Thin melanomas are highly

attracted to the epidermis and migrate upwards. More

aggressive melanoma cells become less growth factor-

dependent and can also grow in other environments [12].

Tumor stem cells or ‘tumor-initiating cells’ have been

identified in many types of blood and solid cancers.

Potential candidates for melanoma stem cells are mela-

noma cells positive for the neuronal stem cell marker

CD133 and the ATP-binding cassette subfamily B member

5 (CD133?/ABCB5? cells), which make up 1.6–20.4% of

the melanoma cell population, and induce tumors in syn-

geneic mice whereas the ABCB5 negative cells do not

[13].

Protease activity was determined with the expectation

that prominent changes in their activities mark the decisive

step from non-invasive to invasive lesions and reveal sig-

naling pathways important to this transformation.

In accordance with the above, the detection or marked

increase in the expression of a given protease could be used

Fig. 1 Transformation of nevus to melanoma according to the model

developed by Clark and Elder. Melanocytic nevi progressively

transform into melanocytic atypia, radial growth melanoma with in

situ growth only, vertical growth melanoma and metastatic mela-

noma. Upward (pagetoid) spread of melanocytes is not seen

predominantly or exclusively in the vertical growth phase. Metastatic

melanoma is characterized by invasion of melanoma cells into blood

and lymph vessels (arrowheads). The Breslow index, indicating the

distance (in mm) from the stratum granulosum to the tumor cells at

the invasion front, reflects the increase in malignancy at the transition

from the radial to the vertical growth phase
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as a biomarker for malignant melanocytic lesions or to help

in the differential diagnosis of these lesions. Several mel-

anocytic lesions, especially ancient nevi, balloon nevi, blue

nevi, combined nevi, congenital nevi, deep penetrating

nevi, Clark’s nevi (dysplastic nevi), spindle and epitheloid

cell (Spitz) nevi, Halo nevi, recurrent nevi and genital nevi,

cause diagnostic problems. Some of these melanoma

mimicking lesions like congenital nevi in infants, Spitz

nevi and recurrent nevi are not benign but have an inde-

terminate biological potential [14]. Because of the dramatic

differences in treatment and prognosis, it would be very

helpful if proteases expression could differentiate between

malignant and benign lesions.

Proteases in melanoma

Classification of proteases

The term protease, proteinase, or peptidase describes a

group of enzymes that catalyse the hydrolysis of covalent

peptidic bonds. Proteases are classified according to the

catalytic reaction, the chemical nature of the catalytic site

and the cellular location. Depending on the location of the

enzymatic action, proteases are either exopeptidases or

endopeptidases. Exopeptidases cleave peptide bonds at the

amino terminus (aminopeptidase) or the carboxy terminus

(carboxypeptidase) of a peptide substrate. Endopeptidases

cleave peptide bonds in the inner region of the polypeptide

chains.

Serine-type peptidases have a so-called ‘catalytic triad’

consisting of serine, aspartic acid and histidine. Cysteine-

type peptidases like cathepsins (cats) B, L, and S have a

cysteine residue, aspartic-type endoproteinases have two

aspartic acid residues in the active centre, and the

metalloproteinases use a metal ion (commonly zinc) in the

catalytic mechanism. Additional classes comprise threo-

nine and glutamic acid proteases.

Peptidases may be secreted in the extracellular matrix,

act attached to the plasma membrane, or exist as soluble or

membrane-associated (lysosomal) proteases inside the cell.

Prominent players in tumor progression, invasion

and metastasis

Proteases have a complex role in tumor progression; they

degrade the extracellular matrix (‘matrix remodeling’), and

they regulate proliferation, motility, cell survival and

angiogenesis. Their action is crucial to the formation

of metastases. Metastasis includes (1) degradation of

the extracellular matrix (ECM), (2) invasion in blood or

lymph vessels and extravasations from vessels, and (3)

angiogenesis.

Degradation of the ECM starts with the removal of gly-

coproteins, which protect collagen against proteolytic attack,

and is followed by the degradation of native collagen. During

proteolytic break-down of the ECM some ECM-bound

growth factors such as basic fibroblast growth factor (FGF),

epithelial growth factor (EGF), tumor growth factor-beta

(TGF-beta) and vascular endothelial growth factor (VEGF)

may be liberated and act pro-angiogenic (e.g., in skin tumors:

[15]). Membrane-associated proteases are key players in

these processes. Most representatives belong to the groups of

serine proteases and to the metalloproteinases (MMPs). Cats,

which can be located in lysosomes and at the plasma mem-

brane of tumor cells, are effective in intra- and extracellular

degradation of ECM compounds. Besides proteolytic break-

down of the ECM these proteases activate each other

(Fig. 2). CatB and catL, both activated by catD, activate the

urokinase plasminogen activator. Plasmin and catB then

activate various metalloproteinases. Proteases of stromal

cells, like leukocytes, act in combination with tumor cells in

the degradation of collagen type IV to allow penetration into

the vessel [16, 17]. During extravasation and ECM remod-

eling at the metastatic site similar proteases are active.

Increased proteolytic activity, as well as basal inhibitor

levels, can promote tumor expression. Neither complete

lack nor over-expression of the protease inhibitor plasmin

activator inhibitor 1 (PAI-1) increase the metastatic

potential. The rationale for basal levels of inhibitors may

be that excessive degradation of the ECM is prevented. It

appears to be important for tumor progression that enough

substrate be left on which cancer cells can migrate [18].

The ‘seed and soil’ theory developed by Stephen Paget

[19] postulated for the first time the important role of the

microenvironment in metastasis formation. This theory was

the basis for studies on the interaction of tumor cells with

peritumoral and stromal cells. Stromal cells (fibroblasts,

inflammatory cells, endothelial cells and adipocytes),

which represent up to 90% of breast, pancreas and gastric

cancer, are critically important for tumor growth. Stromal

contribution affects growth factors in the extracellular

matrix and proteases, especially MMPs and cats [20].

Production of proteases by stromal cells usually helps to

promote tumor growth and dissemination. For some pro-

teases, the production of active proteases is an indication of

a functional immune system and corresponds to anti-tumor

action. High activity of the serine protease granzyme B in

natural killer cells indicates good anti-tumor action [21],

and leukocyte elastase secreted from polymorphonuclear

leukocytes acts as anti-tumorogenic by inactivation of

MMP-7 [22]. Protease production by stromal cells is

involved in a key step of tumor formation, the epithelial

mesenchymal transition of tumor cells. In this process,

E-cadherin is cleaved from the epithelial cells, mainly by

action of stromal MMP-3, MMP-7 and MT1-MMP
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activity. After loss of E-cadherin, cell–cell adhesion of

epithelial cells gets weaker and cells can migrate to other

locations and metastasize. Tumor cells produce extracel-

lular matrix metalloproteinase inducer (EMMPRIN/

CD147) to stimulate protease activity in stromal cells.

They also secrete colony-stimulating factor 1 to attract

neutrophils and macrophages [23].

Proteases most relevant to cancer progression in gen-

eral are metalloproteinases, serine, cysteine and aspartate

proteases.

Matrix metalloproteinases (MMPs)

Increased activities of MMPs have been detected in all

cancer lesions so far studied. The activity of MMPs is tightly

regulated by elements of transcription, pro-enzyme activa-

tion and inhibitors. All MMPs consist of a catalytic domain

and a hemopexin domain and are secreted into the extra-

cellular space (soluble MMPs). Membrane-type MMPs

(MT-MMPs), in addition to these domains, also possess a

transmembrane domain and a cytoplasmic tail. Soluble

MMPs are classified in three groups according to substrate

specificity: collagenases degrade fibrillar collagen, gelatin-

ases non-fibrillar and denaturated collagen, and stromelysins

proteoglycans and glycoproteins [24]. MT-MMPs are char-

acterized by their surface placement; they activate soluble

MMPs and growth factors in addition to degrading a large

variety of ECM molecules. The activation of the respective

pro-forms occurs in a specific multi-step process called the

‘cysteine switch’: a cysteine residue in the prodomain forms

a coordinate bond with zinc ion at the active site. Cleavage of

the prodomain results in opening of the active site by dis-

ruption of the zinc–cysteine bond and is followed by loss of

the amino-terminal prodomain [25]. Activation of Pro-

MMPs is depicted in Fig. 2. The most important member of

the MMPs family is MMP-2. Activation of MMPs at the cell

surface by MT-MMPs is a complex system where MT1-

MMP forms a complex with TIMP-2. Pro-MMP-2 binds to

this complex and a non-complex MT1-MMP molecule in the

vicinity activates MMP-2 ([26], Fig. 3). The MT1-MMP is

internalized and recycled to the plasma membrane or

degraded in the lysosome. Most MMPs have dual roles:

MMPs -2, -3, -7, -8, -9 and -11 can promote or inhibit growth,

invasion, angiogenesis or host defense. MMPs -12, -13, and

Fig. 2 Protease network at the cellular surface of tumor cells. Pro-

cathepsin (pro-CB) is attached via the annexin II/p11 heterotetramer

to the plasma membrane: p11 binds pro-CB at one site and

plasminogen at another; annexin II attaches the complex to the

plasma membrane. Cathepsin D (CD), which is activated by acid pH,

cathepsin G (CG) and tissue plasminogen activator (tPA) in the

presence of plasminogen cleave pro-CB to active CB. Pro-urokinase

plasminogen activator (uPA) is activated after binding to the

urokinase plasminogen activator receptor (uPAR) by active CB.

Thereafter, uPA activates plasminogen to plasmin. Plasmin cleaves

pro-MMP-1, -3, -12 and -13 to generate the respective active

enzymes. MMP-3 is also activated directly by CB. MMP-2 is

activated by combined action of MT1-MMP and TIMP-2 (see Fig. 3

for detail) and activates MMP-9. Degradation of ECM by CB,

plasmin and MMPs is inhibited by cystatins, PAIs and TIMPs,

respectively. Extra Extracellular space, PM plasma membrane, Intra
intracellular space
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-20 act more protectively whereas MMPs -14 (MT1-MMP),

-15 (MT2-MMP), -16 (MT3-MMP), -24 and -26 prevalently

promote tumors [27].

A disintegrin and metalloproteinase (ADAM) and a

disintegrin and metalloproteinase with thrombospondin

motifs (ADAMTS) are MT-MMPs. ADAM and ADAMTS

are membrane-spanning proteins which contain extracel-

lular domains such as the prodomain, the disintegrin, the

cysteine rich, the EGF like domain, and a cytoplasmic tail

for signaling [28]. ADAMs and ADAMTSs degrade few

ECM proteins but act as sheddases because they cut off or

shed extracellular portions of transmembrane proteins.

ADAM-12 is involved in tumor adhesion [29]; ADAM-10,

ADAM-15, ADAM-17 are involved in angiogenesis. AD-

AMTS-4 is directly implicated in angiogenesis [30].

Proteolytic activity of active metalloproteinases is reg-

ulated by tissue inhibitors of metalloproteinases (TIMPs)

TIMP-1, TIMP-2, TIMP-3, TIMP-4 and by b2 macro-

globulin. TIMP-1 is a typical MMP-inhibitor. TIMP-2 has

inhibiting and activating effects. TIMP-3 inhibits ADAMs

(see review [31]). TIMPs also display activities indepen-

dent from inhibition of MMPs such as promotion of cell

division (TIMP-1, TIMP-2), promotion of cell transfor-

mation (TIMP-3), pro- and anti-apoptotic effects (TIMP-3

and TIMP-1, respectively), and growth-inhibiting effects

(TIMP-1, TIMP-2). The negative effect of high TIMP-1

levels in cancer patients appears to be due to its anti-

apoptotic effect.

Joint expression of MMPs in tumor and stromal cells

promotes tumor progression [32, 33]. Adipocytes allow

Fig. 3 Activation of membrane-associated proteases relevant to

tumor propagation. a For activation of MMP-2, the tissue inhibitor

of metalloproteinases TIMP-2 binds to the catalytic domain of MT1-
MMP. MT1-MMP consists of catalytic domain, hemopexin, trans-

membrane domain and cytoplasmic tail. Pro-MMP-2 binds to TIMP-2

and the pro-peptide is cleaved by an adjacent active MT1-MMP

molecule without TIMP-2. b A disintegrin and metalloproteinases

(ADAMs) are composed of a pro-domain and the domains for MMP

activity, disintegrin, cysteine-rich, epithelial growth factor (EGF), act

like transmembrane domain and cytoplasmic tail. Similar to all MMPs

the Pro-domain is cleaved off by furin and other proprotein

convertases. c The urokinase plasminogen activator (uPA) system

consists of the uPA receptor (uPAR) attached to the plasma

membrane by a transmembrane domain, uPA and plasminogen

(Plg). This complex generates the active serine protease plasmin.

d Pro-cathepsin B (pro-CB) reaches the cell surface via caveolae,

lipid rafts with integrated caveolin 1 protein. Caveolae contain the

annexin II/p11 complex, where p11 interacts with pro-CB and

annexin II attaches the complex to the plasma membrane

( ). Activation of pro-CB is achieved by cathepsins D

and G and by the tissue plasminogen activator system (see Fig. 2 for

more detail). Extra Extracellular space, PM plasma membrane, Intra
intracellular space
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propagation of breast cancer cells by production of MMP-

11 [34]. Tumor-associated macrophages promote tumor

growth by production of MMP-9, uPA and catB [35]. The

absence of protease inhibitor production, for instance, of

TIMP-3, in stromal cells facilitates tumor invasion [36].

Role in CMM progression

Melanoma cells express MMP-1, MMP-2, MMP-9, MMP-

13, MT1-MMP (MMP-14) and TIMPs 1–3 [37] (Table 1).

High expression of MMP-1 and MMP-3 was correlated

with shorter disease-free survival in human melanoma [38]

and for MMP-2 a correlation between expression levels and

melanoma progression and metastasis is shown [39–42].

TIMP-2 immunoreactive cells co-expressing MMP-2 and

MT1-MMP are located at the invasion front of melanoma

[39], which shows that local proteolysis by MMPs is reg-

ulated in a similar way to other neoplasms. Hofmann et al.

[43] showed that, in a syngeneic mouse melanoma model,

tumor cells and stromal cells produce MMP-2 and MT1-

MMP. MMP-13 expression in melanoma is correlated to

high mitotic index and aggressiveness of the lesion; in

mice, MMP-13 expression of stromal cells is required for

invasion [44, 45]. MMP-21 is a marker for malignant

transformation and can serve as an indicator for prognosis

[46]. Although MMP-26 expression is increased in mela-

noma versus normal skin, melanoma cells themselves do

not express any MMP-26 [46, 47]. The neutral endopep-

tidase neprilysin (CD10) is increased in metastatic

melanoma [48]. Few studies address the role of ADAMs in

melanomas. ADAM-9 may play a role in melanoma pro-

gression as it is expressed exclusively at the invasion front

and, therefore, is expected to play a role in ECM remod-

elling [49].

Not all MMPs, however, promote tumor growth: in the

syngeneic mouse model, over-expression of MMP-8 in

melanoma cells decreased invasion into Matrigel as well as

formation of metastasis [50]. Mutations of the MMP-8 gene

Table 1 Putative role of proteases in melanoma

Class Name Role Reference

Metallo-proteinase MMP-1 Tumor progression, tissue marker for progression [38]

MMP-2 Tumor progression, tissue marker for melanoma-specific mortality [39, 63]

MMP-3 Tumor progression, tissue marker for progression [38]

MMP-7 Melanocyte differentiation marker [59]

MMP-8 Host defence, serum marker [50]

MMP-9 Malignant transformation or tumor progression [51, 54]

MMP-12 Host defence [56]

MMP-13 Invasion [45]

MMP-21 Malignant transformation [46]

MT1-MMP Invasion [39]

ADAM-9 Invasion [49]

CD10/neutral endopeptidase Tissue marker for progression [48]

Inhibitor TIMP-1 Tumor progression [57]

TIMP-3 Tumor progression [57]

Serine protease uPA Tumor progression, marker for malignancy [79, 80]

tPA Proliferation [83, 87]

CD26/DPP IV Melanocyte differentiation marker [90]

DPP II Proliferation [88]

Inhibitor Maspin Marker for benign lesions, suppressor of proliferation and invasion [92]

PAI-1 Tumor progression, blood marker for malignancy [79, 96]

Cysteine protease Cathepsin A Transformation [125]

Cathepsin B Tumor progression [106]

Cathepsin D Malignant transformation [123]

Cathepsin L Tumor progression [107]

Cathepsin K ECM degradation [126]

Cathepsin E Host defense [127]

Cathepsin H Host defense [91]

Inhibitor Cystatin C Host defense [118]
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are relatively common in melanoma patients and result in

loss of proteolytic activity. The role of MMP-9 in melanoma

progression is less clear. The expression pattern of MMP-9 in

human melanoma suggests a role in early transformation [51,

52]; in syngeneic mouse melanoma models, however, a

correlation of MMP-9 to the metastatic phenotype is sus-

pected [53, 54]. Activities from stromal cells are also

important for melanoma progression: MMP-9 and uPA from

macrophages and tumor cells, respectively, promote the

progression of melanoma cells in a syngeneic mouse model

[55]. Proteases from stromal cells, however, do not always

promote tumor progression: protease production by immune

cells reflects an intact, active immune system and can pre-

vent tumor progression. MMP-12, for instance, is

predominantly produced by tumor-associated macrophages

and protects mice against lung metastasis [56].

The inhibitors TIMP-1 and -3 are abundantly expressed

in the cancer and/or stromal cells of grade III and IV

melanoma, while TIMP-2 protein is also detected in mel-

anoma representing lower invasive potential [57]. On the

other hand, TIMPs may display a growth promoting effect

in melanoma cell lines [58].

Diagnostic markers

In tissues, the detection of MMP-7 was seen in nevi

inclusive Spitz nevi but not in melanoma, suggesting that

lack of expression coincides with malignant transforma-

tion. Immunohistochemical detection of MMP-7, therefore,

may serve as a tissue marker for benign melanocytic

lesions [59]. Spitz nevi are benign, acquired moles derived

from melanocytes (pigment cells) and cause concern

because they were often confused with melanoma. Staining

against MPP-7 can help for differential diagnosis.

No valid MMP serum markers have been identified so

far. Serum levels of MMP-8 were found to be higher in

aggressive melanomas but failed to be a valid prognostic

marker [60]. It might take wonder that the serum level of a

protective MMP enzyme could correlate with a more

aggressive melanoma phenotype, but MMP-8 in melanoma

patients is often mutated and shows loss of proteolytic

activity [61]. Neither TIMP-1 nor MMP-3 levels in serum

indicated invasion and metastasis in melanoma patients

according to a study by Tas et al. [62]. MMP-2 has no

predictive value as a serum marker but may be a valid

tissue biomarker for melanoma specific mortality [63]. It is

debatable, however, if the prognostic value of MMP-2 is

independent from tumor thickness [64].

Therapeutic target

In syngeneic mouse melanoma models, MMP inhibitors

show promising effects either as recombinant TIMP-2

molecules or as synthetic inhibitors prinomastat and

marimastat [65, 66]. Poor results, however, were obtained

in studies with patients: marimastat did not show any

beneficial effect in a phase II metastatic melanoma trial

[67].

Serine proteases

Serine proteases play an important role in cell migration

and invasion of tumor cells. The most relevant represen-

tative, plasmin, is released as plasminogen from the liver

into the circulation and activated by tissue plasminogen

activator (tPA), urokinase plasminogen activator (uPA)

and by factor XII. tPA is of minor importance to tumor

progression but uPA is involved in angiogenesis, tumor

growth and metastasis. The system comprises the serine

protease uPA, its membrane receptor, the urokinase

plasminogen activator receptor (uPAR), and the plas-

minogen activator inhibitors (PAIs) PAI-1 and PAI-2

belonging to the serine protease inhibitor family [68].

uPA is secreted as an inactive pro-form; it binds to the

uPAR and leads to the activation of plasminogen to

plasmin (Fig. 3). Plasmin can degrade various ECM

proteins with the exception of native collagen [69] and

activates several metalloproteinases (Fig. 3). uPA itself is

activated by cathepsins and elastase [70]. The binding of

uPA to the receptor increases the effectiveness of the

activation and localizes the proteolytic activity to the

invading front of the tumor. In addition to proteolysis,

the ligand–receptor complex results in the activation of

pro-oncogens [71]. Active uPA acts for only a short time

because it binds to its inhibitor PAI-1. The affinity of uPA

to PAI-1 is higher than to PAI-2. The uPA:PAI-1/uPAR

complex is internalized. The uPAR is released into the

plasma membrane and the uPA/PAI-1 complex is degra-

ded in the lysosomes. Both inhibitors act independently

from protease inhibition. PAI-1 modulates cell adhesion

and migration [72].

Also, for the action of serine proteases, the balance

between tumor and stroma proteases is decisive: it is sug-

gested that the role of PAI-1 in tumor angiogenesis

depends on the source (tumor cell or host cell), on the

concentration, and on the stage of tumor progression [73].

Deficiency of PAI-1 in the host prevents invasion of

grafted mouse skin cancer cells because new vessels cannot

penetrate [74].

The membrane-associated protease dipeptidyl peptidase

IV (DPP IV/CD26) acts by modification of the biological

activity of cytokines and vasoactive agents. Activity of

DPP IV is increased in neoplasms of liver, lung, thyroid

and B-cell lymphatic leukemia. Activity is increased in the

early stages of transformation of endometrial, ovarian,

prostate and thyroid carcinoma [75–78].
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Role in CMM progression

uPA and PAI-1 are up-regulated in thick versus thin mel-

anoma [79] (Table 1). In addition, in vitro and in vivo data

from B16 cells suggest that uPA is important for tumor

growth and invasion [80–82]. In melanocytic lesions, uPA

and PAI-1 are up-regulated in atypic nevi and melanoma

but not in benign nevi, which suggests that it is an early

stage in melanocyte transformation [83] and uPA and

PAI-1 cooperate in the migration of melanoma cells [84].

Cooperative action of MMPs and uPA in invasion of B 16

murine melanoma cells was reported [85] and character-

ized in more detail by Marconi et al. [55]. uPA and PAI-1

together are lower in thin melanoma in comparison to thick

melanoma [79, 86]. t-PA is also expressed in melanoma

cells. Its level, however, is not correlated to malignancy

[83, 87]. Similarly, dipeptidyl peptidase II is correlated to

proliferation but not to malignancy [88].

DPP IV inhibits invasion of melanoma cells into

Matrigel [89] and is down-regulated in transformed mela-

nocytes and in CMM tissue [90, 91]. For its action in

tumors, the proteolytic activity of DPP IV appears not to be

important [89]. Maspin, a member of the serine protease

inhibitor (serpin) family, acts as a suppressor of prolifera-

tion, migration and invasion [92]. Its expression is

significantly reduced in intermediate and thick melanoma

[93]. The expression is lost at the transition from radial to

vertical growth and expression is correlated to decreased

angiogenesis [94].

Diagnostic marker

For the differential diagnosis of melanocytic lesions, uPA

can be used because Spitz nevi do not express uPA whereas

melanoma do [95]. PAI-1 activity might be a biological

marker of increased metastatic risk [96]. PAI-1 decreases

adhesive strength of cells to the substrate and may thereby

promote tumor metastasis [97].

Therapeutic target

Although some pharmacological inhibitors of the uPA

system showed promising effects in animal models, only a

few of them have entered clinical trials [10]. Consequently,

studies on melanoma patients do not yet exist.

Cathepsins (Cats)

Cats are proteases, which are distinguished by their

structure, catalytic mechanism, and by the proteins they

cleave. Most members of the cat family are activated by

the low pH found in lysosomes; most of the cats’ family

activity can be found within these organelles. The

majority of this group’s members are cysteine proteases

(catB, catC, catH, catK, catL, catS and catV), other

aspartyl proteases (catD and catE) or serine proteases

(catA and catG). Cats may be associated with proton

pumps and lower pericellular pH for optimal activity. In

addition to proteolytic activation of MMPs (Fig. 2) they

can also degrade TIMP-1 and TIMP-2. CatB appears to

be the most important of all cathepsins in regards to

tumor progression. In tumor cells, cathepsins are not

located exclusively in lysosomes but occur also in the

cytoplasm and are secreted in the extracellular space [98].

One proposed mechanism for the secretion of cathepsins

involves the insulin-like growth factor 2 receptor/man-

nose-6-phosphate receptor, which is responsible for

lysosomal trafficking. When the insulin-like growth factor

2 receptor is down-regulated, lysosomal-targeted proteins

can be shunted to the secretory pathway [99]. Pro-catB is

bound to p11 of the annexin II heterotetramer. The

annexin II molecule mediates the attachment to the

membrane in the lipid raft (Fig. 3). It is suspected that

the extracellular location is important to cathepsins’ role

during invasion. Increases in catB mRNA expression,

protein levels and activity have been reported in advanced

lesions of many types of cancer. CatK has the strongest

elastinolytic and collagenolytic action and is mainly

involved in intracellular degradation of ECM in normal

cells [100]. Its activity is increased in various malignant

lesions and its association to proton pumps enables

enzymatic activity of secreted catK [101]. In some

tumors, catD acts as a mitogen, stimulates angiogenesis,

prevents the tumoricidal immune response and protects

against apoptosis [102, 103]. Production of cats by

peritumoral cells appears to increase invasive potential

[104]. In contrast to most cathepsins, the activity of catH

does not appear to correlate with malignancy [105].

For tumor progression, inhibition of cathepsin activity

by intracellular inhibitors (stefins) is less important than by

extracellular inhibitors (cystatins).

Role in CMM progression

CatB and catL have the highest expression levels in

CMM; a correlation of both cathepsins to melanoma

metastasis has been described [106, 107] (Table 1). High

levels of both cathepsins have been demonstrated in

tumor excidates [108] and in mouse models [109].

Activity of these cathepsins in melanoma is regulated by

increased transcription, formation of alternative splicing

products, and secretion of cathepsins into the extracellular

space [110–113]. The importance of the extracellular

location of the cathepsins was demonstrated in patient

samples and in mouse models [107, 114, 115]. Regulation

and relative levels of cat activities differ between
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melanoma and other skin tumors [116]. Tissue expression

of catB was increased in patients with poor prognosis

[117]. Secretion of cats by melanoma cells is increased by

a low pericellular pH [118]. In the melanoma mouse

model, catB is more important for tumor progression than

catL [119]. In vivo studies with genetically manipulated

cell lines showed that catB and catL are involved in

invasion into Matrigel and metastasis in vivo [120, 121].

CatB and catL are also expressed by stromal cells and

promote tumor progression of melanomas. Fibroblasts

isolated from melanoma display higher activity for catB

[122] suggesting that tumor cells stimulate catB activity

in stroma cells.

CatD appears to play a role in the transition from pre-

malignant to malignant lesions and in the invasion front

of melanoma [123, 124]. CatA activities in cell lysates

from different melanocytic lesions showed that levels

were highest in metastatic melanoma followed by pri-

mary melanoma and dysplastic nevi [125]. Expression of

catK is higher in melanoma and nevus cells and inhibi-

tion of catK decreases invasion of melanoma cells in

Matrigel. Nevertheless, catK is unlikely to promote

invasion of melanoma because tumor pH is too high to

allow extra-cellular action of catK [126]. In contrast to

catB and catL, data on the immunohistochemical distri-

bution of catH in human melanomas and experiments on

the action of mouse melanoma cells in catE-deficient

mice suggest inhibition of progression by these proteases

in melanoma [91, 127]. The anti-tumor action has been

investigated in more detail for catE: the protease is

predominantly expressed in cells of the immune system

and secreted by activated phagocytes. It is suspected that

catE induces apoptosis of tumor cells by proteolytic

release of tumor necrosis factor-related apoptosis induc-

ing ligand (TRAIL) from the cell surface. In addition,

tumor-associated macrophage-mediated cytotoxicity may

play a role [127].

Cysteine protease inhibitors in melanoma were identi-

fied by Tsushima et al. [128]. Among these inhibitors,

cystatin C is the most potent and the most prominent in

melanoma [129]. In animal models, inhibitors of cysteine

proteases have a beneficial effect on invasiveness [118].

Diagnostic marker

Serum levels of cathepsins can be used as prognostic

parameters for a subset of melanoma patients because

increased catB and catH levels have been correlated with

shorter overall survival rates in patients with advanced

melanoma [130]. The ratio of catB-like activity to cysteine

protease inhibitor was significantly higher in melanoma

than in pigmented nevi and appears to predict the prognosis

of melanoma [131].

Therapeutic target

Efficacy in animal experiments has been shown for the cat

inhibitor JPMOEt [132]. This compound is a cell-perme-

able ethyl ester, which is converted to the carboxylic acid

in vivo by serum esterases. It is supposed that cell-imper-

meable carboxyl ester preferentially targets extracellular

cat and does not inhibit lysosomal cats in normal cells.

Gene therapy by cystatin C over-expression in melanoma is

effective in animal experiments [133].

New therapies involving tumor proteases

Although much is known about the role and regulation of

proteases, no protease inhibitor is approved for cancer

treatment. Inhibitors of the uPA system have not yet

entered clinical trials [10] and inhibitors of MMPs do not

show convincing results in clinical trials [134].

Targeting therapies, which take advantage of abnormal

traits in the tumor, may also offer new opportunities for

protease inhibitors. Efficacy of targeted therapy has been

demonstrated by both the antibody Trastuzumab and the

small molecule tyrosine inhibitor Lapatinib, both targeting

the surface antigen HER-2 [135].

As tumors are characterized by increased proteolytic

activity, several approaches have been taken in the

development of protease-activated pro-drugs. This con-

cept is based on the linkage of an endoproteinase

cleavable peptide sequence to a potent therapeutic agent.

The best effects in animal experiments were obtained

with PRX302, a bacterial cytolytic pore-forming protein

activated by the serine protease prostate-specific antigen

[136]. Encouraging results were also obtained by appli-

cation of MMP-activated Anthrax Lethal Toxin in mice

inoculated with melanoma B16 cells [137]. In general,

however, use of MMP cleavable peptides was less

promising [138]. One reason for this failure is overlapping

substrate specificity of the proteases: one substrate may be

cleaved by different (types) of proteases. Additionally,

protease activities with anti-tumor effects, such as the

processing of anti-angiogenic factors, are inhibited to a

similar degree as tumor-promoting ones. Furthermore,

other proteases may take over the activities of the

inhibited proteases. The use of cell-impermeable inhibi-

tors such as JPMOEt, which has a certain degree of

selective action on tumor cells, can restrict the action to

the altered lysosomal protease but is not applicable to

membrane-associated proteases.

A further promising option may be to target hypoxia. In

hypoxic regions, activities of uPA, catB, MMP-2, MT1-

MMP, MMP-9 and MMP-7 in tumor cells have been shown

to be increased [139–141]. Immune cells, on the contrary,
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show a decreased activity of MMP-9 and MT1-MMP in

hypoxic regions [142]. The success of targeting hypoxic

cells was demonstrated by Miyake et al. [143]. They

observed down-regulated MMP-9 and uPA activities

together with decreased tumor progression upon treatment

of xenografts from rectal cancer with the radiosensitizer

TX-1877. The effect could also be achieved by delivery of

a protease inhibitor to the hypoxic region. The delivery of

relatively high amounts of inhibitor to regions of low pH

can be achieved by the use of pH sensitive nanoparticles

loaded with the inhibitor. Polyethylene glycol (poly-histi-

dine)-based micelles, pullulan acetate/sulfadimethioxine

hydrogels and poly(ethylene oxide)-modified poly(b-amino-

ester) carriers are pH sensitive and can deliver drugs to

tumors [144–146].

A completely different approach would be to increase

proteolytic activity, based on the finding that a complete

lack of protease inhibitors like cystatin C and PAI-1 also

reduces the number of metastases in mice [18, 147]. The

decreased number of metastasis of inoculated tumor cells

in mice after rectal application of papain-like proteases

shows the same trend [148]. Surprisingly, increase in

protease activity does not need to be restricted to the tumor

region as it acts at the systemic level. It can be presumed

that the microenvironment is changed by the global

increase in the proteolytic activity. The restricted capacity

of the tumor to react to the changed environment may be

responsible for the anti-tumorigenic action of the systemic

protease application.

Conclusion

a. The role of proteases in melanoma is similarly com-

plex to its role in other types of tumors: (1) many

proteases act twofold, as effectors and as activators to

other proteases; (2) not only the amount of a given

protease but also the level of its inhibitor is important

to its effect; (3) proteases of the same class may dis-

play tumor-promoting and tumor-suppressing effects;

and (4) protease expression of tumor and stromal cells

determines the fate of the tumor.

b. For differential diagnosis of melanoma mimicking

melanocytic lesions, few markers appear to be suited.

Loss of DPP IV in melanocytic lesions indicates

transformation. uPA expression may differentiate

melanoma mimic lesions such as Spitz’ nevus from

melanoma. The value of MMP-2 as independent tissue

biomarker marker is still under debate. In plasma,

PAI-1 may serve as a marker for metastatic melanoma.

c. The use of protease inhibitors may be an efficient anti-

tumor approach if selectivity of the tumor cells can be

assured. This appears to be possible either by proteases

with abnormal cellular localization (e.g., catB) or by

delivery of the inhibitor to regions with acidic pH (pH

sensitive nanoparticles). Because over-expression of

proteases also has a negative effect on tumor progres-

sion, it may be worth stimulating proteolytic activity in

the tumor region.
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