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1.1 Introduction 
 
Metzincins are a ubiquitously expressed family of multi-domain zinc (II)-dependent 
endopeptidases1 whose members include well-known metalloproteases such as the Matrix 
Metalloproteases (MMPs)2, the A Disintegrin And Metalloproteases (ADAMs)3, the 
ADAMs with a thrombospondin motif (ADAMTS)4, the bacterial serralysins5 and proteases 
such as the astacins (including the meprins)6,7. This superfamily of proteases is defined by 
the presence of a Zn2+ ion at the catalytic centre which is coordinated by three histidine 
residues in the zinc binding consensus sequence HExxHxxGxxH that is present in all 
proteolytically active metzincins, and a characteristic, strictly conserved methionine 
containing tight 1,4 beta turn forming a hydrophobic cleft for the catalytic zinc ion8. 
Catalysis of protein substrates is (most probably) carried out via a general base mechanism 
involving activation of a zinc-bound water molecule by the carboxylate group of the 
conserved glutamate residue in the catalytic pocket followed by attack of water on the 
polarized carbonyl group in the substrate’s scissile bond9. 
The main physiological function of these proteases lies in the modulation and regulation of 
extracellular matrix (ECM) turnover by either direct proteolytic degradation of the ECM 
proteins (e.g. collagen, proteoglycans and fibronectin)10 or by liberation of biologically 
active proteins such as cytokines, growth factors and chemokines from their membrane-
anchored proforms (so-called shedding). 
 
1.2 Matrix metalloproteinases 
 
The largest human subfamily of the metzincins is the matrix metalloproteases or matrixins 
(see table 1) which consists of 23 distinct proteases in human (24 in mouse). The first MMP 
identified in 1962 as the protease responsible for the degradation of fibrillar collagen in 
tadpole tails during metamorphosis was dubbed interstitial collagenase11. After 
identification of a similar collagenase in human skin, this protease was renamed MMP-1. 
MMPs have since been identified as the major enzymes responsible for turnover of 
extracellular matrix by proteolytic degradation of virtually all proteinaceous components of 
the ECM10. 
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Figure 1 
Schematic representation of the domain structure of metzincin proteases 
A: signal peptide; B: prodomain; C: catalytic domain; D: hemopexin-like domain; E: fibronectin type 
II insert; F: transmembrane domain; G: cytoplasmic tail; H: disintegrin domain; I: cysteine-rich 
domain; J: EGF-like domain, K: thrombospondin type I-like repeat, L: spacer region. 
 
MMPs are largely excreted proteins with several conserved domains (see figure 1). All 
MMPs contain the catalytic domain, which is shielded off in the inactive form of the 
enzyme by the prodomain. This propeptide interacts with the catalytic region through a 
conserved cysteine residue and the Zn2+ ion in the catalytic pocket (the so-called cysteine 
switch)12,13. Except for MMP-7, MMP-23 and MMP-26 all MMPs contain a C-terminal 
hemopexin-like domain which functions primarily as a recognition sequence for the 
substrate14. Although MMPs retain catalytic activity towards a wide range of substrates 
when missing this domain, the hemopexin domain, which is structured like a four-bladed 
propeller structure with each blade consisting of 4 antiparallel β-sheets and 1 α-helix, is an 
absolute necessity for the degradation of triple helical collagens15. The gelatinases (MMP-2 
and -9) further contain a series of three fibronectin type II inserts in the catalytic domain 
which facilitate binding of gelatine and collagen16. 
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Table 1: Overview of the 23 identified human matrix metalloproteinases and their common names.  
 

MMP Alternative name MMP Alternative name 

1 Collagenase-1 
Interstitial collagenase 

16 Membrane type-3 MMP 

2 Gelatinase A 
72 kDa type IV collagenase 

17 Membrane type-4 MMP 

3 Stromelysin-1 
Transin-1 

19 Human orthologue of Xenopus 
MMP-18 

7 Matrilysin 
Pump-1 

20 Enamelysin 

8 Collagenase-2 
Neutrophil collagenase 

21 Human orthologue of Xenopus 
xMMP 

9 Gelatinase B 
92 kDa type IV collagenase 

23 Cysteine array MMP 
Femalysin 
MMP-22 

10 Stromelysin-2 24 Membrane type-5 MMP 

11 Stromelysin-3 25 Membrane type-6 MMP 
Leukolysin 

12 Macrophage metallo-elastase 26 Matrilysin-2 / endometase 

13 Collagenase-3 27 None 

14 Membrane type-1 MMP 28 Epilysin 

15 Membrane type-2 MMP   

 
MMP function is regulated at several levels. Firstly induction of gene expression is 
controlled by a number growth factors and cytokines, and may be suppressed by 
transforming growth factor β and glucocorticoids2,17. Besides soluble factors, MMP 
expression may also be regulated by cell-cell contact or interaction of cells with ECM 
components such as EMMPRIN (extracellular matrix metalloproteinase inducer or 
CD147)18. The expressed MMPs are largely excreted as inactive zymogens with the 
propeptide effectively limiting entrance into and catalysis of a substrate in the catalytic 
pocket by blocking the catalytic zinc (II) ion via the cysteine-switch mechanism. Activation 
of proMMPs can occur through several mechanisms (reviewed in 19) that all lead to 
disruption of the cysteine switch. Perhaps the most important mechanism is proteolytic 
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removal of the prodomain by other endopeptidases such as furin20. Removal of the 
prodomain of MMPs, which contains a furin-like proprotein convertase recognition site 
(RRKR or RxKR), has been described for 9 MMPs including all membrane-type MMPs. 
Alternatively the prodomain can be proteolytically removed by plasmin and other serine 
proteases, or even other MMPs. This mechanism is well described for MMP-2 where the 
proMMP2 binds the endogenous MMP inhibitor TIMP-2 (tissue inhibitor of 
metalloproteinases 2). This complex in turn functions as a ligand for the membrane-bound 
MMP-14 (or membrane-type 1 MMP) leading to activation of MMP-221. 
The cysteine switch may also be broken by chemical reactions, either physiologically by 
oxidation of the cysteine by reactive oxygen species, or artificially by mercury-containing 
compounds such as 4-aminophenylmercuric acetate (APMA) or denaturing surfactants such 
as sodium dodecyl sulphate (SDS). This disruption of the thiol-zinc interaction leads to 
allosteric relocation of the prodomain leading to active forms of the enzyme with the 
propeptide still attached or to autoproteolytic removal of the relocated prodomain. 
MMPs are inhibited by the general protease inhibitor α2-macroglobulin and a small family 
of natural inhibitors specifically geared towards inhibiting metalloprotease activity. These 
TIMPs are a group of 4 proteins (21-30 kDa in size) that as a group effectively inhibit all 
MMPs in vivo22.   
Excreted MMPs are generally classified according to their substrate specificity, leading to 
four classes: the collagenases (MMP-1, -8 and -13), the gelatinases (MMP-2 and -9), the 
stromelysins (MMP-3, -10 and -11) and a heterogeneous rest group containing matrilysin 
(MMP-7), metallo-elastase (MMP-12), enamelysin (MMP-20), endometase (MMP-26) and 
epilysin (MMP-28). In this nomenclature the membrane anchored MMPs (MMP-14, -15, -
16, -17, -24 and -25) are considered a separate class. An alternate classification arranges the 
MMPs according to their domain structure23. 
 
1.2.1 Collagenases 
 
MMP-1 
MMP-1 or collagenase-1 was the first described matrix metalloprotease and has sparked a 
large volume of research on the physiological and pathological role of MMPs. MMP-1 is a 
secreted enzyme and contains the hemopexin-like domain necessary for degradation of 
triple helical collagens. ProMMP-1 is probably activated via a two-step proteolytic process 
involving either mast cell tryptase24 or urokinase25 and MMP-3. Mature collagenase-1 can 
be found as two distinct forms: a major 57 kDa species and a minor, glycosylated 61 kDa 
form26. The active enzyme is inhibited by TIMP-1. 
MMP-1 has a wide substrate specificity and is capable of degradation of aggrecan, versican, 
perlecan, casein, nidogen, serpins and tenascin-C27. Since MMP-1 does contain the 
hemopexin domain, it is one of the MMPs capable of proteolytic cleavage of fibrillar 
collagen leading to unwinding of the triple-helical structure leaving the collagen (or 
gelatine) highly susceptible to degradation by other proteases. Proteolysis by MMP-1 has 
been implicated in release of membrane-anchored proforms of insulin growth-factor 
binding proteins (IGFBP-3 and -5), IL-1β and L-selectin, amongst others27. 
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Since mice lack a clear orthologue of human MMP-1 definition of the physiological role by 
creating knock-out mice has not been possible, but transgenic mice which express human 
MMP-1 are known to develop lung emphysema, indicating a possible role for MMP-1 in 
development of this disease28.  Other experiments with transgenic mouse strains have 
revealed development of skin disorders such as hyperkeratosis, and bone growth 
retardation29,30. Since MMP-1 appears to play a key role in turnover of ECM, deregulation 
of MMP-1 activity has been hypothesized to be involved in various diseases where 
excessive or insufficient ECM turnover is involved, such as arthritis31,32, cancer33,34, wound 
healing disorders35, and fibrotic diseases36. Although many studies have found a positive 
correlation between MMP-1 expression and disease it has proven difficult to clearly 
identify MMP-1 as a systemic marker of the investigated disease. Experiments with local 
sampling have proven more accurate, for instance in analysis of MMP-1 in synovial fluid of 
rheumatoid arthritis patients where MMP-1 level correlated with inflammatory activity37,38. 
 
MMP-8 
MMP-8 (neutrophil collagenase or collagenase-2) is very similar to MMP-1 in structure and 
physiological function, although subtle differences in substrate selectivity exist. MMP-8 
has a stronger affinity towards type I collagen than MMP-1, while MMP-1 preferentially 
cleaves type III collagen39. Neutrophil collagenase was first described in 1990 when it was 
cloned from neutrophils obtained from a patient with granulocytic leukaemia40. Contrary to 
MMP-1, MMP-8 is not released immediately after synthesis, but rather stored in specific 
granules that release the active enzyme upon stimulation41. As with MMP-1, MMP-8 can be 
activated by proteolytic removal of the propeptide by stromelysin-1 (MMP-3), but also by 
matrilysin (MMP-7)42. The mature enzyme is 64 kDa in size, with glycosylation increasing 
the size to 75 kDa. Autoproteolytic degradation has been described, yielding a 40 kDa 
fragment, which retains catalytic activity, but does not cleave fibrillar collagen. MMP-8 
activity can be inhibited by both endogenous inhibitors TIMP-1 and TIMP-243. 
MMP-8 seems to have an important function during embryogenesis and postpartum 
remodelling of uterine tissue, as demonstrated by expression studies in mice39. Collagenase-
2 has also been implicated as one of the major contributors to connective tissue turnover in 
inflammation due to oxidative auto-activation of the enzyme44. Experimental evidence has 
shown that purified MMP-8 is capable of degrading α1-proteinase inhibitor which could 
imply increased MMP-8 activity in the pathology associated with pulmonary emphysema45. 
The role of MMP-8 in cancer is interesting, since recent findings have suggested this MMP 
to have a protective effect by suppressing tumour metastasis46,47, and by aiding therapy by 
increasing the susceptibility to oncolytic viruses48. On the other hand studies have identified 
MMP-8 as a promoter of ovarian tumour proliferation49 and high MMP-8 expression seems 
to be an indicator for poor prognosis50. This contradicting evidence of the role of MMP-8 in 
cancer is an indication of the complex, and so far still poorly understood biological roles of 
MMPs. MMP-8 is further involved in various inflammatory processes, such as 
atherosclerosis, where both the expression as well as the protease activity is higher in 
vulnerable plaques than in stable plaques51,52, indicating that MMP-8 may be useful as a 
marker for plaque instability in atherosclerosis. 
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MMP-13 
MMP-13 (collagenase-3) is the latest human collagenase described in the literature. This 
enzyme exhibits preference towards cleavage of type II collagen, effectively completing the 
substrate spectrum of the collagenases. Collagenase-3 was first cloned from breast cancer 
tissue in 199453. MMP-13 expression can be influenced by a wide range of hormones and 
cytokines, such as parathyroid hormone (indicative of the important role of MMP-13 in 
bone development), insulin-like growth factors I and II, platelet derived growth factor, 
basic fibroblast growth factor, transforming growth factor β1 (interestingly both up- and 
downregulates MMP-13 expression depending on the tissue), interleukin-1 and -6, tumour 
necrosis factor α and many more54.  ProMMP-13 can be activated by auto-proteolysis or 
propeptide removal by various other MMPs like stromelysin-1 (MMP-3), yielding a mature 
enzyme of 48 kDa which in turn can be inhibited by TIMP-1, -2 and -355. Active MMP-13 
is a key factor in the activation pathway of several MMPs. Besides the TIMP route of 
inactivation, MMP-13 can bind to a specific receptor on the surface of osteoblasts and 
fibroblasts resulting in internalisation and degradation of the protease56. 
MMP-13 plays an important role in bone development and remodelling, as may be 
anticipated from its capability to cleave type II collagen (a major component of cartilage). 
This rather specific function is reflected in a limited expression profile of MMP-13 during 
development and adulthood, which is restricted to developing skeletal tissue.  
Contrary to the other collagenases, MMP-13 has a relatively high specific activity towards 
gelatine, indicating that the proteolytic role of MMP-13 expands past the first-step of 
cleavage of triple-helical collagens. Further identified substrates of MMP-13 include 
aggrecan and perlecan, TGFβ, biglycan, the large isoform of tenascin-C, fibrillin-1 and -2, 
fibrinogen and two serpins (α2-antichymotrypsin and plasminogen activator inhibitor-2)54. 
MMP-13 expression has been regularly described in literature as indicative of various 
cancerous processes including chondrosarcoma, breast cancer, head and neck tumours and 
melanoma57. In all cases high expression of MMP-13 seems to be related to aggressiveness 
of the tumour. 
Regarding the important role of MMP-13 in bone turnover it is not surprising that this 
enzyme has been linked to various bone-related diseases. Since MMP-13 degrades both 
type II collagen and aggrecan, it has been linked to cartilage destruction in rheumatoid and 
osteoarthritis58. The specialized role of MMP-13 in bone development and disease have 
made it an interesting target for selective MMP-13 inhibitors as therapeutic compounds59,60.  
 
1.2.2 Gelatinases 
 
MMP-2 
MMP-2 (gelatinase A, 72 kDa type IV collagenase) is one of the two described human 
gelatinases in the MMP family, named for their ability to proteolytically degrade gelatine 
(denatured collagen). MMP-2 is ubiquitously expressed as a 72 kDa zymogen and subject 
to extensive glycosylation. Expression of MMP-2 is constitutive and most pro-
inflammatory stimuli fail to increase the expression level since the gene, in contrast to that 
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of MMP-9, lacks binding sites for pro-inflammatory transcription factors such as activator 
protein-161.  
The MMP-2 zymogen is activated by the MMP-activation cascade depicted in figure 2. 
Under favourable stoichiometric conditions TIMP-2 complexes with proMMP-2 and this 
complex forms a ligand for the membrane-bound membrane type1-MMP which 
subsequently removes the prodomain of proMMP2 by proteolytic cleavage (aided by free 
active MMP-2) , yielding the truncated 64 kDa active enzyme62. If the concentration of 
TIMP-2 is too high, both MT1-MMP and active MMP-2 will be inhibited, and no further 
activation will ensue. Besides this activation pathway, proMMP2 can also be activated by 
thrombin and activated protein C63. 
MMP-2 differs from other MMPs in the fact that the catalytic domain contains cysteine-rich 
inserts that resemble the collagen binding regions of the type II repeats in fibronectin. 
These inserts are required for binding and cleavage of collagen and elastin64.  
The main function of MMP-2, as with other MMPs, lies in the degradation of extracellular 
matrix proteins. MMP-2 is capable of cleaving gelatine, type I, IV and V collagens, elastin 
and vitronectin65. Through their ability to degrade collagen in the vascular basal membranes 
the gelatinases are involved in neovascularization66 both under physiological conditions and 
in pathologies such as tumour metastasis. MMP-2 can also facilitate migration of cells by 
direct degradation of the basement membrane thus allowing infiltration of for instance 
neutrophils and lymphocytes, or liberation of chemo-attractants67. This latter process, 
named ‘ectodomain shedding’ is one of the important physiological functions of the 
membrane-bound ADAM proteases, but has also been described for many other members 
of the metzincin superfamily. MMP-2 has been known to be involved in both promoting 
and inhibiting inflammation by liberation of pro-inflammatory mediators (for instance the 
active form of interleukin-1β68), proteolytic degradation of chemoattractants (for instance 
transforming monocyte chemoattractant protein-3 into the truncated form with antagonistic 
properties on the CC chemokine receptor69) and a profound role in the chemotactic gradient 
that is necessary in clearance of recruited inflammatory cells from tissue70.  Recent 
evidence from proteomics studies show that the role of MMP-2 in processing of signalling 
proteins may be much greater than originally anticipated which, when confirmed for other 
MMPs could lead to a paradigm shift in the physiological role of these proteases71,72.   
Interestingly, MMP-2 knockout mice exhibit a normal phenotype under physiological 
conditions, although the animals do show different response patterns in allergen challenge 
which may be attributed to disturbance of the important role of clearing immune cells70. 
These findings indicate that MMP-2 function may be interchangeable with other 
metalloproteases, a hypothesis that is supported by the observation that expression of the 
second gelatinase, MMP-9 is greatly increased in MMP-2 null mice73. 
 
MMP-9 
MMP-9 (gelatinase B, 92 kDa type IV collagenase) was first discovered in neutrophils in 
197474. MMP-9 is expressed as a 92 kDa zymogen which can be activated to the 83 kDa 
mature enzyme. The larger size of MMP-9 relative to MMP-2 can be contributed to a 
heavily O-glycosylated collagen V-like insert that links the metalloprotease domain to the 
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hemopexin-like domain75. MMP-9 activation may be mediated by removal of the 
prodomain by serine proteases or other MMPs76, or may be a direct response to oxidative 
stress which disrupts the cysteine switch77. As expected, a considerable overlap exists in the 
substrates degraded by MMP-2 and -9, but MMP-9 is incapable of direct proteolysis of 
collagen I65.  
MMP-9 has been described to release the biologically active form of vascular endothelial 
growth factor (VEGF) which plays an important role in angiogenesis. This process is 
complemented by the direct proteolytic degradation of the vascular basement membrane 
proteins, indicating that MMP-9 (even more than MMP-2) may play a crucial role in the 
formation of new blood vessels78. MMP-9 further has an important role in migration of 
immune cells as demonstrated by the reduced presence of neutrophils, lymphocytes and 
dendritic cells in brochoalveolary lavage fluid (BALF) of MMP-9 knockout mice after 
antigen challenge79. MMP-9 null mice show decreased fertility since MMP-9 is crucial in 
several stages of the female reproductive cycle (implantation of the embryo and the 
remodelling of endometrial tissue that occurs during the menstrual cycle)80. Absence of 
MMP-9 also leads to disorders in bone development, specifically delayed bone ossification 
due to insufficient angiogenesis in growth plates81 and reduced osteoclast recruitment82. 
The biological role of MMP-9 is extensively reviewed in 83.  
As MMP-2, MMP-9 is capable of processing cytokines and chemokines. MMP-9 cleaves 
interleukin-8 to its more potent truncated form,  activates IL-1β and transforming growth 
factor β65. Where MMP-2 is naturally inhibited by TIMP-2, MMP-9 is mostly inhibited by 
TIMP-184. Contrary to MMP-2 which is expressed ubiquitously under physiological 
conditions, MMP-9 is only present constitutively in neutrophils85 where it is stored in 
granules to be rapidly released after stimulation. Expression in many other cell types is 
inducible by (inflammatory) stimuli86, is increased in malignant cell lines and correlates 
with the metastatic potential87. Neutrophil-derived MMP-9 is distinguishable from other 
sources since it forms a covalent complex with neutrophil gelatinase B-associated lipocalin 
(NGAL)88.  
The role of gelatinases in pathology has been studied extensively, especially in lung 
diseases (reviewed in 65) and cancer (reviewed in e.g. 89 and 90). The amount of both 
gelatinases in BALF and sputum of patients suffering from chronic asthma is higher than in 
healthy individuals and this increase is hypothesized to be mainly due to gelatinases 
originating from eosinophils and epithelial cells91,92. This increase may be responsible for 
the characteristic tissue remodelling events observed in chronic asthma such as thickening 
of the basement membrane, smooth muscle tissue hypertrophy and reduced epithelial 
thickness. MMP-2 does not seem to play an important role in the pathophysiology of acute 
asthma, but MMP-9 and MMP-9/TIMP-1 ratio are increased in exacerbations of acute 
asthma79. This phenomenon may be explained by the presence of a pool of MMP-9 inside 
the neutrophils that is released during the asthmatic attack. Since neutrophils do not 
produce TIMP-1, degranulation leads to a strong increase in the local concentration of 
proteolytically active MMP-9 which may cause several of the symptoms observed in acute 
asthma such as airway obstruction due to desquamation of epithelial cells and increased 
mucus production by goblet cells65. 
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The relevance of gelatinases in the pathophysiology of chronic obstructive pulmonary 
disease (COPD) is not clear, but excess protease activity certainly plays an important role in 
development and progression of the disease. Sputum and BALF of patients contain high 
concentration of both MMP-2 and -9, and especially MMP-9 may be an important factor 
since MMP-9 activity not only causes ECM destruction itself, but has also been described 
to degrade α1-antitrypsin leading to increased activity of neutrophil elastase and cathepsin 
G65,93. MMP-9 is further capable of promoting infiltration of neutrophils (loaded with 
MMP-9 containing granules) by production of the biologically more active truncated form 
of IL-8, causing a vicious circle of MMP-9 activity in the diseased lung. Gelatinase 
presence and activity has been described as elevated in many other pulmonary diseases, 
such as cystic fibrosis, bronchiectasis, acute respiratory distress syndrome (ARDS) and 
infectious diseases (reviewed in 65 and 83). 
The obvious relation of gelatinases to tumour metastasis and angiogenesis has lead to a 
plethora of research papers on the role of MMP-2 and -9 in diverse malignant processes. 
This hypothesis was first affirmed by the observation that MMP-2 knockout mice show 
decreased tumour angiogenesis and progression94 and since then MMPs have been 
identified as important players in angiogenesis, growth and metastasis of tumours. 
The development of a new vascular system is necessary for development a tumour, since 
without new blood vessels the size of a tumour will be restricted. Gelatinases are primarily 
involved in this process by enabling proteolytic degradation of the vascular basal 
membrane, opening the way for endothelial migration to the formation of a new vessel95. 
MMP-2 is further capable of cleavage of laminin-5, which after degradation yields a cryptic 
site that increases endothelial cell migration95, and the release of VEGF by MMP-9 
stimulates angiogenesis not only under physiological conditions but also in cancer. Tumour 
growth can be stimulated by gelatinase activity since MMP-2 and -9 have been known to 
release growth factors96. Tumour metastasis is a process that involves release of single 
tumour cells, migration of these single cells to a vessel and penetration into the blood 
stream or lymph system and finally adhesion to vessel endothelium and extravasation into 
the tissue at the metastatic location. The ECM degrading properties of gelatinases are 
crucial in both exit of the metastatic cells from the bulk tumour as well as entrance into the 
new seeding site.   
Increased gelatinase expression and activity has been described in hundreds of publications 
describing malignant diseases ranging from breast cancer97, urogenital cancers98-100, brain 
tumours101, lung cancer102, skin cancer103 and many more. Interestingly many authors have 
found a positive correlation between gelatinase expression or activity and invasive potential 
of the tumour involved, again stressing the crucial role MMP-2 and -9 play in metastasis. A 
comprehensive review of the literature on gelatinase involvement in individual cancers is 
beyond the scope of this thesis, but excellent reviews are available(e.g. 83). 
Besides pulmonology and oncology gelatinase activity is under investigation in several 
other research fields. MMP-2 has been identified as a possible target in cardiovascular 
disease since it was identified as the protease responsible for degradation of the vasodilator 
peptide andrenomedullin, with one of the resulting fragment peptides having 
vasoconstrictive properties, possibly leading to hypertension104. 
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1.2.3 Stromelysins 
 
MMP-3 
MMP-3 or stromelysin-1 was the first described in 1985 as a 51 kDa protein secreted by 
rabbit fibroblasts105 that was able to degrade casein, and could be distinguished from 
collagenase by the inability to degrade type I collagen. More or less simultaneously a 
protease named transin was described in transformed rat cells, which later was identified to 
correspond to stromelysin106,107. Stromelysins have a basic MMP structure, with a 
hemopexin-like domain. The 51 kDa latent zymogen can be activated by proteolytic 
removal of the prodomain by for instance the serine proteases trypsin-2108 and 
matriptase109, yielding a 43 kDa active enzyme in humans. MMP-3 is upregulated by 
exposure to interleukin 1β, and downregulated by retinoic acid and dexamethasone110. 
The substrate specificity is broad and MMP-3 has been described to degrade many ECM 
proteins such as fibronectin, denatured collagens (gelatin), laminin and proteoglycans. 
MMP-3 is incapable of degrading triple helical collagens, but can cleave the globular 
portion of type IV collagen111. Besides degradation of ECM components MMP-3 is also 
involved in the activation cascade of the gelatinases and MMP-13 (see figure 2). The 
physiological function of MMP-3 is, surprisingly, not well described in literature, but is 
assumed to be mainly in turnover of extracellular matrix. MMP-3 is highly upregulated in 
mammary tissue during involution after the lactation period and seems to have a pro-
apoptotic effect112.  
In vitro experiments with cultured cells have identified some membrane-bound signalling 
proteins that may be released by MMP-3 (e.g. E-cadherin113 and Fas ligand114), but the 
physiological relevance of these finding is unclear. One well-described substrate of MMP-3 
is plasminogen activator inhibitor-1 (PAI-1)115, and proMMP-3 can form a complex with 
tissue-type plasminogen activator which increases the activity of t-PA116. These findings 
may be indicative of an important regulatory function of MMP-3 in the fibrinolytic 
pathway.  
MMP-3 has been described as a factor of importance in development of arthritis117,  
asthma118, aneurism119, impaired wound healing120, Alzheimer’s disease121 and various 
cancers122,123. Recent insights and studies demonstrate that association of MMP-3 with 
disease states (especially cancer) is difficult, as many newer studies do not find a positive 
correlation between MMP-3 and the disease. This observation may be (partially) explained 
by the function of MMP-3 as an activator of other MMPs which makes identification of the 
protease ‘culprit’ difficult. 
 
 
MMP-10 
The cloning of rat transin/MMP-3 in 1985 quickly lead to the identification of a second 
stromelysin. This protease, named transin-2124, and later identified in humans as 
stromelysin-2125 or MMP-10 has 82% sequence homology with MMP-3126. MMP-10 is 
secreted as a 53 kDa zymogen, and is activated to a 47 kDa mature protease. Originally, 
MMP-10 production was thought to be to be relatively unaffected by stimuli such as 
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cytokines and hormones127, but recent studies have shown results that indicate the 
contrary128. 
The physiological function of MMP-10 is poorly understood, with only a handful of 
publications dealing with characterization of this protease. The in-vitro substrate specificity 
seems similar to that of MMP-3, but catalytic activity towards type III, IV and V collagens 
is weaker129. Contrary to MMP-3, MMP-10 is not produced by fibroblasts, but is expressed 
in keratinocytes which in turn do not produce MMP-3130. MMP-10 seems to have an 
important role in skin wound healing and cellular migration, since it is primarily found at 
the front of the migrating epithelial ‘tongue’131 and has been observed in migrating 
enterocytes in inflammatory bowel disease132,133. MMP-10 is, in vitro, capable of 
processing laminin-5 which may be an additional mechanism in which the enzyme enables 
cellular migration134. 
Stromelysin-2 presence and activity at sites of resorption in developing bone has been 
demonstrated by histochemistry and casein in-situ zymography, and may play a role in the 
remodelling events taking place during ossification135. 
 
MMP-11 
The third human stromelysin is MMP-11, which was first described in 1990 in a breast 
carcinoma cDNA library136. Although MMP-11 is often categorized as a stromelysin, it is 
very different from the other two proteases in this group. Production of MMP-11 is highest 
in fibroblasts, and is particularly observed in remodelling tissues at later stages of the 
process. MMP-11 has been associated with many physiological processes where ECM 
remodelling occurs, such as during embryonic development, female reproductive cycle and 
wound healing. The 56 kDa MMP-11 zymogen is activated intracellularly by furin20 or 
paired basic amino acid cleaving enzyme-4 (PACE-4)137 and is secreted as a 47 kDa active 
protease. The physiological role of MMP-11 is unclear, but differs significantly from other 
MMPs. No major ECM proteins such as collagens, gelatin and fibronectin can be degraded 
by MMP-11, and contrary to many other MMPs, exhibits an anti-apoptotic effect. The 
biological mechanism underlying this effect is not known, but probably involves proteolytic 
cleavage of yet uncharacterized protein substrates that promote cell survival138. Several 
possible substrates of MMP-11 have been identified, mainly being protease inhibitors such 
as α1 proteinase inhibitor and α2 macroglobulin. MMP-11 further has a weak caseinolytic 
activity and has been shown to cleave insulin-like growth factor binding protein-1 (IGF-
BP-1) in a carcinoma cell line139. Recent research has demonstrated that although MMP-11 
does not cleave many ECM proteins, degradation of type VI collagen is one of the 
physiological functions and is related to inhibition of adipogenesis by stromelysin-3140. 
The relatively narrow and aberrant substrate specificity of MMP-11 probably stems from a 
mutation that occurred in the highly conserved methionine-turn. Whereas all other MMPs 
contain an MxP sequence in the met-turn, in MMP-11 the proline is replaced by an alanine. 
This substitution has a profound effect on the structure of the S’1 selectivity pocket leading 
to greatly changed substrate specificity141. 
Although the physiological role of MMP-11 is still poorly understood, the involvement of 
this enzyme in especially the early stages of the process of tumour formation and metastasis 
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has been thoroughly investigated (reviewed in e.g. 142). MMP-11 is rarely present in 
sarcoma tumours, but almost always expressed in carcinomas. An interesting observation is 
that the MMP-11 is produced not by the malignant cells themselves, but by the surrounding 
mesenchymal cells. High levels of MMP-11 have predictive value for tumour 
aggressiveness and low survival rate. MMP-11 plays a role in early invasion of the 
surrounding tissue by the tumour cells, a process which is dependent on the catalytic 
activity of the protease143. This is surprising since MMP-11 is not capable of degradation of 
the major ECM constituents. Cancer cell are able to stimulate nearby fibroblasts to produce 
MMP-11, a process which is associated with modification of the invaded ECM to a stroma 
phenotype by desmoplasia144. The anti-apoptotic effect of MMP-11 may play a role in 
establishment of the tumour, and early survival. MMP-11 deficient tumour exhibit higher 
levels of apoptosis, and implantation of experimental tumours is lower in MMP-11 null 
mice145. Although development of primary tumours is favourably affected by high MMP-11 
levels, the metastatic potential of MMP-11 expressing tumours seems to be lower. In 
experiments with MMP-11 null mice, the number and size of secondary tumours was 
greater than in wild type mice implanted with similar sized tumours, indicating a protective 
effect of MMP-11142. 
 
1.2.4 Membrane-type MMPs 
 
In addition to the soluble matrix metalloproteinases, a small group of membrane anchored 
MMPs has been described. The first member of this subfamily, MMP-14 or membrane 
type-1 MMP (MT1-MMP) was discovered only in 1994146 and cloning experiments have 
since revealed the existence of five additional MT-MMPs. The domain structure of MT1-
MMP is very similar to that of soluble MMPs (see figure 1) with the characteristic zinc 
binding catalytic domain, the prodomain in the inactive zymogen form of the protease, and 
a linked hemopexin-like domain, but most MT-MMPs are membrane-anchored by a single-
pass transmembrane domain, and contain an intracellular cytoplasmic tail that contain three 
putative phosphorylation sites and is presumed to have significance in localization of the 
enzyme on the cell surface147. All MT-MMPs described contain the furin-like recognition 
site in their prodomain, allowing activation of the zymogen by proteolytic removal of this 
domain by furin and other proprotein convertases148.    
 
MMP-14 
MT1-MMP is present at the cell surface as a 55-60 kDa active protease but may be 
processed by autocatalysis into a smaller species of 45 kDa by proteolytic removal of the 
catalytic domain. This truncated form, which still contains the hemopexin-like domain is 
assumed to play a role in autoregulation of MT1-MMP catalytic activity149. The substrate 
specificity of MT1-MMP is well described in literature (reviewed in 150). The enzyme is 
capable of proteolytic degradation of type I, II and II collagens following the characteristic 
cleavage pathway used by collagenases151, a finding that was corroborated by knockout 
experiments that confirmed the role of MT1-MMP as an important interstitial collagenase. 
MT1-MMP null mice die within 3 weeks, showing severe developmental abnormalities 
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related to deficiencies in ECM processing, such as dwarfism, skeletal dysplasia and 
defective vasularization152,153. MT1-MMP may be actually regulated by availability of type 
I collagen as a substrate, a hypothesis stating that migrating cells are triggered by clustering 
of cell surface integrins upon encountering a 3-dimensional collagen matrix leading to 
transcriptional activation of the MT1-MMP promotor154. Besides type I collagen, MT1-
MMP is capable of degradation of many other ECM components, such as fibronectin, 
vitronectin, tenascin, nidogen, aggrecan, fibrin, fibrinogen and laminin-5 (leading to a 
possible stimulation of cellular migration as described earlier)150. Although the major 
proteolytic function of MT1-MMP lies in cleavage of extracellular substrates, some studies 
indicate a role in intracellular proteolysis after incorporation and accumulation of active 
MT1-MMP in the centrosomal compartment where it could contribute to development of 
mitotic spindle changes by degradation of pericentrin155,156. This mechanism could give rise 
to a role for MT1-MMP in malignant transformation of cells. MT1-MMP has further been 
identified as a cell-surface sheddase, and is capable of cleavage of many membrane-
anchored proteins such as E- and N cadherin, integrins, hyaluronan receptor CD44, receptor 
activator of NF-κB ligand (RANKL) and several cell-surface proteoglycans and their 
receptors150. 
MT1-MMP was originally identified as the extracellular protease responsible for activation 
of proMMP-2, and this process remains the best described proteolytic function of the 
enzyme. In this process one of the subunits of an MT1-MMP dimer forms a trimeric 
complex with proMMP-2 and TIMP-2 at the cell surface leading to proteolytic removal of 
the propeptide of the MMP-2 zymogen by the ‘free’ MT1-MMP unit. Besides proMMP-2, 
also proMMP-13157 and proMMP-8158 have been identified as possible targets for activation 
by this mechanism, which could be complementary to the intrinsic collagenolytic activity of 
MT1-MMP. 
The role of MT1-MMP in cancer is manifold, but the involvement in angiogenesis is well 
described and demonstrated by the insufficient vascularization in knockout mice. Firstly 
MT1-MMP is capable of degradation of the deposited fibrin matrix after vascular injury, 
effectively disrupting the repair mechanism and allowing endothelial invasion159. MT1-
MMP may also be involved in migration of the endothelial cells into the ECM, by 
proteolytic degradation of the extracellular matrix proteins, and by processing of various 
adhesion molecules160. The formation and stabilization of the newly formed capillary tubes 
may also be dependent on MT1-MMp activity, as demonstrated by impaired capillary 
formation in knockout models and RNA interference experiments161. Finally, MT1-MMP is 
able to release vascular endothelial growth factor A (VEGF-A) by shedding, again 
promoting neovascularization162. 
 
MMP-15 
MT2-MMP (MMP-15) was first described in 1995 as the second member of the membrane-
anchored MMP subfamily163. MT2-MMP is an ubiquitously expressed enzyme with largely 
overlapping substrate specificity with MT1-MMP151. Although the physiological function 
of this protease is not as well described as for MT1-MMP, some studies have indicated a 
role in follicle rupture during ovulation164, generation of tubular structures during 
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angiogenesis165 and has anti-apoptotic properties166. MT2-MMP is also capable of 
activating the MMP-2 zymogen, but contrary to MT1-MMP the activation mechanism is 
not dependent on  the presence of TIMP-2, but rather on interaction with the hemopexin-
like domain of MMP-2167. 
Involvement of MT2-MMP in pathology is still unclear, but considering the similarity with 
MT1-MMP a role in cancer is expected. Indeed, MT2-MMP is present in many investigated 
tumours, such as glioblastoma168, non-small cell lung carcinoma169, ovarian170 and breast 
carcinoma171, and seems to correlate to tumour invasiveness168. 
 
MMP-16 and MMP-24 
The two latest additions to the membrane-spanning MMP family are MT3-MMP (MMP-
16), first described in 1997172 and MT5-MMP (MMP-24), first described in 1999173. These 
enzymes are still poorly described in literature. The crystal structure of MT3-MMP has 
been elucidated, and shows extensive homology to MT1-MMP174. MT3-MMP activity is 
regulated by an autoproteolytic shedding process where a soluble form of the enzyme is 
released from the cell surface, and the active enzyme shows a high affinity to TIMP-3, as 
opposed to TIMP-1. Although originally anticipated to be a brain-specific enzyme175, MT5-
MMP is possibly involved in remodelling events in endometrial lesions, and 
endometriosis176. 
Like the other MT-MMPs, both MT3- and MT5-MMP are capable of activating proMMP-
2177,178. 
 
MMP-17 and MMP-25 
The final two MT-MMPs are structurally different from the other four with respect to their 
interaction with the cell membrane. MT4-MMP (MMP-17)179 and MT6-MMP (MMP-25)180 
are linked to the cell membrane via a glycosyl-phosphatidyl-inositol (GPI) anchor, as 
opposed to containing a membrane-spanning domain. This anchor moiety is linked to the 
hemopexin-like domain by a 35-45 amino acid long hydrophilic linker, or stem. After 
production of the enzyme this stem region is linked to a short hydrophobic tail, which is 
exchanged for a GPI anchor in the endoplasmatic reticulum181. The stem region further 
contains 2 or 3 cysteine residues, which probably have a function in formation of 
complexes, as demonstrated by the presence of ~120 kDa and ~180 kDa isoforms of MT6-
MMP that are dissociated in the mature 57 kDa form of the enzyme under reducing 
conditions182. The GPI anchor gives the possibility of interaction of these proteases with 
lipid raft microstructures, and the possibility of internalization and recycling of the 
enzymes181. The TIMP-inhibition profile of the GPI anchored MT-MMPs is different than 
for the membrane-anchored MT-MMPs. While the latter are relatively resistant to 
inhibition by TIMP-1 due to incompatibility of the Thr98 residue with the S’1 selectivity 
pocket, MT4- and MT6-MMP are effectively inhibited by TIMP-1, as well as by TIMP-2 
and TIMP-3183,184. GPI anchored MT-MMPs can be shed from various cells in exosomes,  
possibly leading to paracrine transfer to other cells185.  
Both MT4- and MT6-MMP are capable of degrading ECM protein, albeit MT4-MMP in a 
limited fashion with cleavage demonstrated for gelatin, fibrin and fibrinogen, while MT6-
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MMP can cleave a wider range of ECM constituents including fibronectin, type IV collagen 
and proteoglycans186. In vitro experiments have revealed a multitude of possible substrates 
(including TNF alpha, indicating sheddase activity), but the physiological relevance is 
unclear (reviewed in 181). Interestingly, MT4-MMP is not able to activate proMMP-2 even 
in vitro, making this the only MT-MMP that lacks this trait187. MT6-MMP does activate 
proMMP-2, but generates a different form of the active enzyme than the other MT-MMPs, 
indicating that the interaction between MMP-2 and MT6-MMP is unique188. This activation 
mechanism is possibly dependent on the tight junction protein claudin-5, since cells that do 
not produce this protein are incapable of proMMP-2 activation by MT6-MMP189. MT4-
MMP has been described as an activator of the aggrecanase ADAMTS-4190. 
Both GPI-anchored MT-MMPs are  highly expressed in a wide variety of cancer cells 
ranging from breast carcinoma to glioma and colon cancers (reviewed in 181), but the 
clinical relevance of the presence of these proteins in malignant cells is not yet clear. 
 
1.2.5 Matrilysins 
 
MMP-7 
MMP-7 (matrilysin) was originally described as PUMP-1 (putatative uterine 
metalloproteinase-1) in 1988, and was long considered a third member of the stromelysin 
family (MMP-11 was not known yet), although it appeared only distantly related to the 
other stromelysins125. The pump-1 gene identified from rat tumour cDNA cloning 
experiments was confirmed to code for a secreted metalloprotease in rat uterus191, and later 
dubbed MMP-7. The mmp-7 gene contains a AP-1 promotor region, leaving it sensitive to 
upregulation by cytokines and growth factors192. MMP-7 is the smallest human MMP (28 
kDa zymogen, 19 kDa mature active form) since it lacks the C-terminal hemopexin-like 
domain. This ‘minimal domain structure’ means the activated enzyme is comprised of only 
the zinc-binding catalytic domain and results in an inability of MMP-7 to degrade intact 
collagens, again demonstating the importance of the hemopexin-like domain in substrate 
recognition193. MMP-7 is however capable of degradation a wide array of other ECM 
components such as gelatin, fibronectin, laminin and elastin. MMP-7 is capable of cleaving 
the prodomain of the gelatinases MMP-2 and -9194, but the relevance under physiological 
conditions seems debatable considering the alternative, well-described activation pathway 
of proMMP-2. Finally, MMP-7 is a possible sheddase, with potential to liberate TNFα, Fas 
ligand, heparin binding epidermal growth factor (HB-EGF), E-cadherin and β4-integrin195. 
The original biological function of MMP-7 was the involvement in involution of the 
endometrium after pregnancy, but as later discovered, an MMP-unique function of MMP-7 
seems to be the role in innate immunity. MMP-7 knockout mice exhibit decreased 
resistance to bacterial gastrointestinal infection, and show decreased clearance of E. coli 
from the small intestine. MMP-7 is constitutively produced in the mucosal epithelium, and 
may exert its function in mice by cleavage of pro-α-defensins yielding peptides with 
antibacterial properties Co-localization of MMP-7 and pro-α-defensins in specialized 
epithelial Paneth cells seems to confirm this function196. The role in mucosal host defense is 
further confirmed by the finding that exposure of cultured mucosal epithelial tissue or cells 
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to pathogenic bacteria such as E. coli or Pseudomonas aeruginosa causes an increased 
production of MMP-7, and that germ-free bred mice show no expression of MMP-7 in the 
unchallenged gastro-intestinal tract197. The strong induction of MMP-7 by bacterial 
challenge is a epithelium-specialized function, since it does not occur in other cell types 
expressing MMP-7, and is exclusive for MMP-7 since no other MMPs are upregulated198. 
MMP-7 seems to be important in wound repair, since MMP-7 null mice show severe 
defects in epithelial wound healing which is probably due to a disrupted re-
epithelialization199. 
MMP-7 further enables migration of neutrophils through the epithelium during 
inflammation, since in MMP-7 null mice show accumulation of neutrophils in the 
insterstitium without crossing of these cells over the epithelium, resulting in reduced 
mortality200. The mechanism underlying this effect is probably the creation of a chemotactic 
gradient by cleavage of the proteoglycan syndecan-1 at the epithelial cell surface, causing 
liberation of the syndecan-bound chemokine KC that is produced by the epithelial cells 
after injury. 
The role of MMP-7 in cancer is well described in literature. MMP-7 seems to occupy a 
unique place in the MMP-cancer association, since it is one of the few MMPs that is 
actually produced by cancerous cells themselves, as opposed to the stroma under 
stimulation of the malignant cells195. As with other MMPs, MMP-7 has been identified in a 
wide range of tumours, and correlates with the agressiveness of the tumour. In a malignant 
state, the activation of MMP-2 and -9 by MMP-7 may have an important function, and lead 
to increaded invasiveness of the tumour201,202. MMP-7, like MMP-3 may further promote 
tumour invasion by shedding of E-cadherin, leading to decreases cellular adhesion. Tumour 
growth is likely associated with MMP-7 sheddase activity, since the release of soluble HB-
EGF by MMP-7 promotes cellular proliferation203. MMP-7 is further capable of cleaving all 
six members of the insuline-like growth factor binding protein (IGF-BP) family, leading to 
increased availability of free IGF which again promotes cancer cell growth and survival204. 
The activation of ADAM-28 is attributed to MMP-7205, leading to increased degradation of 
IGF-BP3. 
 
MMP-26 
Recently, a novel matrilysin-like enzyme was identified in an endometrial tumour and 
named MMP-26 (matrilysin-2, endometase)206,207. Like MMP-7, this is a minimal domain 
MMP missing the hemopexin-like C-terminus. This protease seems to have a more limited 
substrate specificity compared to MMP-7, not being able to degrade collagens, laminin and 
elastin208. MMP-26 is unique from other MMPs since it is the only MMP described so far 
that does not have a functional cysteine switch mechanism keeping the pro-enzyme in its 
latent conformation. This functional loss of the cysteine switch is attributed to the presence 
of a histidine residue n-terminal of the cysteine, a feature only observed in MMP-26209 
[marchenko 2001]. Basal expression of MMP-26 is low except in endometrium, but is 
increased in many carcinoma cell lines210. The physiological function of MMP-26 remains 
to be elucidated to date. 
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1.2.6 Macrophage metalloelastase 
 
MMP-12 was first described in 1981211 as murine metalloelastase and later identified as a 
member of the MMP family212. In 1993 an orthologue in human was found213. MMP-12 
was identified as an elastolytic metalloproteinase produced by alveolary macrophages, 
which lead to the trivial name (murine) macrophase metalloelastase (MME) or human 
macrophage elastase (HME). MMP-12 is expressed as a 54 kDa inactive zymogen, and is 
activated to a 45 kDa active enzyme by removal of the propeptide sequence. This mature 
enzyme can be further truncated to a 22 kDa active form involving processing of the C-
terminal sequence mediated by serine protease or autocatalytic cleavage213. This autolytic 
removal of the c-terminal domain is possible in many other MMPs, but occurs very slow in 
contrast to MMP-12 which is readily processed to the smaller form. Expression of MMP-12 
is limited macrophages, and is not observed in blood monocytes. As the name reveals, a 
major substrate for MMP-12 is elastin, but MMP-12 is capable of degrading other ECM 
constituents (but not gelatin)214 and many non-matrix proteins in vitro215. 
MMP-12 null mice show normal development in absence of inflammatory stress, but litter 
size is smaller, presumably due to placenta abnormalities during gestation. Macrophages 
obtained from knockout mice retain only a small fraction of their elastolytic activity, 
indicating that MMP-12 is indeed the most important elastin degrading enzyme (in mice). 
MMP-12 is a vital factor in penetration of macrophages through the basement membrane, 
as demonstrated by a complete inhibition of this migration in macrophages from MMP-12 
null mice both in vitro as in vivo216. 
MMP-12 seems to play an interesting role in cancer which is different from other MMPs. 
MMP-12 is the primary protease responsible for proteolytic liberation of angiostatin from 
plasminogen. Angiostatin is a 38 kDa protein with anti-angiogenic properties by the 
selective inhibition of endothelial proliferation. MMP-2 and -9 are also capable of 
degradation of plasminogen in vitro, but were found to have a minor to non-existing 
contribution in the production of angiostatin in an animal model217,218. This is another 
example of a protective effect of MMP activity in tumourogenesis, and is an indication that 
knowledge of the actual biochemical mechanism of the involvement of the protease is 
indispensible and cannot be replaced by mere association of expression levels in tumours. 
Since human MMP-12 was first cloned from alveolar macrophages it is not surprising that 
the role of MMP-12 in lung diseases has been extensively studied. The hypothetical 
involvement of MMP-12 in fibrotic processes in the lung is obvious, but studies concerning 
the role of MMP-12 in emphysema are diffuse. Some authors find no upregulation of 
MMP-12 in macrophages of patients compared to control groups, but rather of other 
macrophage-derived MMPs219, while others state that macrophage elastase is an absolute 
requirement for the development of  emphysema after cigarete smoke exposure in a 
knockout animal model220-222. The interspecies difference may have caused bias with 
respect to the importance of MMP-12 since, although the failure of MMP-12 null mice to 
develop emphysema makes a more compelling point than determination of expression 
levels, MMP-12 seems to be the major MMP present in murine macrophages, while in 
human several other MMPs are produced198. A polymorphism in the MMP-12 gene has 
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been described to have predictive value in lung function decline in COPD223. Elevated 
MMP-12 has been described in induced sputum of COPD patients224, but a recent studie has 
found a slight increase of MMP-12 only in stage 0 of the disease225, which could imply 
involvement of MMP-12 in the early development of COPD. Proteolytic fragments of 
elastin have been implied as chemotactic factors in macrophage recruitment226, giving a 
possible explanation of an early role of MMP-12, with the severe tissue destruction at later 
stages being mainly caused by other macrophage-derived proteases. 
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1.3 ADAM proteinases 
 
The “a disintegrin and metalloproteinases” (ADAMs) or MDCs (metalloproteinase-like, 
disintegrin-like, cysteine-rich proteins) are membrane-anchored metzincins of the 
adamalysin subfamily which also contains the interesting biological close relative, the class 
III snake venom metalloproteases1. These proteases have a similar domain structure to the 
membrane-type MMPs (see figure 1), but with two distinct differences. The ADAM 
proteases do not contain the characteristic hemopexin-like domain, but instead have three 
additional domains; the cysteine-rich domain, the EGF-like repeat domain and the 
disintegrin domain from which the family derives its name. While the biological function of 
the EGF-like domain has not yet been fully elucidated, the cysteine-rich and disintegrin 
domains enable the cell surface bound ADAMs to interact with ECM proteins and ligands 
on neighbouring cells. This important function in intercellular interaction was already clear 
from the identification of the first members of the ADAM as key players in the fertilisation 
process, specifically in the binding and fusion between egg and sperm cells. The first 
adamalysins described in mammalia were found on guinea pig sperm and dubbed fertilin α 
and β (or PH-30 α and β)2-4, and were renamed ADAM-1 and -2 after identification of 
several other homologous genes5. 
 
Disintegrin-integrin binding 
The presence of a disintegrin domain in ADAMs is unique among cell-surface proteins, and 
can mediate cell-cell and cell-matrix interaction by binding integrins. The major integrin 
involved in interaction with ADAMs has been identified as integrin α9β1 which can 
interact with a conserved RX6DEVF sequence in the disintegrin domain1, although 
structural modelling of a snake venom disintegrin-metalloprotease has demonstrated that 
this motif is shielded by the cysteine-rich domain and may be inaccessible for integrin 
binding6. 
Many other integrins are capable of binding the disintegrin domain7. The consensus 
recognition site of disintegrins, first identified as integrin antagonists in snake venom, is 
dependent on the presence of Arg-Gly-Asp (RGD) or Lys-Gly-Asp (KGD) sequences, but 
surprisingly only ADAM-15 contains the RGD sequence in its disintegrin domain, and this 
recognition site enables interaction with a broader range of integrins such as αvβ3, αvβ5 
and α5β18,9. Other ADAMs (e.g. ADAM-9 and -23) are capable of binding these integrins 
through interaction with a Glu-Cys-Asp (ECD) sequence in the disintegrin domain, an 
observation that corroborates the pivotal importance of especially the aspartic acid residue 
in disintegrin-integrin interaction site10.  
Although the binding potential of the ADAM proteins to integrins is relatively well 
characterized, the biological relevance and scope is not yet clear10. The only physiological 
process where the functionality is well documented remains the fertilization process, with 
the two fertilin-ADAMs forming a hetero-dimer capable of binding integrin  α6β1 on the 
surface of the egg11, but this model is under debate12. The fact that in human the fertilin 
α/ADAM-1 gene encodes a non-functional protein is a strong indication that this model for 
ADAM involvement in  egg-sperm fusion in mammalia may need to be reconsidered 13. 
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Gene deletion experiments have demonstrated an important role for ADAM-2 in 
fertilization since fertilin β null mice are infertile14, but ADAM-2 is not indispensable in the 
sperm-egg fusion process since sperm from these knockout mice can still fuse with oocytes, 
albeit at a ~50% decreased fusion rate. The observed sterility of fertilin β -/- mice is 
postulated to be due to disruption of transit of the sperm through the female reproductive 
tract15, which may be an indication that ADAM function during fertilization has a hitherto 
unknown mechanism12.  
 
Interaction via the cysteine-rich domain 
Besides the disintegrin-integrin interaction, ADAMs are capable of binding several ECM 
constituents. The cysteine-rich domain may have an important function in binding heparan 
sulfate proteoglycan such as syndecans, a phenomenon described for ADAM-1216. Studies 
involving the Xenopus-specific ADAM-13 have further revealed an important role for the 
cysteine-rich domain in interaction with fibronectin17. An early observation on the structure 
of metalloprotease-disintegrins revealed the presence of a hydrophobic stretch in the 
cysteine-rich domain of several ADAMs which shows high sequence similarity to viral 
fusion peptides18, which may implicate a role for the cysteine-rich domain in membrane 
fusion. This hypothesis has however not been confirmed by experimental data1.  
 
Function of the cytoplasmic domain 
The cytoplasmic domain of the individual ADAM proteases is highly variable in length 
(40-250 amino acids) and sequence, but the majority of ADAMs contain cytoplasmic tails 
with PxxP motifs, which indicates binding sites for SH3 (Src-homology 3) domain 
containing proteins19. This structural feature enables interaction of the cytoplasmic domain 
with a large range of intracellular proteins and may be important in regulation of ADAM 
localization by interaction with cytoskeletal proteins such as α-actinin-220. ADAM function 
may also be regulated by interaction of the cytoplasmic tail with intracellular signalling 
proteins, as demonstrated by the activation of ADAM-9 by phorbol esters via interaction 
with PKC δ21. 
The cytoplasmic domain of some ADAMs further contains putative phosphorylation sites 
for serine-threonine or tyrosine kinases, which may be involved in regulation of ADAM 
function, or supply binding sites for SH2 domain containing proteins1. 
 
ADAM metalloprotease function 
Perhaps the best studied function of the ADAM proteins is the catalytic activity exhibited 
by the metalloprotease domain. The metalloprotease domain is highly homologous with the 
MMP catalytic domain, but interestingly not all ADAMs contain the consensus 
HExxHxxGxxH zinc-binding metalloprotease active site (see table 2), which leads to the 
conclusion that from the 22 human ADAMs only 12 (possibly) may exert endopeptidase 
activity. Interestingly, in mice an additional subfamily of possibly catalytically active 
ADAMs (ADAM-24-26, -34 and 36-40) has been described and named testases, 
referencing the testis-specific expression pattern22. In human no orthologues of the testases 
have been identified to date. 
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Table 2: Overview of the 22 identified human ADAM proteases. (t)MDC: (transmembrane) 
metalloprotease-like, disintegrin-like, cysteine-rich protein.  
‡: although full length ADAM-1 contains a metalloprotease domain with active site sequence, this 
domain is removed in the mature processed form4. 
 
ADAM Alternative names MP active site? Remarks 

1 Fertilin α, PH-30 α yes ‡ Non-functional pseudogene  

Testis specific 

2 Fertilin β, PH-30 β 

Cancer/testis antigen 15 

no Testis specific 

3 Cyritestin, tMDC I no Non-functional pseudogene 

Testis specific 

6 tMDC IV no Testis specific 

7 EAP-1, Sperm maturation-related 
glycoprotein GP-83 

no  

8 Cell surface antigen MS2, CD156a yes  

9 MDC9, Meltrin γ 

Myeloma cell metalloproteinase 

yes  

10 Kuzbanian protein homolog, CD156c yes  

11 MDC no Brain specific 

12 Meltrin α yes  

15 Metargidin, MDC-15 yes  

17 TACE,  CD156b  

Snake venom-like protease 

yes  

18 tMDC III, ADAM-27 no Testis specific 

19 Meltrin β, MADDAM 

Metalloprotease and disintegrin 
dendritic antigen marker 

yes  

20 None yes Testis specific 
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21 ADAM-31 no Testis specific 

22 MDC 2 no  

28 MDC-L, ADAM-23 yes  

29 Cancer/testis antigen 73 no Testis specific 

30 None yes Testis specific 

32 None no Testis specific 

33 none yes  

 
The ADAM metalloprotease domain is shielded off by a prodomain in the inactive 
zymogen in a similar structural conformation as in MMPs involving a cysteine switch 
mechanism. The primary activation pathway of the ADAM zymogens involves removal of 
the prodomain by proprotein convertases (PCs) such as furin in the trans-Golgi network as 
demonstrated by strongly diminished activation of ADAM-9 and -15 in the presence of 
early-secretory pathway inhibitors brefeldin A and monensin, increased activation of 
ADAM-10 after overexpression of PC-7 and blocked processing of proADAM-10, -12 and 
-19 after mutational modification of the furin Rx(R/K)R recognition site (discussed in 1). 
Some ADAMs may require autoproteolytic processing for activation, as demonstrated for 
ADAM-823 and -2824. Interestingly, the prodomain may act as a chaperone and is required 
for proper folding of the ADAM protein, and especially the metalloprotease domain. 
Removal of the prodomain prior to folding yields an inactive form of ADAM-1725. For 
ADAM-10 a similar effect has been observed in cells expressing the protease without the 
prodomain, an effect that could be reversed by cotransfection of the prodomain26.  
Although, similar to the MMPs, the catalytically active ADAMs are capable of degradation 
of ECM proteins such as collagens and fibronectin in vitro, the physiological relevance of 
this observation is not clear. The endopeptidase activity for which the ADAMs are best 
known is the so-called shedding; liberation of biologically active proteins from their 
membrane-anchored proforms. This function of the ADAMs was first described 
simultaneously by two groups in 1997, identifying a disintegrin-metalloprotease as an 
important contributor to the production of soluble TNFα from the membrane-bound 
precursor27,28. The responsible protease was named TACE (TNF-alpha converting enzyme) 
and gene-silencing experiments demonstrated a dominant, but not exclusive role for TACE 
since TNFα production was significantly diminished but not completely shut down in the 
knock-out mice. 
Considering the scope of this thesis only the ADAMs containing the metalloprotease active 
site will be discussed in further detail. 
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ADAM-8 
ADAM-8 (CD156) was first described in 1990 as antigen MS2 in mice29, and was later 
confirmed as a member of the human ADAM family in 1997 30. ADAM-8 is a 
transmembrane glycoprotein primarily expressed as a 120 kDa zymogen by immune cells, 
but is also found in neurons and oligodendrocytes in the central nervous system. The 
promoter region of the adam-8 gene contains response elements for lipopolysaccharide 
(LPS) and cytokines such as interferon γ, interleukin-6 and TNF α31.  
ProADAM-8 does not contain the furin cleavage recognition site and depends on 
autoproteolytic removal of the prodomain for activation, yielding a 90 kDa mature enzyme. 
The mature cell-surface ADAM-8 may be further processed by autoproteolytic shedding 
yielding a 60 kDa soluble remnant form of the protein missing the metalloprotease 
domain23. ADAM-8 may also exist as a soluble, catalytically active form which is 
presumably released from the cell by autoproteolytic shedding32. Contrary to the MMP and 
MT-MMP families, ADAM-8 catalytic activity is not inhibited by any of the four known 
TIMPs in vitro33.  
The biological function of ADAM-8 is far from clear, but the protein has been associated 
with neuron-glia interactions in the central nervous system34, cell-cell fusion in osteoclast 
differentiation (an effect presumably mediated by the remnant form)32 and recent work has 
shown a possible role in the ovulation process involving hormonal regulation of ADAM-
835. ADAM-8 sheddase activity in vivo is still rather poorly characterized, but in vitro 
experiments involving cleavage assays of 10-mers containing known recognition sites for 
ectodomain shedding have revealed multiple possible substrates such as β-amyloid 
precursor protein (APP), the low affinity IgG (CD16) and IgE (CD23) receptors, L-selectin, 
P-selectin glycoprotein ligand, transforming growth factor α (TGF α) and TNF α36. ADAM-
8 has also been implicated in shedding of the neural adhesion molecule CHL-1 (close 
homologue of L-1), yielding a biologically active fragment that enhances neurite outgrowth 
and suppresses neuronal cell death, indicating an important role in the development of the 
central nervous system37. 
Knock-out experiments in mice have identified ADAM-8 as a non-essential protein during 
development since ADAM-8 null mice show no pathological defects38. This finding may be 
explained by a rather large redundancy with other ADAM proteases or by a specific role for 
ADAM-8 not in development but rather in processes such as inflammation, a hypothesis 
that seems to be substantiated by the responsiveness of ADAM-8 expression to cytokine 
stimulation. 
ADAM-8 has been associated with development of asthma following the observation that 
ADAM-8 is highly upregulated in experimental ovalbumine-induced asthma models in 
mice, showing strong induction in peribronchial and perivascular inflammatory cells and 
bronchiolar epithelial cells39. In an asthma model with transgenic mice producing a soluble 
form of ADAM-8 a protective effect of sADAM-8 was found, presumably related to 
suppressed trafficking of leukocyte migration40, which may be mediated by shedding of 
vascular cell adhesion molecule 1 (VCAM-1) by ADAM-841. The amount of clinical 
evidence linking ADAM-8 to development of pulmonary diseases is limited, but soluble 
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ADAM-8 and VCAM-1 are increased in BAL fluid of patients suffering from eosinophilic 
pneumonia42 and ADAM-8 mRNA is increased in asthma patients with a positive 
correlation with disease severity43. 
ADAM-8 is expressed in human neutrophils where it is stored in granules, and is 
transported to the cell surface upon stimulation. The cell surface exposed ADAM-8 is then 
rapidly released into the extracellular space by a metalloprotease activity dependent 
process. These in vitro findings have been confirmed in neutrophils retrieved from synovial 
fluid from patients suffering from rheumatoid arthritis, again indicating a possible role for 
ADAM-8 activity in inflammatory processes44. 
ADAM-8 expression is increased in neutrophils that are in contact with endothelial cells, 
and since L-selectin is a possible substrate ADAM-8, and ADAM-8 colocalizes with L-
selectin on the neutrophil surface ADAM-8 mediated L-selectin shedding may play an 
important role in regulation of neutrophil rolling and trans-endothelial extravasation44.    
Since ADAM-8 is involved in osteoclast differentiation it is not surprising that several 
studies have focussed on the role of this protease in the development of pathological bone 
destruction. ADAM-8 expression is positively associated with tissue destruction in 
rheumatoid arthritis, and ADAM-8 protein is mainly localized at the edge of the eroded 
cartilage and bone (the so-called pannus)45. A similar induction of ADAM-8 at the edge of 
healthy and eroded tissue is described in loosening hip replacements46.  
ADAM-8 has further, as most metzincins, been associated with various malignant 
processes. In pancreatic duct adenocarcinoma, ADAM-8 expression and protein level is 
correlated with the invasiveness of the tumour and with reduced  survival rate47, a 
phenomenon that may involve tumour hypoxia48. The same correlation has been described 
for primary brain tumours and ADAM-8 activity, as measured by conversion of a peptide 
substrate, is higher in cells obtained from gliomas with higher invasive potential49. 
Overexpression of ADAM-8 has also been associated with poor prognosis in lung cancer, 
with high expression significantly more common in stage IIIb/IV adenocarcinomas 
compared to lower stages. The soluble isoform of the protein has been suggested as a useful 
diagnostic serum marker for lung cancer50. ADAM-8 overexpression has finally been 
described in prostate cancer51 and renal cell carcinoma52,53. 
 
ADAM-9 
ADAM-9 or meltrin γ was first identified in 1996 as MDC-9 from breast carcinoma54 and 
as myeloma cell metalloproteinase in myeloma55. ADAM-9 is ubiquitously produced as a 
110 kDa glycosylated zymogen which can be activated in the medial Golgi apparatus by 
prodomain removal by proprotein convertase activity to the 84 kDa mature form that is 
found on the cell surface. The cell membrane anchored form can be further truncated by 
proteolytic processing to a 47 kDa soluble form which contains the metalloprotease domain 
and retains its catalytic activity as demonstrated by the ability to cleave insulin B-chain in 
vitro. Purified soluble ADAM-9 is further capable of cleaving peptides containing the 
membrane-proximal cleavage region of β-APP, proTNFα, the p75 TNF receptor and c-kit 
ligand-1 (KL-1), but not IL-6 receptor, the p55 TNF receptor, transforming growth factor α 
and L-selectin56. Recombinant ADAM-9 is capable of degradation of fibronectin in vitro, 
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but the physiological relevance is not proven57. Like ADAM-8, ADAM-9 activity is not 
inhibited by any of the four TIMPs33. 
As with ADAM-8, knockout models have demonstrated that ADAM-9 is not vital for 
development and survival since ADAM-9 null mice show no major abnormalities58. 
ADAM-9 is capable of processing β-APP, and is widely considered to be one of the three 
alpha-secretases from the ADAM family (next to ADAM-10 and -17)59. The ADAM-9 
knockout mice do however show no aberrant APP processing, indicating functional 
compensation by or redundancy with other ADAMs. Similarly, shedding of HB-EGF which 
is known to be decreased in cells overexpressing a mutant form of ADAM-921 is unaffected 
by ADAM-9 knock-out.  
In rat kidney, ADAM-9 is mainly found in the basolateral surface of the tubular cells. The 
expression in glomerular epithelia is restricted to areas in contact with the underlying 
basement membrane indicating an important role in cell-cell and cell-matrix interaction60 
which may be mediated by binding of the disintegrin domain to beta-1 integrins which co-
localize with the renal ADAM-9 distribution61. 
The soluble isoform of ADAM-9 has been reported as an important player in tumour 
metastasis in the liver. After shedding from the cell surface of activated hepatic stellate 
cells, sADAM-9 is hypothesized to bind to α6β4 and α2β1 integrins on the surface of 
carcinoma cells and promote stroma-tumour interaction. Addition of the soluble ADAM-9 
to Matrigel invasion assays showed an increased invasive potential in several cancer cell 
lines. This effect is blocked by the broad-range metalloprotease inhibitor 1,10-
phenantroline, indicating a possible role for an active metalloprotease, although it remains 
unclear whether this is activity of ADAM-9 itself. Histological examination of tumour 
sections obtained from liver metastases revealed that ADAM-9 expression was highest at 
the invasive front, and in regions of tumour-stroma contact while the tumour cells and 
hepatocytes themselves were negative for ADAM-962.  
ADAM-9 expression is higher in malignant prostate tumours, and expression in carcinoma 
cell culture is increased in response to oxidative stress. This effect is likely mediated by an 
androgen receptor (AR) involving mechanism, since AR-negative prostate cancer cells do 
not exhibit increased expression after exposure to radical oxygen species (ROS), and 
preincubation of the cells with the anti-androgen bicalutamide abrogates the higher 
expression of ADAM-963. By blocking ADAM-9 production apoptotic cell death could be 
induced in the cultured prostate cancer cells, indicating a role for ADAM-9 in tumour 
survival64. Concurrently, high tumour ADAM-9 expression has been identified as a 
significant prognostic marker for relapse in prostate cancer65. 
Since ADAM-9 is a putative α-secretase of β-APP this protease has gained some interest 
from the Alzheimer’s disease research field (although less than the two other α-secretases 
in the ADAM family). Alpha secretases supposedly have a protective effect in the 
development of Alzheimer’s disease, which is amongst others characterized by 
accumulation of neurotoxic amyloid-beta peptides (Aβ) and plaque formation in the brain. 
These peptide fragments are the result of sequential β- and γ-secretase processing of APP, 
while α-secretases have a cleavage site within Aβ leading to degradation of the neurotoxic 
peptides. Decreased sheddase activity of the ADAM α-secretases may therefore play an 
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important role in the development of the disease66. The physiological relevance of ADAM-
9 as an α-secretase has however been debated in recent years, especially after findings that 
APP cleavage is unaltered in ADAM-9 knockout models, and the consensus seems to point 
to a minor role of ADAM-9 in APP processing in vivo67,68.  
 
ADAM-10 
ADAM-10 was first isolated in 1995 as a membrane-bound metalloproteinase capable of 
cleaving myelin basic protein69, later found to be expressed by various cell types and named 
MADM (mammalian disintegrin-metalloproteinase), and have significant sequence 
homology with several other earlier discovered mammalian disintegrin-metalloproteinases 
such as meltrin-α (ADAM-12) and MS2 (ADAM-8) in 199670. MADM/ADAM-10 was 
discovered to be a mammalian counterpart of the Drosophila protein Kuzbanian which 
plays an important role in neurological development by proteolytic activation of the Notch-
receptor and shedding of the Notch receptor ligand delta71. 
ADAM-10 is produced as an inactive zymogen which is activated by proprotein 
convertases in the trans-Golgi network to its 56-58 kDa glycosylated mature form72. 
Contrary to most other metzincins, the cysteine switch mechanism which normally links the 
prodomain to the catalytic centre keeping the enzyme inactive seems to be non-functional 
in ADAM-1073. ADAM-10 catalytic activity is inhibited by TIMP-1 and -374. 
ADAM-10 is one of the better characterized ADAMs to date, with many studies focussing 
on the proteolytic function of this enzyme. ADAM-10 is capable of degradation of type IV 
collagen in vitro75 and has been identified as a possible sheddase of cell-surface bound 
proteins such as epidermal growth factor receptor ligands EGF and betacellulin76, ephrin-
A277, cellular prion precursor protein78, chemokines CX3CL1 and CXCL1679,80 adhesion 
molecule L181 and many others, although some caution has to be taken in interpreting these 
results since most target substrates have been identified in vitro, an many ADAM-10 
mediated shedding events in cell lines are validated by incubation with supposedly ADAM-
10/ADAM-17 selective hydroxamate-based inhibitors (like TAPI, TNF alpha protease 
inhibitor) that were later shown to actually be broad-range metzincin inhibitors. ADAM-10 
is believed to be primarily involved in the constitutive shedding of cytokines, chemokines 
and their receptors, while ADAM-17 mediated shedding is more responsive to stimuli82. 
The release of TNFα from cells was thought to be (partially) mediated by ADAM-10 but 
recent insights have demonstrated that ADAM-10 probably plays a minor role83.  
The best studied shedding activity mediated by ADAM-10 lies within the Notch signalling 
pathway. Notch signalling is a highly conserved, ancient pathway that is essential in 
intercellular contact and cell fate determination in all stages of neural development. The 
membrane-bound Notch receptor is activated by either membrane-bound ligands delta or 
serrate/jagged on adjacent cells leading to an intracellular signalling cascade involving a 
series of proteolytic cleavages (S1-3), internalization of the processed Notch receptor, 
transport to the nucleus and finally activation of gene transcription. The precise outcome of 
Notch receptor activation is highly dependent on other extra- and intracellular signals and 
can lead to inhibition of neuronal cell and oligodendrocyte differentiation, or promotion of 
differentiation of glial progenitor cells (reviewed in 84).  
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Although the role of the invertebrate ADAM-10 homologues Kuzbanian (Drosophila) and 
Sup-17 (C. elegans) in Notch signalling is clear85,86, involving proteolytic activation of the 
Notch receptor-ligand complex (stage S2), attempts to identify ADAM-10 as a key player 
in mammalian Notch signalling have yielded variable results. Some studies point to 
ADAM-17 as the essential protease for Notch processing, at least by proteolytic cleavage 
assays using ADAM-17 in vitro87 and cotransfection of DTACE  (the Drosophila ADAM-
17 homologue) in delta-expressing Drosophila S2 cells, but ADAM-17 knockout models 
show little similarity to Notch knockouts while ADAM-10 deficient mice die early in 
embryogenesis showing major defects in development of the central nervous system and 
the vascular system with similar histological abnormalities observed in complex Notch 
deficiency induced in mice88,89. 
This apparent discrepancy between in vitro substrate specificity and biological relevance is 
also apparent from the unclear role of ADAM-10 as an APP α-secretase. ADAM-10 is 
widely expressed in neuron in the CNS90, is capable of cleaving APP-derived peptides in 
vitro and overexpression of ADAM-10 increases the release of cleaved APP from HEK 293 
cells, while transfection with a non-functional ADAM-10 mutant inhibited APP 
processing91. On the other hand most preserved embryonic fibroblast cell lines obtained 
from ADAM-10 knockout mice show no decreased or altered APP processing compared to 
control, although two out of 17 lines do have severe APP processing defiencies88. 
Several shedding events possibly mediated by ADAM-10 have been associated with cancer 
pathology. Proteolytic removal  of the extracellular domain neuronal cell adhesion receptor 
L1-CAM by ADAM-10 promotes metastasis in colon cancer92, ADAM10 may be involved 
in metastasis by shedding of CD44 promoting migration of cancer cells through the ECM 
by interaction with hyaluronic acid93 and ADAM-10 mediated shedding of EGF receptor 
ligands may promote tumour growth. ADAM-10 activity may be associated with poor 
prognosis in breast cancer by shedding of membrane-anchored HER2 receptor leaving a 
fragment with constitutive kinase activity leading to ligand independent cell growth and 
resistance to apoptotic signals94. 
ADAM-10 proteolytic activity has been associated with a protective effect in inflammatory 
processes by shedding of the receptor for advance glycation products (RAGE), yielding a 
soluble form which acts as a decoy receptor for RAGE ligands95. ADAM-10 may on the 
other hand stimulate inflammatory processes in allergic response by shedding of the low 
affinity IgE receptor CD23 yielding the soluble form that is described to stimulate 
differentiation of germinal B-cells into plasma cells, cytokine release by monocytes and IgE 
production by B-cells96. ADAM-10 is involved in shedding of FAS ligand resulting in a 
soluble form which can have both pro- and anti-apoptotic effects, depending on the 
microenvironment. sFAS-L concentration in serum correlates with progression of 
inflammatory diseases such as arthritis and colitis indicating a possible role for ADAM-10 
activity in these diseases 97,98. 
 
ADAM-12 
ADAM-12 was first described in mouse in 1995 as meltrin α as a disintegrin-
metalloproteinase involved in myoblast fusion99. The human homologue was cloned 3 years 
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later and experiments revealed a peculiarity of this ADAM compared to most other 
members of the family with respect to the existence of an alternative splicing variant 
yielding a soluble form of the enzyme (ADAM12-S)100. For most other ADAMs soluble 
forms have been described that are the result of autoproteolytic ectodomain shedding, but 
for most of these proteins the biological relevance is unclear since many experiments 
demonstrating these soluble forms have been performed with cell lines expressing 
recombinant ADAMs. Soluble ADAM-12 has a very similar ectodomain structure 
compared to the membrane-anchored form but lacks the transmembrane and cytoplasmic 
domains, but instead possesses a unique 33 amino acid C-terminus. Both the membrane-
anchored and the soluble ADAM-12 are expressed a inactive zymogens that are activated 
by proprotein convertase cleavage of the prodomain101. Interestingly, the prodomain 
remains attached to the activated enzyme after PC activation, giving sADAM-12 a four-leaf 
clover like structure102. ADAM-12 expression is relatively resistant to transcriptional 
upregulation, only TGFβ has been reported as an inducer in hepatic stellate cells103,104. 
Interaction of the disintegrin domain of ADAM-12 and integrins α9β1 and α7β1 may be 
involved in cell differentiation during muscle development105. ADAM-12 has been 
suggested to be involved in modulation of the cytoskeleton by altering β1 integrins on the 
ECM, which causes reorganisation of the actin-integrin binding between cytoskeleton and 
ECM106.  A second mechanism by which ADAM-12 can reorganize the cytoskeleton is 
mediated by interaction with actinin-1 and -220. ADAM-12 knockout mice show only 
limited abnormal muscular development, which could be an indication that ADAM-12 
function overlaps with and can be compensated by other (ADAM) proteins107. 
Overexpression of ADAM-12 improves muscle regeneration after injury108, and induces 
adipogenesis due to enhanced adipocyte proliferation. ADAM-12 efficient mice are 
resistant against high-fat diet-induced obesity109. 
ADAM-12 is capable of degrading several ECM proteins such as fibronectin, type IV 
collagen and gelatin in vitro110, but the physiological relevance is probably minor111. The 
membrane-bound isoform of ADAM-12 is reported in ectodomain shedding of several 
substrates. ADAM-12 is capable of cleaving insulin-like growth factor binding proteins 
(IGFBP) 3 and 5 in vitro112, HB-EGF113, the oxytocinase placental leucine 
aminopeptidase114, EGF and betacellulin115 and notch ligand delta-like 1116. 
ADAM-12 is highly expressed in placenta, and sADAM-12 levels in serum are markedly 
increased during pregnancy. Interestingly, this rise in serum sADAM-12 is not observed in 
women carrying trisomy-18 and -21 foetuses, making ADAM-12 a possible prenatal 
marker for Down syndrome117. 
ADAM-12 has been associated with various pathological states. As expected from the 
postulated biological function, ADAM-12 is implicated in development of musculoskeletal 
disorders. Polymorphisms in ADAM-12 have been associated with osteoarthritis 
susceptibility118, and although ADAM-12 seems to play a role in muscle regeneration, 
prolonged high expression of ADAM-12 is associated with muscular dystrophy119. In heart 
muscle tissue ADAM-12 is increased in patients with hypertrophic cardiomyopathy, and 
ADAM-12 may contribute to tissue remodelling observed in heart failure by shedding of 
HB-EGF113,120. 
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The role of ADAM-12 in cancer has been extensively reviewed121 and ADAM-12 
overexpression is observed in many tumours, ranging from breast and lung cancer to 
glioblastoma and osteoclastoma. An interesting difference with the majority of MMPs and 
ADAMs is that in most tumours, the cancerous cells themselves and not the stroma are the 
main source of ADAM-12 in the tumour122. ADAM-12 is often hypothesized to stimulate 
tumour growth, as demonstrated by a strongly reduced tumour progression in ADAM-12 
deficient mice with experimental prostate cancer123, but anti-ADAM-12 antibodies have a 
stimulating effect on breast and gastric carcinoma proliferation in vitro124,125.The latter 
effect may be effectuated by ADAM-12 induced apoptosis-resistance in tumour cells126. 
Adam-12 is a candidate breast cancer gene, with two possibly functional polymorphisms in 
the metalloprotease and disintegrin domains showing strong association with development 
of breast cancer127. 
The existence of a soluble variant makes ADAM-12 a possibly interesting biomarker 
compared to the membrane-bound ADAMs since sADAM-12 can be found in a functional 
form in biofluids such as serum and urine. A positive correlation has already been 
demonstrated between breast cancer progression and urinary level of sADAM-12110, and 
urine levels of patients with bladder cancer are higher than in healthy individuals128. 
ADAM-12 has recently been comprehensively reviewed129. 
 
ADAM-15 
ADAM-15 was first described in 1996 as metargidin, referring to its RGD-motif in the 
disintegrin domain unique within the ADAM proteases130. ADAM-15 is produced by many 
cell types as an inactive glycosylated zymogen with the prodomain linked to the catalytic 
domain via a cysteine switch. The prodomain contains a proprotein convertase recognition 
site, so the activation process is presumed to involve PC mediated removal of the 
prodomain, yielding the 85 kDa mature protease. 
ADAM-15 deficient mice are viable and fertile, but show reduced neovascularization after 
hypoxia-induced retinopathy, and growth of implanted melanoma is reduced in null mice 
compared to wild type, which could indicate inhibited tumour angiogenesis, but histological 
examination of the tumours revealed no difference in vascularization131. 
The consensus integrin binding site RGD in disintegrins was first found in snake venom 
derived disintegrin, but until the discovery of ADAM-15 no similar site was found in the 
mammalian ADAMs. Since ADAM-15 does contain this sequence it is expected to have a 
much broader binding selectivity towards integrins, and therefore more possibilities for 
cellular adhesion to neighbouring cells and the ECM than the other ADAMs, where the 
interaction is preferentially mediated through RGD independent interaction with integrin 
α9β1132. The ADAM-15 disintegrin domain containing the RGD sequence is found to have 
a strong affinity towards integrin  αvβ3 after expression as a recombinant fusion protein 
with glutathione S-transferase8. Recombinant ADAM-15 is capable of binding αvβ3 on a 
monocytic cell line, and α5β1 on a T-cell line133. The putative role in intercellular adhesion 
is confirmed by the observation that overexpression of ADAM-15 leads to increased 
adhesion in cultured NIH3T3 cells134. In concurrence with this result is the observation that 
overexpression of ADAM-15 inhibits wound healing in monolayers of intestinal epithelial 
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cells by increasing cellular adhesion and inhibition of migration135. RGD-mediated integrin 
αvβ3 binding has been postulated to inhibit cellular adhesion and motility by blocking 
integrin αvβ3 so contact with ECM proteins such as vitronectin, as demonstrated by 
reduced migration of ovarian cancer cells when overexpressing ADAM-15136. This anti-
invasive function of ADAM-15 was also found in melanoma cells, and is possibly linked to 
p38 kinase activation137. 
The pro-adhesive properties of ADAM-15 may provide the protein with a protective or 
homeostatic function in degenerative diseases such as osteoarthritis. ADAM-15 deficiency 
accelerates cartilage destruction, while overexpression has a protective effect138. The 
disintegrin domain of ADAM-15 has further been demonstrated to inhibit migration of 
airway smooth muscle cells through binding to β1-integrins139. 
Integrin binding mediated by ADAM-15 is a possible player in inflammatory processes 
such as inflammatory bowel disorder. ADAM-15 expression is higher in diseased area, and 
histological examination shows binding of ADAM-15 expressing endothelia and crypt 
epithelia to leukocytes. Interestingly, immunochemistry shows mainly the active, mature 
form to be present in these cells. In regenerating tissue, ADAM-15 positive epithelia cells 
are in close contact with integrin-positive myofibroblasts140. 
ADAM-15 may play a role in cardiovascular disease. ADAM-15 is expressed in 
endothelium, and is capable of binding of platelets by interaction with platelet integrin 
α(IIb)β3. Platelets are further activated by adhesion to ADAM-15 and thrombus formation, 
leading to a possible role in thrombotic diseases141. ADAM-15 expression in arterial cells is 
markedly higher in atherosclerotic tissue than in healthy control. ADAM-15-integrin 
binding may play a modulating role in formation of neo-initima142.  
Although most interest in biological function of ADAM-15 has been directed towards the 
integrin binding capacity, the metalloprotease domain does contain the consensus zinc-
binding sequence, and is thus expected to be proteolytically active. Purified ADAM-15 is 
capable of proteolytic degradation of type IV collagen and gelatin143. Experiments with 
recombinant ADAM-15 and a peptide library have demonstrated broad substrate specificity 
in vitro, with a pattern similar to that of ADAM-8. Transfection experiments in HEK 293 
cells exposed to recombinant ADAM-15 did reveal cleavage of the low affinity IgE 
receptor CD23 144. Only recently the first report of a possible biologically relevant substrate 
was published. ADAM-15 was found to be the sheddase responsible for E-cadherin, 
yielding a soluble form that interacts with, and stabilizes HER2 and HER3 receptors. This 
finding may be a first clue of a role for ADAM-15 in the development of breast cancer145. 
 
ADAM-17 
ADAM-17 or TNF alpha converting enzyme (TACE) is undoubtedly the ADAM that has 
attracted the most interest in research right from its discovery as the protease responsible 
for the release of soluble TNFα from cells in 199727,28. The shedding of TNFα had already 
been described earlier, and was reported to be inhibited by metalloprotease inhibitors146,147, 
but with the identification of ADAM-17 as the principle TNF sheddase the first 
physiological substrate for ADAM-mediated shedding was discovered. 
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TACE is constitutatively produced by many cell types as an inactive zymogen with a 
cysteine switch motif, and is activated by prodomain removal by proprotein convertase 
proteolysis. The prodomain of ADAM-17 appears to be essential for correct folding of the 
metalloprotease domain in proADAM-17 and may have a chaperone function in transport 
through the subcellular structures25. After activation in the late Golgi apparatus, active 
ADAM-17 may be sequestered in lipid rafts, an observation supported by the increased 
processing of TNF after cholesterol depletion and after incubation of ADAM-17 expressing 
cells with high-density lipoproteins148,149.   
One interesting observation is that recombinant soluble ADAM-17 is highly sensitive to 
salt (NaCl), with complete inhibition observed at concentration where no structural or 
conformational changes in the protein occur. This effect has been attributed to disturbance 
of the electrostatic interaction between protease and substrate, but the physiological 
relevance is puzzling. Perhaps this effect is a safety precaution regulating the proteolytic 
activity of TACE after its shedding from the cell surface, but experimental proof is not 
available25. ADAM-17 activity is inhibited by the endogenous metalloprotease inhibitor 
TIMP-3, but not by TIMP-1, -2 and -4150.  
ADAM-17 proteolytic activity is essential during embryonic development. Mice with a 
targeted deletion lacking the zinc-binding region in the catalytic domain generally die 
perinatally, an effect that seems independent on decreased TNF processing. The mice 
exhibit anatomical abnormalities like open eyelids, missing conjuctival sac and attenuated 
corneas. Surviving mice display lower body weight, epithelial dysgenesis in may tissues, 
perturbed hair coats caused by disorganization of the hair follicles, and irregular 
pigmentation151. 
ADAM-17 (together with the closely related ADAM-10) is not a typical member of the 
ADAM family when examining the catalytic domain: the catalytic domain is much longer 
than in most adamalysins, leading to two unique protuberances in the structure of the 
catalytic pocket. The S’3 pocket is very deep and merges with the S’1 pocket, and the 
characteristic Ca2+ binding motif is not found in TACE152.  
ADAM-17 sheddase activity is a well-studied phenomenon, with the liberation of soluble 
TNFα being the first substrate. ADAM-17 (as ADAM-10) cleaves proTNF at Ala76-Val77 
and is the dominant TNF sheddase, since genetic deletion of the zinc-binding sequence in 
mice results in monocytes that are incapable of releasing soluble TNFα27. Other ADAMs 
may compensate for decreased ADAM-17 activity as ADAM-9, -10 and -19 are capable of 
processing of proTNF in vitro, but the physiological relevance of this redundancy seems 
limited, especially under stimulating conditions83. ADAM-10 has been postulated to be 
responsible for the constitutive release of TNFα, while after stimulation ADAM-17 takes 
over the shedding from the cell surface82.  
ProTNFα de novo production in monocytes can be induced with LPS but for TNF release (a 
measure for enhanced ADAM-17 activity) stimulation by phorbol esters is necessary, 
indicating a PKCδ mediated mechanism involving phosphorylation of the cytoplasmic tail 
of TACE leading to activation or translocation of the enzyme25. Other studies have found 
that the cytoplasmic tail is not necessary for phorbol ester induced shedding153, again 
contradicting a possible role for intracellular phosphorylation. The effect of phorbol ester 
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stimulation on ADAM-17 mediated shedding is intriguing: shedding is induced within 
minutes after exposure, but prolonged stimulation results in downregulation of ADAM-17 
involving internalization of the cell surface bound TACE, a process which appears to be 
dependent of metalloprotease activity154.  
Besides TNFα, ADAM-17 is also capable of shedding of soluble TNF receptors p55 and 
p75 TNF-R151. Shedding of p55 TNF-R is inducible by hydrogen peroxide155. ADAM-17 is 
implicated in shedding of L-selectin151, and ADAM-17 relocalizes to L-selectin on the 
neutrophil cell surface after interaction with endothelial E-selectin156.  
ADAM-17 may function as an α secretase157, but as with ADAM-9 and -10 the 
physiological relevance and role in development of Alzheimer’s disease is under debate. 
There is some additional evidence identifying ADAM-17 as a relevant α secretase, since 
ADAM-17 activation downstream of muscarinic receptor 1 stimulation has been described 
to decrease the accumulation of neurotoxic Aβ peptides, a hallmark of α secretase 
activity158. The activation pathway of ADAM-17 via muscarinic receptor activation is also 
implicated in processing of cellular prion protein159.  
The adam17 ΔZn/ΔZn mouse model bears striking similarity with transforming growth factor 
α (TGFα) deficient phenotype. The role of ADAM-17 in TGFα shedding was confirmed by 
a strong decrease in soluble TGFα production in the ADAM-17 mutant mice151. The 
anatomical abnormalities in heart valves observed in ADAM-17 deficient mice may also 
arise from decreased shedding of another EGFR ligand, HB-EGF which is also a possible 
substrate for ADAM-17160,161. 
Since TNFα is an important proinflammatory mediator, ADAM-17 activity has been 
implicated in many diseases involving inflammation such as rheumatoid arthritis, Crohn’s 
disease and inflammatory bowel disorder. An interesting finding is that inhibition of 
ADAM-17 by conditional knockout has a strong protective effect in endotoxin shock in 
mice, and significantly reduces mortality. This observation may find use in the clinic where 
septic shock is still a condition with high mortality162. 
ADAM-17 mediated TNF processing may be important in atherosclerosis, since 
atherosclerotic plaques express both ADAM-17 and substrates TNFα and p55 TNF-R. 
Shedding is stimulated by microparticles, small vesicles that are present in atherosclerotic 
lesions as a result of cellular apoptosis163. 
ADAM-17 expression is upregulated in many tumours164. ADAM-17 mediated shedding of 
EGFR ligand TGFα and amphiregulin may be involved in invasion of breast cancer cells, 
and high expression of both ADAM-17 and TGF α correlates with poor prognosis165. 
Experiments with renal carcinoma cells have demonstrated ADAM-17 may be an essential 
factor in tumour formation since cells are unable to form solid tumours and loose their 
invasive potential after ADAM-17 silencing166. ADAM-17 (and -10) may be involved in 
early steps in the malignant transformation and tumour growth. ADAM-17 is shown to be a 
major sheddase of the natural killer cell receptor ligand MICA, thereby inhibiting the 
immunological clearance of transformed cells167. 
  
 
 



Chapter 1 
 

54 

ADAM-19 
ADAM-19 or meltrin β was first cloned in human in 2000 as a disintegrin-metalloprotease 
involved in 1α,25-dihydroxy vitamin D3 induced differentiation in primary monocytes and 
named MADDAM (metalloprotease and disintegrin dendritic antigen marker). Expression 
was found to be maintained in monocytes differentiating to dendritic cells, while 
macrophages do not produce MADDAM168. The authors also identified the novel protein as 
a human homologue of the earlier discovered murine meltrin β (ADAM-19)99,169. ADAM-
19 is closely related to ADAM-12 (meltrin α) and both proteins appear to be involved 
during development in mesenchymal cells, with ADAM-19 expression observed mainly in 
areas where peripheral neural cell lineages are formed. ADAM-19 expression is also found 
in the developing lung, intestine, heart and skeletal muscle, while ADAM-12 gene activity 
is found mainly in mesenchymal cells giving rise to bone, visceral organs and skeletal 
muscle170. Knockout experiments revealed ADAM-19 to be essential for heart development 
with ADAM-19 null mice dying perinatally with severe cardial abnormalities, mainly in the 
ventricular septum and the heart valves171. ADAM-19 may exist as an alternative splice 
variant missing the disintegrin and metalloprotease domain, dubbed meltrin β mini. This 
isoform is capable of initiating neural outgrowth in mouse neuronal cells, implicating a 
possible role for this alternative form in the development of the nervous system172. 
ADAM-19 is widely expressed in adult mammals, with high expression in bone, lung and 
heart. ADAM-19 is expressed as an inactive zymogen which is activated by cleavage of 
either one of two furin-recognition sites locate between the pro- and metalloprotease 
domain173. Indications exist that autoproteolytic truncation of ADAM-19 by cleavage 
within the cysteine-rich domain is necessary for proteolytic activity174. 
ADAM-19 is catalytically active and is capable of cleaving α2 macroglobulin in vitro, but 
was not able to cleave proteins such as type I and IV collagen, gelatin, casein and laminin, 
nor was cleavage of tested synthetic fluorogenic MMP and TACE substrates observed175. 
Later studies using a soluble recombinant ADAM-19 revealed a wide substrate specificity, 
with potential targets for proteolysis including myelin basic protein, insulin B-chain TNFα, 
TRANCE (TNF related activation induced cytokine) and kit ligand-1, but not TNF 
receptor-55 and -75 and IL6-receptor. The proteolytic activity of recombinant ADAM-19 is 
not inhibited by TIMP-1, -2 and -3. Cell-based shedding assays show increased release of 
TRANCE (TNF related activation induced cytokine) in COS-7 cells overexpressing 
ADAM-19, and kit ligand-1 shedding seems to be negatively regulated by ADAM-19176. 
The proteolytic activity towards TRANCE, a member of the TNF family is interesting since 
TRANCE signalling is associated with dendritic cell survival by inhibiting apoptosis177.    
ADAM-19 has been implicated in shedding of neuregulin (NRG), with a preference for the 
beta-isoform, with observed shedding of NRG β1 and β4, but not α2. Overexpression of 
ADAM-19 increases shedding, while shedding is markedly decreased in ADAM-19 
deficient mutants. The shedding of NRGs seems in line with the essential role of ADAM-19 
in the development of heart and central nervous system178. The sheddase activity of 
ADAM-19 towards NRG has been attributed to presence of the protease in lipid rafts within 
the neurons, an localization which is not common in the ADAMs which are mostly 
membrane-anchored179. Recently the NRG-processing activity of ADAM-19 has been 
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demonstrated to occur within the Golgi apparatus, and not the cell surface, again hinting at 
a unique localization of ADAM-19 mediated proteolysis180. The role of ADAM-19 in the 
developing heart and the shedding of NRG β is not exclusive, and may be compensated by 
other members of the ADAM family, as demonstrated in a study investigating the role of 
individual ADAM proteases. Apparently there is significant redundancy between the 
individual family members, which may complicate interpretation of results of individual 
knockout models181. ADAM-19 has recently been described having α-secretase activity 
towards APP, since overexpression increased release of the cleaved APP fragment 
increased while RNA interference decreased shedding. This may implicate a (partial) role 
for ADAM-19 in the processing of APP182. 
High ADAM-19 expression has been associated with invasive potential of primary brain 
tumours, with detectable proteolytic activity present on tumours with the highest 
expression49. ADAM-19 expression is high in renal cell carcinoma52 and ADAM-19 
expression is significantly higher in patients with chronic allograft nephropathy compared 
to healthy graft recipients, but is also increased in acute rejection and in non-allograft 
related diseases. Interestingly, ADAM-19 colocalizes with CD4+ T-cells (T-helper cells) 
indicating a role in the allograft rejection process183. ADAM-19 may be involved in 
development of fibrotic lesions in kidney disease. Expression is markedly higher in many 
renal structures in patients compared to healthy adults, and may be related to infiltration of 
macrophages184. 
 
ADAM-20 and -30 
These two proteins are interesting with respect to being the only human testis-specific 
ADAMs with the metalloprotease active site sequence. Unfortunately, almost no research 
has been aimed at elucidating the biological roles of these proteases. ADAM-20 was first 
described in 1998, and has high sequence similarity to the fertilins (ADAM-1 and -2) and 
surprisingly, ADAM-9185. Since mature ADAM-1 loses its metalloprotease domain during 
processing and is considered non-functional in human, ADAM-20 was hypothesized to be 
the functional equivalent of ADAM-1. ADAM-30 was cloned in 1999186, but the 
publication describing the cDNA sequence remains the only study published to date. 
Considering the expression pattern these two ADAMs may be functional homologues of the 
murine testases, although no evidence for this is published. 
 
ADAM-28 
ADAM-28 was first described in 1999 as eMDC II187 in human and macaque epididymis, 
and as MDC-L in human lymphocytes188. There is some confusion about the identity of 
ADAM-23 and ADAM-28, there is some consensus that they correspond to the same 
protein, but why the annotation ADAM-28 is preferred is unclear. ADAM-23 was 
described as a disintegrin-metalloprotease (MDC-3) without the zinc-binding catalytic site 
sequence, and thus probably does not have proteolytic activity189, while ADAM-28 does 
contain the zinc-binding site. 
ADAM-28 is expressed as a 115 kDa zymogen that is activated to an 88 kDa mature form 
that can be detected on the cell surface. A smaller, soluble variant of ADAM-28 has been 
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observed. Interestingly, ADAM-28 lacks the furin recognition site, and may depend on 
autolytic activation, or activity of other metalloproteases (MMP-7) for prodomain 
removal24,190. 
Purified ADAM-28 has proteolytic activity in vitro, and is able to cleave myelin basic 
protein, but not ECM constituents like collagen I-IV,  fibronectin, and laminin. The 
substrate specificity in vitro seems to overlap largely with ADAM-8 and ADAM-15, as 
demonstrated by screening against a library of synthetic peptides, and ADAM-28 is capable 
of cleavage of the low affinity IgE receptor CD23144. The soluble form of ADAM-28 is 
capable of in vitro cleavage of insulin-like growth factor binding protein-3190. ADAM-28 
catalytic activity is not inhibited by TIMP-1, and only weakly inhibited by TIMP-2191. 
ADAM-28 can bind integrin α4β1 by interaction with its disintegrin domain192,193. 
The expression of ADAM-28 in the epididymis suggests a role in reproduction. The soluble 
splice variant was found in mouse epididymus, but no functional role could be attributed to 
this protein in sperm194. ADAM-28 may have a function in development of dental tissue, 
since expression in the developing tooth, and appears to be associated with tooth root 
hypoplasia in patients195. The mechanism behind this biological effect is postulated to be a 
survival promotion mediated through ADAM-28 induced proliferation of dental papilla 
mesenchymal cells, while silencing of ADAM-28 results in apoptosis of the dentals 
mesenchymal cells196. Some studies have included ADAM-28 in screening for 
overexpressed protein in cancer. Expression of ADAM-28 was found to be high in non-
small cell lung carcinoma, and correlated with proliferation and metastasis197. ADAM-28 
expression in breast cancer is also high, and proteolytic activity of ADAM-28 in shedding 
of IGFBP-3 may contribute to cell proliferation in breast cancer198. 
 
ADAM-33 
ADAM-33 was first described in 2002 as a novel disintegrin-metalloprotease in mouse and 
human199. ADAM-33 in quite unique within the metzincin family in the fact that within 6 
months after its discovery, even before ADAM-33 was well characterized at the protein 
level, it was already associated with a disease state200. ADAM-33 is now widely regarded as 
an asthma susceptibility gene and many studies have tried to find associations of ADAM33 
polymorphisms with asthma and bronchial hyperresponsiveness. 
ADAM-33 is widely expressed, except in liver. An interesting structural peculiarity is that 
ADAM-33 lacks SH3 binding sites in its cytoplasmic domain, which may indicate that the 
role in intracellular signalling is different than for other ADAMs199. ADAM-33 is produced 
as a  123 kDa glycosylated zymogen, and may be activated by cleavage of one of three 
putative furin recognition site between the pro- and metalloprotease domain resulting in a 
100 kDa mature enzyme that can be detected at the cell surface. ADAM-33 contains the 
zinc-binding metalloprotease active site, and recombinant ADAM-33 has been 
demonstrated to possess proteolytic activity and soluble ADAM-33 is capable of cleaving 
α2-macroglobuline201. The disintegrin domain of recombinant ADAM-33 has affinity 
towards integrin α9β1, but not α4β1 and α4β7 (implicated in ADAM-28 mediated 
interaction with lymphocytes)202, but later studies have revealed a possible mechanism for 
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inhibition of cell migration by ADAM-33 mediated interaction with integrins α4β1 and 
α5β1203. 
An in vitro cleavage specificity screening of recombinant ADAM-33 has revealed limited 
substrate specificity compared to other ADAMs. Only four peptides, based on the putative 
cleavage sites of kit ligand-1, APP, TRANCE and insulin B-chain were cleaved while 
broadly recognized sheddase cleavage sites such as in EGF, HB-EGF, proTNFα, p55 and 
p75 TNF receptors and TGFα were not hydrolyzed by ADAM-33204. The cleavage sites of 
the four recognized peptides are similar to those observed in ADAM-19, an observation 
already expected from the phylogenic tree identifying this ADAM and Xenopus ADAM-13 
as having the highest sequence homology199. The catalytic activity is quite different from 
ADAM-17, and can be explained by marked differences in the catalytic pocket as 
demonstrated by crystallographic resolution of the structure of both proteins205. Cellular 
shedding of KL-1 was evaluated by cotransfection of full length ADAM-33 into COS-7 
cells. After transfection KL-1 shedding was slightly higher, and transfection of a non-
functional ADAM-33 mutant slightly decreased KL-1 release. A similar experiment with 
APP shedding resulted in no increase in soluble αAPP release from the cells, leading to the 
conclusion that ADAM-33 is not a relevant α secretase in vivo. ADAM-33 activity is 
inhibited in vitro by TIMP-3 albeit at much higher concentration than ADAM-17204. 
As expected from the genetic association with asthma, most research efforts involving 
ADAM-33 have been focussed on the biological and pathophysiological function in the 
lung. Pulmonary ADAM-33 expression has been found in cells of mesenchymal origin like 
smooth muscle cells and fibroblasts, but expression in epithelia has been subject to debate. 
Early reports show no expression in airway epithelia, while the consensus now seems to be 
that epithelia does indeed produce ADAM-3343,206, but expression in epithelia is sensitive to 
gene silencing by hypermethylation of the promoter region206. ADAM-33 is found in 
smooth muscle tissue and airway epithelia while its presence is limited in the immune 
system, which may be an indication that the role of ADAM-33 lies more in tissue 
remodelling than in the allergic component  of asthma207. ADAM-33 may be expressed as a 
number of isoforms as the result of alternative splicing. Originally ADAM-33 was already 
described as having a β-isoform as result of a 26 amino acid deletion in the region linking 
the cysteine-rich region to the EGF-like domain199, but a study investigating the production 
of ADAM-33 isoforms by fibroblasts from a healthy volunteer has revealed a large number 
of isoforms may be expressed in fibroblasts, with 6 forms missing the metalloprotease 
domain. The alternative mRNA sequences are partially translated into protein as 
demonstrated by Western blot with at least 5 specific bands corresponding to protein of 
smaller molecular size are visualized. Several of these bands in the 50-60 kDa region are 
hypothesized to correspond to the isoform lacking the metalloprotease domain, although no 
validation for this hypothesis is supplied208. Later investigation of the different splice 
variant expressed in biopsies of asthmatic lung revealed a similar result showing transcripts 
corresponding to many isoforms being present, with a minority actually containing the 
metalloprotease domain region209. These findings, combined with the observation that the 
alternatively spliced ADAM-33β appears to be insensitive to proteolytic activation of the 
zymogen may indicate a limited functionality for the catalytic domain in vivo210.  



Chapter 1 
 

58 

The 55 kDa isoform of ADAM-33 has been detected in BAL fluid of patients, and levels 
were higher in patients with moderate and severe asthma. The level of ADAM-33 
correlated inversely with the measured FEV1 % predicted, which associates ADAM-33 
production in the lung with airway obstruction211. Expression of ADAM-33 in airway 
smooth muscle cells obtained from asthma patients was found to be higher than in healthy 
control, and the overexpression could be reversed by incubation of the cells with interferon 
γ212. Expression of ADAM-33, like ADAM-8 was found to increase with disease severity in 
asthma patients43. 
Knockout experiments in mice have demonstrated that ADAM-33 is not essential for 
development and survival, ADAM-33 null mice show no morphological abnormalities and 
are fertile. Interestingly, the knockout mice response in allergen sensitization/challenge 
experiments is normal compared to wild type and pharmacological bronchoconstriction 
gives a normal response. These results have demonstrated that, at least in mouse, the role of 
ADAM-33 in allergic airway disease may be limited, although the model may not 
correspond perfectly to asthma in human213. 
The genetic association of ADAM-33 with asthma and bronchial hyperresponsiveness has 
been extensively studied, with group worldwide attempting to reproduce the association 
found in 2002 in other populations. Many groups do find polymorphisms that are 
associated214-216, while others fail217,218, and there seems to be a rather high heterogeneity in 
SNPs that appear to be responsible for the association, a trait that is observed more often in 
population-wide genetic screening.  In recent years, several reviews have been published 
summarizing the state of events219,220. 
Since the physiological function of ADAM-33 in not clear to date, interpretation of the 
effect of individual SNPs on protein function are complicated. In theory both dysfunction 
of the metalloprotease domain (shedding of EGFR ligand and inflammatory cytokines) and 
the disintegrin domain (cellular adhesion and migration) are possible causes of smooth 
muscle remodelling observed in asthma. Much evidence points to a minor role of the 
metalloprotease domain, but most studies have found expression of metalloprotease domain 
containing ADAM-33 low, while on the protein level no distinction is made. More research 
on the biological role of ADAM-33 and elucidation of its endogenous substrate (if any) are 
necessary to explain the genetic association found in many studies. 
Although almost all research on ADAM-33 has been focussed on asthma, there appears to 
be an association of an ADAM-33 polymorphism in the cytoplasmic and development of 
chromic obstructive pulmonary disease (COPD), with increased airway 
hyperresponsiveness and higher infiltration of inflammatory cells221.  
Two recent studies have found an association of ADAM-33 with psoriasis susceptibility, 
with the second study reproducing two out of three SNPs identified in the first, making a 
strong case for involvement of ADAM-33 in psoriasis222,223.   
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1.4 ADAMs with a thrombospondin type I-like motif (ADAMTS)  
 
The latest discovered subfamily of the metzincins are the ADAMTS proteases whose first 
members were cloned in mouse in 1997, and were immediately associated with 
inflammation1. The human ADAMTS family comprises 19 secreted disintegrin-
metalloproteases (ADAMTS-1 to -20, with -11 being identified as a literature alias of 
ADAMTS-5) with a similar domain structure to the membrane-anchored ADAMs but with 
some marked structural differences in the C-terminal region. ADAMTS proteins lack the 
EGF-like domain (and naturally the transmembrane and cytoplasmic regions), but contain a 
central thrombospondin type I-like repeat (TSR) between the disintegrin domain and the 
cysteine-rich domain. The cysteine-rich domain is followed by a spacer region of unknown 
function, and (with the exception of ADAMTS-4) a variable number of additional TSR’s 
(see figure 1)2. The TSR motifs have a putative function in protease-substrate interaction 
and association with the extracellular matrix, as demonstrated for the interaction of 
ADAMTS-1 with sulphated glycosaminoglycans like heparan3. 
ADAMTS’s are expressed as inactive zymogens that can be activated intracellularly, a 
process that is likely dependent on proprotein convertase activity in the late-Golgi network 
since all ADAMTS’s contain the furin recognition site within their prodomain4. 
Autocatalytic processing has been described in the C-terminal domain, effectively releasing 
several of the TSR’s from the protein5. 
The ADAMTS’s can be roughly divided into four functional groups: the hyalectanases or 
aggrecanases (ADAMTS-1, -4, -5, -8, -9 and -20), the pro-collagen N-endopeptidases 
(ADAMTS-2, -3 and -14), ADAMTS-13 as a unique member and a heterogeneous group of 
proteases with unknown function. The biochemical and biological characterization is 
limited for the majority of ADAMTS’s especially when looking at the most recently 
decribed members. Although several studies were published on the biological and 
pathological role of the pro-collagen peptidases, which are implied in processing of pro-
collagens prior to fibril formation and therefore have an important role in formation of 
connective tissue6,7, most research effort so far has been directed to only a few 
submembers: the aggrecanases ADAMTS-1, -4 and -5 and the putative von Willebrand-
factor cleaving protein ADAMTS-13. 
 
1.4.1 Aggrecanases 
ADAMTS-1 or METH-1 was the first identified human ADAMTS in 19988. ADAMTS-1 is 
a proteolytically active enzyme as demonstrated by the α2-macroglobuline trapping assay9, 
and is capable of degradation of aggrecan by cleavage in the chondroitin sulphate 
attachment domain10. ADAMTS-1 knock-out mice are viable, but are considerably smaller 
than wildtype, with growth retardation continuing after birth. The smaller size of the null 
mice is contributed mainly to disfunction in fat metabolism, since the knockouts are 
extremely lean, although no histological abnormaliteis are visible in adipocytes (besides the 
smaller size). ADAMTS-1 knockout mice show abnormalities in the structure of the adrenal 
medulla, but no functional deficiency is observed. The mice further exhibit abnormal 
development of the kidney, with enlarged calices and fibrotic interstitial lesions, indicating 
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a role for ADAMTS-1 in ECM turnover during development11,12. This role in ECM 
homeostasis is confirmed by the observation that ADAMTS-1 is markedly downregulated 
in the liver of chirrotic rats13. ADAMTS-1 has been implicated in ECM turnover during 
bone formation14,15, and may play a role during follicular development and ovulation16,17, a 
function that is corroberated by the observed sub-fertility in ADAMTS-1 null mice. 
ADAMTS-1 inhibits fibroblast-growth factor-2 VEGF mediated vascularization, an effect 
presumably mediated by autocatalytically processed fragments, while full-length 
ADAMTS-1 has sheddase activity towards HB-EGF and amphiregullin and may promote 
angiogenesis in tumours18. ADAMTS-1 expression is lower in patients suffering from 
asthma 19 and non-small-cell lung carcinoma20. 
Although ADAMTS-1 is capable of aggrecan processing, this process is attributed more to 
ADAMTS-4 (aggrecanase-1) and -5 (aggrecanase-2) activity, with ADAMTS-1 only 
fulfilling a minor role in vivo21. ADAMTS-4 was first described in 199922, as was 
ADAMTS-5/ADAMTS-1123,24. Since the specific Glu373-Ala374 cleavage of aggrecan 
mediated by the ADAMTS’s is observed in cultured explants undergoing cartilage 
destruction25,26 and the resulting aggrecan fragments are detectable in synovial fluid of 
patients with arthritis27 the role of ADAMTS-4 and -5 in arthritic diseases is well 
investigated. ADAMTS-4 expression is sensitive to pro-inflammatory factors such as IL-1, 
TGFβ and TNFα, but ADAMTS-5 is not, or to a much lesser extent (28 and references 
therein), which is indicative that ADAMTS-5 functions as a constitutative aggrecanase 
while ADAMTS-4 functions more under inflammation. IL-1 stimulation may induce 
production of a 37 kDa variant form of ADAMTS-4 in chondrocytes which is capable of 
aggrecan degradation29, while a truncated form resulting from C-terminal processing yields 
an inactive form, presumably due to disrupted substrate binding30. Another interesting 
alternative processing pathway has been described in in situ, extracellular activation by the 
proprotein convertase PACE4 in cultured cartilage explants31.  
Findings in knockout experiments investigating the major aggrecanase in murine 
osteoarthritis however contradicted the role of ADAMTS-4 under inflammatory stimuli as 
observed during arthritis, with knockout yielding no protective effect32, while the 
ADAMTS-5 null mice exhibited a decreased cartrilage destruction33,34. The relevance of 
these observations in human arthritic diseases is not entirely clear, since indications exist 
that the cytokine-sensitivity of ADAMTS-4 is not present in murine cells, making the 
translation of the knockout results difficult35, but recent characterization of the proteolytic 
profile of both aggrecanases have provided indication that ADAMTS-5 is indeed the major 
aggrecanase in arthritis, since the aggrecanolytic activity is around a 1000-fold higher than 
of ADAMTS-4 under physiological conditions36, but this may not be true under 
inflammatory conditions observed in arthritis. The consensus seems to be that both 
aggrecanases have a significant effect in the pathological cartilage destruction observed in 
human osteo- and rheumatoid arthritis28,37, but recent evidence from double-knockout mice 
has shown that aggrecanase activity from ADAMTS-4 and -5 may have redundance with 
another, yet unidentified protease which has a different substrate specificity under 
inflammatory conditions. Neither ADAMTS-4 nor -5 was found to be essential in both 
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development and cartilage turnover, indicating that the role of these aggrecanases may be 
more limited than found in earlier studies38. 
 
1.4.2 ADAMTS-13 
The most studied ADAMTS to date is perhaps ADAMTS-13 or the van Willebrand factor 
cleaving protease. This protein was first identified in 2001, and immediately associated 
with processing of ultralarge multimeric form of von Willebrand factor (vWF)39,40.  
In the phylogenic tree ADAMTS-13 stand apart from the other family members, mainly 
due to the presence of C-terminal CUB (Complement C1r/C1s, Uegf (EGF-related sea 
urchin protein) and BMP-1 (bone morphogenic protein-1)) domains which are presumed to 
play a role in protein-protein interaction with other CUB-containing proteins2. The 
prodomain of ADAMTS-13 is unusually short and, contrary to other ADAMs is not 
necessary for accurate folding of the metalloprotease domain. Removal of the prodomain 
by proprotein convertases is furthermore not required for proteolytic activity, since 
proADAMTS-13 is well capable of processing of vWF41.  
Defects in vWF processing are the underlying pathology in thrombotic thrombocytopenic 
purpura (TTP), a rare syndrome involving microangiopathic haemolytic anaemia and 
thrombocytopenia, and may lead to neurological dysfunction, tissue infarction and renal 
failure. The mortality is high (90%) when untreated, but the reduced processing of the ultra-
large vWF multimers can be compensated by plasma exchange essentially supplementing 
the patient with active vWF cleaving protease (ADAMTS-13)42,43. The inactivity of 
ADAMTS-13 in TTP may be congenital, or the result of an acquired auto-immune response 
targeting ADAMTS-13. The pathophysiology of TTP and the role of ADAMTS-13 has 
recently been extensively reviewed44. 
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1.5 Scope of the thesis 

 
This thesis describes the development of novel methods for activity-based proteomics based 
on the selective interaction of active metalloproteinases such as matrix metalloproteinases 
(MMPs) and a disintegrin and metalloproteinases (ADAMs) with newly synthesized 
inhibitor molecules. 
The general introduction (chapter 1) gives an overview of the current literature on the 
biological and pathophysiological role of the MMPs, the ADAMs and the recently 
discovered subfamily of ADAMs with a thrombospondin repeat (ADAMTSs).  
Excessive metalloproteinase activity is a possible underlying cause for the development of 
many diseases ranging from inflammatory conditions to pathological tissue remodelling 
and cancer the profiling of metalloproteinase activity could provide a valuable diagnostic 
tool and shed light on the complicated role of the MMPs and ADAMs in health and disease. 
As metalloproteinase activity is highly regulated in vivo, determination or profiling of the 
actual active isoforms that are present could provide a better picture of the (patho)-
physiological situation. Several analytical techniques for distinguishing active from non-
active, either in pro-protease, or zymogen form or inactivated by endogenous inhibitors, 
have been described in literature. Chapter 2 gives an overview of the traditional methods 
for activity determination based on monitoring of substrate conversion and expands to the 
recently developed field of activity-based proteomics (ABP). 
ABP methodology uses small molecular weight inhibitors as ligands and roughly can be 
divided into two approaches; using inhibitor probes labelled with either biotin or a 
fluorophore for tagging and visualisation of active proteinases or by using immobilized 
reversible inhibitors for activity-based solid phase extraction. 
In chapter 3 we describe the first approach where the base structure of a successful 
reversible hydroxamate-based inhibitor was modified to include a photoreactive moiety for 
crosslinking of the probe to the active metalloproteinase and a biotin group for visualisation 
and pulldown using biotin-streptavidin interaction. A similar probe with an incorporated 
fluorescent moiety was tested alongside the biotinylated probe and the probe is optimized 
by transfer of the photocrosslinking group from the P’2 to the P’1 position in the molecule. 
In chapter 4 we test a library of reversible peptide-based hydroxamates as inhibitors 
against three model metalloproteinases, MMP-9, MMP-12 and ADAM-17. The best 
performing inhibitors are immobilized on Sepharose beads and used for activity-based 
enrichment of metalloproteinases. This approach is used to enrich active endogenous 
ADAM-17 from a complex proteome (a total cell lysate of A549 lung carcinoma cells).  
Solid phase extraction has the advantage of being susceptible to automation, and this 
approach is described in chapter 5. By packing the immobilized inhibitor beads into a 
cartridge suitable for the PROSPEKT automated solid phase extraction module, and 
coupling the automated extraction to inline tryptic digestion and LC-MS analysis we show 
a system for fully automated activity-based analysis of metalloproteinases. The enrichment 
platform is coupled to a chip-based LC interface for improved robustness and the system is 
tested with the model proteinase MMP-12. 



Chapter 1 
 

76 

In chapter 6 we summarize the results and give future perspectives. A preliminary 
approach for the use of the inhibitor probes for in-vivo imaging using a 99m-technetium 
label is discussed and the challenging task of proper pre-analytical sample handling to 
preserve the activity status of the proteinases in the samples is discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




