
Introduction

ADAM enzymes (a disintegrin and metalloproteinase) 
are Zn2+-dependent, modular cell surface proteins 
which belong to the adamalysin protein family. They are 
closely related to other metalloenzymes such as ADAM-
TSs (ADAMs with thrombospondin domains), matrix 
metalloproteinases (MMPs) and snake venom metal-
loproteinases (SVMP). The structure of ADAMs closely 
resembles the Class III snake venom metalloenzymes or 
reprolysines (discussed in detail in Calvete et al., 2007) 
and it forms the basis of the many ADAM enzyme func-
tions. The typical ADAM modules and their comparison 
to modules present in MMP and SVMP are depicted in 
Figure 1.

ADAMs can have both adhesive and proteolytic prop-
erties and can therefore participate in cellular adhesion 
and proteolytic cleavage of various cell surface mol-
ecules. Therefore, ADAMs are also important mediators 
of cell signaling events which determine cellular fate, 
proliferation, and growth (Blobel, 2005; Edwards et al., 
2008). Because of these features, ADAMs are important 
contributors to physiological and pathophysiological 
processes and may be potential therapeutic targets in 

various diseases. In the mammalian genome 40 ADAMs 
were identified, and in the human genome 21 ADAMs 
have been described. However, of these 21 molecules, 
only 13 are proteolytically active (Edwards et al., 2008). 
Some ADAMs lose their metalloenzyme domain during 
intracellular maturation and some lack the necessary 
Zn-binding (HEXXHXXGXXH) sequences present in their 
catalytic domain to be proteolytically active (ADAM-1-7, 
22, 23, 29, 31, 32). These proteolytically inactive ADAMs 
participate in intercellular communication through their 
adhesive properties rather than by activating cell surface 
molecules through proteolytic cleavage or “shedding”.

Some ADAM enzymes can be expressed in somatic 
cells and some are present primarily in the testis, which 
suggests tissue-specific function (reviewed in detail in 
Edwards et al., 2008). The importance of ADAMs is under-
scored by the fact that orthologs of some of the most vital 
ADAM genes (ADAM-10 and -17) can be found in yeast 
Schizosaccharomyces pombre (Nakamura et  al., 2004), 
in Drosophila melanogaster, and in primitive chordates 
such as Ciona intestinalis and the zebrafish Danio rerio 
(Huxley-Jones et al., 2007).

Our review focuses on ADAM-17, one of the most 
well studied ADAM enzymes. However, there are several 
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Abstract
This review focuses on the role of ADAM-17 in disease. Since its debut as the tumor necrosis factor converting 
enzyme (TACE), ADAM-17 has been reported to be an indispensible regulator of almost every cellular event 
from proliferation to migration. The central role of ADAM-17 in cell regulation is rooted in its diverse array 
of substrates: cytokines, growth factors, and their receptors as well as adhesion molecules are activated or 
inactivated by their cleavage with ADAM-17. It is therefore not surprising that ADAM-17 is implicated in 
numerous human diseases including cancer, heart disease, diabetes, rheumatoid arthritis, kidney fibrosis, 
Alzheimer’s disease, and is a promising target for future treatments. The specific role of ADAM-17 in the 
pathophysiology of these diseases is very complex and depends on the cellular context. To exploit the 
therapeutic potential of ADAM-17, it is important to understand how its activity is regulated and how specific 
organs and cells can be targeted to inactivate or activate the enzyme.

Keywords:  Ectodomain shedding; growth factor; inflammation; signalling; proteolysis; TNFα

BMG

463310

(Received 02 December 2009; revised 12 January 2010; accepted 15 January 2010)

ISSN 1040-9238 print/ISSN 1549-7798 online © 2010 Informa UK Ltd
DOI: 10.3109/10409231003628015 http://www.informahealthcare.com/bmg

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

mailto:beckm@musc.edu
http://www.informa.com/doifinder/10.3109/10409231003628015
http://www.informa.com/doifinder/463310


ADAM-17: the enzyme that does it all    147

excellent recent reviews available which discuss the 
importance and roles of other ADAMs (Blobel, 2005; 
Higashiyama and Nanba, 2005; Huovila et  al., 2005; 
Charrier-Hisamuddin et al., 2008; Edwards et al., 2008; 
Reiss and Saftig, 2009).

ADAM-17 makes history

ADAM-17 was discovered in 1997 and described simul-
taneously by two research groups as the enzyme that 
releases membrane-bound tumor necrosis factor (TNF)-α 
precursor to a soluble form (Black et al., 1997; Moss et al., 
1997b). This discovery was significant because TNFα is 
critical in inflammatory processes (Feldmann et  al., 
1995), and there had been a lengthy search to identify 
the enzyme responsible for solubilizing this cytokine. 
Investigators hypothesized that the sheddase enzyme 
that cleaves cell-surface-bound pro-TNFα was a metal-
loenzyme because hydroxamate-type inhibitors attenu-
ated surface-bound pro-TNF-α release from cells (Mohler 
et al., 1993; 1994; McGeehan et al., 1994). However, the 
discovery that this cytokine-releasing enzyme belongs 
to the adamalysins provided the first evidence for physi-
ological catalytic activity of ADAMs (Black et  al., 1997; 
Moss et  al., 1997b) as previously ADAMs were merely 
regarded as adhesion molecules.

ADAM-17 (synonyms: CD156b; cSVP; MGC71942; 
tumor necrosis factor converting enzyme (TACE)) was 
described as a protein of 824 amino acids (accession 
number NM_003183), and its gene is located on chro-
mosome 2p25. ADAM-17 is widely expressed in various 
tissues including the brain, heart, kidney, and skeletal 
muscle, and its expression changes during embryonic 
development and adult life (Black et al., 1997). ADAM-17 
is a multi-domain protein starting with a signal sequence 
(1–17 aa), followed by a prodomain (18–214 aa), a 
metalloenzyme or catalytic domain (215–473 aa) with 
the typical HEXXHXXGXXH (X being any amino-acid 

residue) sequence, a disintegrin domain (474–572 aa), 
an a cysteine-rich domain (603–671 aa), followed by a 
transmembrane domain (672–694 aa) and a cytoplas-
mic tail (695–824 aa). ADAM-17 has very little sequence 
similarities with other ADAMs (see phylogenic review 
in Edwards et al., 2008); its closest relative is ADAM-10 
(NM_001110.2); however, their protein sequence 
homology is less than 30% according to NCBI Blast.

Function of ADAM-17

Protein ectodomain shedding and its functional 
consequences

The most well-known function of catalytically active 
ADAMs, including ADAM-17, is to cleave ectodomains of 
various transmembrane proteins. The proteolysis usually 
occurs at the membrane-adjacent part of the molecule. 
Proteins with different function can be processed by 
ectodomain shedding: epidermal growth factor receptor 
(EGFR) ligands, proinflammatory cytokines such as 
TNFα and its receptor TNFRI, adhesion molecules and 
the amyloid precursor protein (Black et al., 1997; Moss 
et al., 1997b; Peschon et al., 1998; Lammich et al., 1999; 
Reddy et  al., 2000; Garton et  al., 2003). ADAM-17 has 
preferences for certain proteins as discussed below, but 
catalytically active ADAMs can have overlapping sub-
strate “specificity” (for lists of known ADAM substrates 
see the recent review by Edwards et  al. (2008)). After 
cleavage, the molecules can bind to their receptor on 
the same cell (autocrine effect), or can bind to receptors 
on neighboring cells. Alternatively, they can reach more 
distant cells in the same tissue (juxtacrine and paracrine 
effect) and even enter the bloodstream (endocrine effect) 
(Wiley et al., 1998; Borrell-Pages et al., 2003). Usually, the 
Golgi apparatus provides a reserve for the shedded lig-
and, and ligand shedding can mobilize ligand movement 
to the membrane (Wang, J. et al., 2003).
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Figure 1.  Comparison of ADAM modules to modules present in SVMPs and MMPs.
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Protein cleavage can regulate cellular signaling and 
affect cell behavior, but the result always depends on the 
cellular context. Because both substrate and receptor can 
be cleaved, several scenarios are possible. The cleaved 
substrate can bind to its receptor and then the activated 
receptor initiates downstream signaling events: ADAM-17 
can cleave heparin-binding epidermal growth factor 
(HB-EGF) which, in turn, activates EGFR and initiates cell 
proliferation (Gooz, M. et al., 2006) (Figure 2A). However, 
the receptor can be cleaved from the cell surface; thus, 
ectodomain shedding can actually stop the ligand-initi-
ated signaling: ADAM-17-induced macrophage colony-
stimulating factor receptor cleavage downregulates 
activated macrophages (Rovida et al., 2001) (Figure 2B). 
Failure in receptor downregulation and normal turno-
ver can have serious consequences as observed in TNF-
receptor associated periodic febrile syndrome (TRAPS) 
(McDermott et al., 1999). A mutation in the cleavage site 
of the TNF receptor I can lead to receptor accumulation 
on the cell surface due to inefficient shedding. Receptor 
abundance increases cell susceptibility to TNFα and 
TRAPS patients have increased inflammatory responses 
with concomitant fever (Figure 2C). If the receptor shed-
ding occurs before the ligand binding, the receptor can 
serve as a decoy and inhibit the ligand binding to cell 
surface receptors. For example, breast cancer cells that 
overexpress Her-2 escaped anti-Her-2 antibody-mediated 
inhibition of cell proliferation by shedding large amounts 
of soluble Her-2, which captured the antibody prior to it 
reaching cells (Brodowicz et al., 1997) (Figure 2D).

Interestingly, activation of membrane-bound recep-
tors (for example EGFR) by EGFR ligand binding can 
result in either cell proliferation or apoptosis, depending 
on which other signaling pathways are activated or “con-
nected” to the host-receptors pathway (Jackson et  al., 

2003; Blobel, 2005). Therefore, inhibiting or knocking 
down a receptor which activates inhibitory signaling 
pathways can actually activate the previously inhibited 
processes. An example of this mechanism is the contribu-
tion of EGFR activation to normal heart development via 
the Smad/Bone Morphogenic Protein (BMP) signaling 
pathway. EGFR activates Smad signaling, thereby inhibit-
ing hyperproliferation of cells in developing heart valves 
(Kretzschmar et  al., 1997). Also, Smad6–/– mice were 
confirmed to have enlarged heart valves (Galvin et  al., 
2000), and EGFR knockout mice and HB-EGF–/– mice 
develop hyperplasic heart valves (Chen, B. et al., 2000; 
Jackson et al., 2003). Insufficient or inactive EGFR during 
heart valve development therefore hinders activation of 
an inhibitory mechanism (Smad) and leads to activation 
of a proliferative pathway.

Regulated intramembrane proteolysis (RIP)

What then happens with the cleaved intramembrane/
cytoplasmic part of the proteins is presently unclear. 
However, the transmembrane module of certain 
proteins has been shown to be further processed by 
regulated intramembrane proteolysis or RIP (Schroeter 
et al., 1998; De Strooper et al., 1999; Wolfe et al., 1999). 
Signaling through Notch, a protein involved in cell-fate 
decisions, involves cleavage of the Notch receptor first 
on its ectodomain by ADAM-10 or ADAM-17 at a so-
called α-position (Brou et  al., 2000), which is followed 
by a second intramembrane cleavage by multi-protein 
protease complex γ-secretase, which includes enzymes 
like presenilin (Hartmann et  al., 2001; Six et  al., 2003). 
The intracellular domain of Notch is transferred to the 
nucleus where it regulates transcription of various genes 
(Lewis, 1998). Another example is the processing of the 
β-amyloid precursor protein (APP), which is responsible 
for amyloid plaque formation in Alzheimer’s disease 
(Masters et  al., 1985). APP is cleaved first by ADAM-17 
or ADAM-10 and, similar to Notch, the remaining mol-
ecule is processed by presenilin (Buxbaum et al., 1998). 
The intracellular fragment induces intracellular Ca2+ 
signaling (Leissring et  al., 2002). This process results in 
a soluble extracellular fragment that does not contrib-
ute to amyloid plaque formation (Anderson et al., 1992; 
Kojro and Fahrenholz, 2005). In contrast, decreased 
activity or lack of α-secretases allows β-secretase to 
cleave the extracellular module of APP at a more distal 
region which will result in formation of the amyloidog-
enic β peptide (Yan et  al., 1999). Furthermore, recent 
investigations provided evidence that after ectodomain 
shedding the EGFR ligands HB-EGF and neuregulin are 
proteolytically cleaved on their C-terminal domain and 
signal to the nucleus (Nanba et al., 2003; Bao et al., 2003). 
Therefore, other than soluble factor-induced events, 
backwards signaling could provide cellular feedback and 

ADAM-17
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Figure 2.  Consequences of protein ectodomain shedding. (A) Cleaved 
substrate binds to its receptor and initiates downstream signaling 
events. (B) Receptor cleavage stops ligand-initiated signaling. 
(C)  Failure to downregulate receptor hypersensitizes the cells for 
receptor agonist. (D) Shedded receptor serves as decoy for antibody 
and contributes to resistance in cancer.
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could mobilize transport of additional factors to the cell 
surface. The consequences of this “backwards signaling” 
require further investigations. Also, it would be interesting 
to know whether all transmembrane proteins for which 
the ectodomain is processed undergo transmembrane 
proteolysis.

Inter-receptor crosstalk

Ectodomain shedding is an important element of commu-
nication among different types of cell surface receptors. 
Crosstalk between G protein-coupled receptors (GPCRs) 
and receptor tyrosine kinases (RTKs) was first reported in 
1999 (Prenzel et al., 1999). The mechanism which involved 
GPCR-induced activation of a matrix metalloenzyme and 
subsequent shedding of the EGFR ligand heparin-binding 
EGF (HB-EGF) was the archetype of “triple-membrane 
spanning signaling”. Prenzel showed that activation of 
several distinct GPCRs can induce phosphorylation of 
the EGFR through the same ligand: HB-EGF. Since then, 
several other EGFR ligands have been identified in inter-
receptor crosstalk, including EGF, amphiregulin, neu-
regulin 1-4, epiregulin, epigen, TGFα and betacellulin. 
ADAM-10, -12, -15 and -17 were documented as growth 
factor shedding enzymes (for a recent review see Edwards 
et al., 2008). GPCR agonists implicated in inter-receptor 
crosstalk that utilizes ADAM-17 include angiotensin-II 
(Lautrette et al., 2005), ATP (Yin and Yu, 2009), lysophos-
phatidic acid (LPA) and thrombin (Gschwind et al., 2003), 
membrane type bile acid receptor (M-BAR)/TGR5 (Yasuda 
et al., 2007), endothelin-1 (Sanderson et al., 2006), carba-
chol (Alfa Cisse et al., 2007), and serotonin (Gooz, M. et al., 

2006). It is important to note that the same GPCR agonists 
can induce cleavage of various substrates depending on 
the cell type (and probably the cellular context). Thus, 
angiotensin-II is implicated in ADAM-17-mediated TGFα 
shedding of kidney cells (Lautrette et al., 2005), in HB-EGF 
shedding of ACHN kidney carcinoma cells (Schafer et al., 
2004) and in HB-EGF shedding of vascular smooth mus-
cle cells (Ohtsu et al., 2006). In contrast, the same ligand 
can be involved in different pathophysiological proc-
esses mediated by ADAM-17. Thus, the enzyme can shed 
amphiregulin both in lung (Lemjabbar et al., 2003), and in 
colon cancer cells (Merchant et al., 2005). Another regula-
tory checkpoint of the GPCR-RTK crosstalk which can add 
variability to the signaling process is that, upon activation, 
EGFR monomers can form not only homodimers but also 
heterodimers. This process involves engagement of other 
ErbB family members, such as the ErbB4 receptor, which 
can add additional variability to the outcome of the sig-
naling process as heterodimers have different substrate 
preferences than the EGFR homodimer (Murali et  al., 
1996; Citri et al., 2003; Li, Z. et al., 2007) (Figure 3).

Regulation of ADAM-17

ADAM-17 domains and their role in regulating ADAM-
17 enzymatic activity

The prodomain of ADAM-17 serves as the initial inhibitor 
of the enzyme during its translation (Gonzales et al., 2004; 
Li, X. et al., 2009). Interestingly, there is evidence that its 
function is enhanced by the presence of the disintegrin 
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Figure 3.  Substrate binding of EGFR/ErbB heterodimers.
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domain of the enzyme (Gonzales et  al., 2004). The 
prodomain of ADAM-17 is cleaved by furin, a pro-protein 
convertase, in the trans-Golgi network (Schlondorff et al., 
2000) at the last four amino acids (Arg-Val-Lys-Arg) pre-
ceding the catalytic domain. Interestingly, in contrast 
to other MMPs, the cysteine switch mechanism – the 
binding of Cys184 to the Zn2+ ion in the catalytic domain’s 
active center – does not appear to be the mechanism of 
auto-inhibition in the case of ADAM-17. Prodomain 
variants containing a Cys184A mutation are still capable 
of inhibiting the enzyme activity (Leonard et al., 2005). 
Recently, the key inhibitory sequence was identified as 
Phe72 and the Asp-Asp-Val-Ile137 motif (Gonzales et al., 
2008). In contrast, others have described a 19-amino-
acid, leucine-rich domain, corresponding to ADAM-17 
amino acids 30–48 (Buckley et al., 2005), which inhibited 
ADAM-17-mediated TNF receptor 2 (TNFR2) cleavage, 
independent of the cysteine switch mechanism. Cleaved 
pro-domains can form a complex with the mature form of 
the ADAM enzyme in some instances (Fahrenholz et al., 
2000; Wewer et al., 2006; Moss et al., 2007); however, for 
ADAM-17, we have no reports concerning the possible 
interaction between mature ADAM-17 and its processed 
prodomain. Immunohistochemical studies suggest that 
most of the active form of ADAM-17 is localized in the 
cellular perinuclear region, with a small amount present 
in the plasma membrane (Schlondorff et al., 2000). It was 
also shown that removal of the prodomain is not neces-
sary for ADAM-17 transport to the cell surface, as during 
pro-protein convertase inhibition, an immature form of 
ADAM-17 was present in the plasma membrane (Peiretti 
et al., 2003a). There is evidence that ADAM-17 is “pack-
aged” into lipid rafts during its transport and maturation 
through the Golgi apparatus, and that this spatial distri-
bution also contributes to ADAM-17 activity regulation 
by keeping the enzyme separated from its substrates 
(Tellier et al., 2006).

The catalytic domain or metalloenzyme domain of 
ADAM-17 contains the classical Zn2+ chelating sequence 
HEXXHXXGXXH (X being any amino acid residue) and 
is responsible for processing membrane-bound pro-
teins such as TNFα. ADAM-17 and its closest relative, 
ADAM-10, have overlapping substrate specificity as 
well as substrates unique to each. A recent investigation 
underscored the differences in substrate recognition 
of these enzymes using peptide library screening and 
systematic analysis of amino acids next to the cleav-
age site, and these experiments showed that ADAM-17 
prefers smaller aliphatic residues at the P'1 position and 
that ADAM-10 prefers larger residues, such as leucine 
(Caescu et al., 2009). The active centers of the enzymes 
were also compared in mutational studies, and the resi-
dues responsible for differences in substrate recognition 
were found to be present in the S'1 pocket of the enzymes. 
Also, Val440 was reported to be sufficient and necessary 

for ADAM-17 substrate specificity (Caescu et al., 2009). 
The classical cleavage sequence in TNFα was identified 
as Ala 76/Val 77 (-Arg-Ser-Ser-Ser) (Kriegler et al., 1988). 
Analysis of growth hormone receptor (GHR) proteolysis 
by ADAM-17 revealed that the cleavage site is eight resi-
dues from the cell membrane in the extracellular domain 
of GHR (Wang, X. et al., 2002). It was suggested that the 
sequence of the substrate cleavage site is less important 
than its position; the so called “stalk region” between the 
transmembrane and the first globular part of the mol-
ecule determines whether ADAM-17 can cleave the pro-
tein (Schlondorff and Blobel, 1999; Wang, X. et al., 2002; 
Hinkle et al., 2004). However, a recent thorough analysis 
of an ADAM-17 peptide substrate library showed that the 
substrate sequence is indeed important (Lambert et al., 
2005).

Tissue inhibitors of metalloproteinases-3 (TIMP-3), 
a native inhibitor of ADAM-17, binds to the ADAM-17 
catalytic domain (Amour et  al., 1998). However, the 
effectiveness of this inhibition is greatly influenced by 
the C-terminal modules of ADAM-17 (disintegrin and 
cysteine-rich domains), which significantly weaken the 
inhibitory activity of TIMP-3 (Lee et  al., 2002). Studies 
of the crystal structure of the TIMP-3/ADAM-17 cata-
lytic domain complex revealed that during interaction, 
TIMP-3 extends into a unique hydrophobic pocket of 
the ADAM-17 surface, which, together with two leucine 
residues, allows effective and unique binding of TIMP-3 
to the enzyme (Wisniewska et  al., 2008). Mutational 
analyses (M435I, C225Y, C600Y) identified amino acids 
indispensible for the catalytic activity of ADAM-17 both 
in the metalloproteinase domain and also in the disin-
tegrin domain (Li, X. and Fan, 2004). The importance 
of methionine 435 (the so-called met-turn, which gives 
the metzincin enzyme family its name) in the active 
site of ADAM-17 was further investigated using M435I, 
M435L, and M435S mutational constructs (Perez et  al., 
2007). In contrast to another metzincin enzyme, MMP-2, 
M453 seems to be necessary for ADAM-17 cleavage of 
transmembrane growth factors (Perez et  al., 2007). The 
important role of distal ADAM-17 modules in regulating 
the catalytic domain activity was further confirmed by 
elegant stopped-flow x-ray spectroscopy methods and 
transient kinetic analyses which showed that the Zn2+ 
ion in the catalytic domain undergoes charge transitions 
before the substrate binds to the metal ion (Solomon et al., 
2007). This phenomenon was possibly due to interaction 
of the substrate with ADAM-17 modules other than the 
catalytic domain, which underwent conformational 
changes, triggering change in the catalytic domain. The 
redox state of two highly conserved cysteinyl sulfhydryl 
groups (cystein-X-X-cystein) in the disintegrin domain 
of ADAM-17 also have important roles in regulating 
ADAM-17 activity, as evidenced by their role in L-selectin 
secretion in macrophages (Wang, Y. et al., 2009).
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Integrins are heterodimeric (αβ) transmembrane 
glycoproteins best known as adhesion receptors 
mediating cell–cell and cell–matrix interactions (for a 
review see Giancotti and Ruoslahti, 1999). At present, 
there are 18 α and eight β integrin subunits identified, 
which can assemble in 24 different ways. The subunit 
assembly determines the integrin’s substrate specificity; 
although several integrins can bind to the same type 
of matrix molecules (Giancotti and Ruoslahti, 1999). 
Integrins are involved in other cellular processes than 
adhesion: they participate in outside-in and inside out 
signaling, cell cytoskeleton reorganization, cell adhe-
sion, migration, cell survival, and proliferation (Giancotti 
and Ruoslahti, 1999; Huveneers et  al., 2007). The dis-
integrin domain of ADAM-17, like other ADAMs, was 
always regarded as an integrin-binding module, based 
on its similarity to snake venom disintegrins which 
are known to competitively inhibit integrin function. 
Disintegrins are small molecules (20–100 amino acids) 
which originate from Class II–IV snake hemorrhagic 
metalloproteinases (SVMP) by proteolytic or autopro-
teolytic cleavage (Kini and Evans, 1992). Class I SVMPs 
have only MMP domains, and consequently have the 
weakest anticoagulant activity among the snake venom 
metalloproteinases. Disintegrins were first discovered 
in viper venom based on their ability to inhibit platelet 
aggregation by interfering with platelet integrin α

IIbβ3
 

receptor binding to fibrinogen (Huang et al., 1987). Later, 
snake venom disintegrins were actually found to interact 
with a wide range of integrins (α2β1, α4β1, α4β7, α9β1, 
αvβ3, αvβ5, and α5β1) (Tselepis et  al., 1997; Danen 
et al., 1998; Marcinkiewicz et al., 1999; Zhou et al., 2000; 
Cominetti et al., 2003), and thereby to affect the cellular 
function not only of platelets but also of endothelial 
cells (Olfa et  al., 2005), rat mesangial cells (Tsai, T.J. 
et  al., 1995), fibroblasts (Yeh et  al., 2001), osteoclasts 
(Mercer et  al., 1998), and tumor cells such as human 
melanoma cells (Trikha et  al., 1994), lung tumor cells 
(Galan et  al., 2008), and gliomas (Schmitmeier et  al., 
2003). The integrin-binding affinity of snake venom dis-
integrins greatly depends on their active-loop sequence 
for which position is defined by the specific alignment 
of cysteines (reviewed in detail in Calvete et al., 2003). 
Most of the Class II SVMPs belong to the Arg-Gly-Asp 
(RGD)-containing disintegrins, and these, together with 
“modified RGD”-containing disintegrins (Lys-Asp-Gly, 
Met-Val-Asp, Met-Gly-Asp, Lys-Gly-Asp, Trp-Gly-Asp),  
are under intense investigation for therapeutic use 
in circulation diseases, rheumatoid arthritis, cancer, 
osteoporosis, and Alzheimer’s disease by targeting not 
only αIIbβ3 and αvβ3, but also the fibronectin receptor 
α5β1 integrin (Mercer et al., 1998; Chung et al., 2003). 
The other group of disintegrins includes members of the 
non-RGD-containing disintegrins, or MLD- and KTS-
disintegrins, which bind mainly to α4β1, α4β7 and α9β1 

integrins, and α1β1 integrin, respectively (reviewed in 
Calvete, 2005; Marcinkiewicz, 2005). These disintegrins 
are a recent discovery, so further studies are warranted 
to understand their function.

The disintegrin or disintegrin-like domain of ADAMs 
resembles the class III SVMPs. However, only ADAM-15 
has an RGD sequence in its substrate recognition loop. 
ADAM-9 has a KTS sequence and many ADAMs have the 
XCD (usually ECD) motif in their loop sequence. Overall, 
ADAM disintegrin domains are much larger and more 
degenerate than snake venom disintegrins (Bridges and 
Bowditch, 2005). ADAM-17 has an ECD sequence, but it 
has a tyrosine (Y) in the fifth position whereas all other 
ADAMs have a cysteine residue. Nonetheless, there is evi-
dence that ADAMs do interact with integrins even if the 
exact binding loops have not been well characterized. For 
example ADAM-15 was shown to interact with both αvβ3 
and α5β1 (Nath et al., 1999), and ADAM-2, 3, 7, 12, 28 and 
33 are capable of both α4β1 and α9β1 binding (reviewed 
in Arribas et  al., 2006). However, at this time, the only 
integrin which was shown to associate with ADAM-17 is 
integrin α5β1 (Bax et al., 2004) and there is evidence that 
ADAM-17 inhibits α5β1 integrin-mediated cell migra-
tion. It was also shown that ADAM-17 does not influence 
α4β1 integrin-mediated cell migration, possibly because 
it cannot bind to this integrin (Huang, J. et al., 2005).

It is important to emphasize that, to date, ADAM/
integrin interactions have been studied mostly in the 
context of cell–cell interactions and cell–matrix inter-
actions or adhesion (Eto et al., 2000; Kawaguchi et al., 
2003) and very often with recombinant disintegrin 
domains “glued” to plastic surfaces, which is essentially 
studying the molecule out of context. Thus, these inves-
tigations provide limited understanding about in vivo 
ADAM/integrin binding. Even if recombinant ADAM-17 
was reported to bind purified α5β1 integrin, and the two 
proteins co-localized in migrating HeLa cells (Bax et al., 
2004), the physiological significance of these interactions 
is unclear. Most importantly, we have no data to show 
whether α5β1 integrin binding affects ADAM-17 activity 
and, consequently, ADAM-17-mediated signaling path-
ways, and we do not fully understand the meaning of 
ADAM–integrin interactions. For catalytically inactive 
ADAMs, disintegrin binding to cell surface integrins can 
mediate cellular adhesion both of the same cell and of 
the neighboring cells. Disintegrin–integrin engage-
ment can have other consequences as well: ligation 
of integrins can initiate important signaling cascades 
through activation of growth factor receptors, GPCRs, 
ion channels, and cytokine receptors (Giancotti and 
Ruoslahti, 1999). Intracellular molecules can cluster at 
and phosphorylate integrins and influence cell shape 
and cell behavior, such as migration, growth, and 
apoptosis. This could be true for the catalytically active 
ADAMs as well. By binding to integrins on neighboring 
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cells, ADAM enzymes can initiate the above-mentioned 
signaling cascade and simultaneously influence cell 
attachment. ADAMs binding to integrins on the same 
cell can influence host cell attachment and initiate 
signaling cascades. In contrast, disintegrin binding 
to integrin can signal “backwards” and may influence 
ADAM activity as disintegrin domains have regulatory 
role on the catalytic module (Smith et al., 2002; Li, X. 
and Fan, 2004). Thus integrin binding could modulate 
disintegrin–catalytic domain interaction. Theoretically, 
integrin–ADAM binding can have both inhibitory and 
stimulatory effect on ADAM catalytic activity through 
inducing conformational change or by regulating spa-
tial, intramembrane distribution of the enzyme and its 
substrate. Through conformational change, integrins 
can sequester ADAM, so it cannot access its substrate. 
Also, integrins can bind ADAM substrate, as was shown 
for HB-EGF and α3β1 integrin (Nakamura et al., 1995) 
and could make it available for the enzyme on the same 
cell or on neighboring cells, thus promoting ADAM 
enzyme function. Interestingly, some evidence suggests 
that integrins can use different activation states when 
binding to ADAMs versus extracellular matrix molecules 
(Chen, MS et al., 1999).

The cytoplasmic domain of ADAM-17 is a proline-rich, 
short, 130-amino-acid module. It contains a potential 
tyrosine phosphorylation site, DKKLDKQYESL, promixal 
to the transmembrane domain and a Src-homology 
3 domain (SH3) binding site (731–738) (UniProtKB/
SwissProt), PAPQTPGR (Black et al., 1997). The cytoplas-
mic domain was suggested to have important signaling 
function and a potential role in ADAM-17 trafficking 
was proposed (Soond et  al., 2005). However, our data 
on ADAM-17 trafficking are sparse. Overexpression 
studies using truncated forms of ADAM-17 showed that 
the enzyme must be expressed with its transmembrane 
domain to effectively cleave TNFα when the cells are 
stimulated with phorbol ester (Reddy et al., 2000). There is 
evidence that the cytoplasmic domain was not necessary 
for phorbol ester-induced ADAM-17 shedding activity 
(Reddy et al., 2000; Doedens et al., 2003). Phorbol esters 
are strong inducers of metalloenzyme activity and are 
useful tools for studying ADAM activity changes. But the 
question still remains whether more physiological stimuli 
would require the cytoplasmic module for a complete 
cellular response. It was shown recently that ADAM-10 
undergoes regulated intramembrane proteolysis by 
presenilin after its ectodomain was shed by ADAM-9 or 
-15 (Tousseyn et al., 2009). The cytoplasmic domain of 
ADAM-10 then translocates to the nucleus to gene loci 
undergoing transcription. Because ADAM-10 is the clos-
est relative of ADAM-17, there is a high possibility (and it 
is tempting to speculate) that the cytoplasmic domain of 
ADAM-17 itself can undergo RIP and participate in gene 
transcription regulation.

Post-translational modification of the enzyme

One of the most important post-translational modifi-
cations of ADAM-17 is its pro-domain removal in the 
trans-Golgi network as described above, a process 
which results in the mature form of the enzyme. Other 
important post-translational modifications include gly-
cosylation and phosphorylation of the enzyme. There are 
six potential N-linked glycosylation sites on the mature 
form of ADAM-17: three are located on the metalloen-
zyme module, two are located on the disintegrin module, 
and one is present on the cysteine-rich domain. There 
are three further potential N-glycosylation sites on the 
prodomain, which suggests that glycosylation can be 
an important regulator of ADAM-17 activity. Indeed, 
ADAM-17 has been shown to be N-glycosylated (Peiretti 
et al., 2003a) and it is usually referred to as the 130 kDa 
form of the enzyme. However, we have no data to show 
how glycosylation of ADAM-17 affects the activity and/or 
transport of the enzyme.

Another important post-translational modification 
of the enzyme is its phosphorylation. The cytoplas-
mic domain, particularly phosphorylation of its serine 
and theronine residues, has been studied extensively. 
However, the data so far are very contradictory. Phorbol 
ester (PMA) and EGF treatments induced ADAM-17 
phosphorylation on threonine 735 by mitogen acti-
vated protein kinase ERK in transfected CHO cells and 
HEK293 cells with concomitant increases in cleavage 
of the transmembrane TrkA neurotrophin receptor 
(Diaz-Rodriguez et al., 2002). In contrast, others showed 
that PMA and EGF induced not threonine (or tyrosine) 
but serine 819 phosphorylation of ADAM-17 by ERK (Fan 
et  al., 2003). The authors also showed that ADAM-17 
undergoes Ser 791 dephosphorylation during growth 
factor stimulation. However, there are few data regard-
ing non-PMA-mediated phosphorylation of ADAM-17. 
Zhang and colleagues have shown that the GPCR agonist, 
gastrin releasing peptide, induces activation of Src-PI3K 
(phosphoinositid 3-kinase)-PDK1 (phosphoinositide-
dependent kinase) in cancer cells (Zhang et  al., 2006). 
They identified PDK1 as the enzyme that directly phos-
phorylates ADAM-17 both on threonine and serine 
residues. However, the exact phosphorylation sites 
of or the role of the cytoplasmic tail were not studied. 
Another GPCR agonist carbachol induced threonine 735 
and tyrosine 702 phosphorylation of ADAM-17 in HEK 
293 cells acting on muscarinic M1 and M3 receptors. 
Wounding, ATP- or LPA-treatment of corneal epithelial 
cells induced ERK-dependent ADAM-17 serine phospho-
rylation through GPCR-activation (Yin and Yu, 2009). The 
contradictory data presented by these papers may be due 
to the fact that investigators used artificial systems: trans-
formed or transfected cells with overexpressed ADAM-17 
and mainly PMA to study ADAM-17 phosphorylation. But 
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it is also possible that ADAM-17 is phosphorylated on 
different residues depending on the cell type and stimu-
lus. To better understand this phenomenon, more inves-
tigation is needed to study ADAM-17 post-translational 
modification in primary, untransfected cells and using 
more physiologically relevant stimuli instead of PMA.

ADAM-17 binding partners

Besides TIMP-3, which is the naturally occurring inhibi-
tor of ADAM-17 binding to the enzyme active center, and 
integrin α5β1, which binds to the disintegrin/cystein 
rich domain (Bax et al., 2004), various substrates of the 
enzyme (discussed below), and several other molecules 
were identified as binding partners and potential regu-
latory proteins by yeast two-hybrid screening and co-
immunoprecipitation studies. Mitotic arrest deficient 
2  (MAD 2) was shown to interact with ADAM-17 cyto-
plasmic domain (Nelson et al., 1999). The PDZ-domain 
(post synaptic density protein [PSD95]/Drosophila disc 
large tumor suppressor [DlgA], and Zonula occludens-1 
protein [zo-1]) of protein tyrosine phosphatase-1H was 
shown to bind also to ADAM-17 cytoplasmic domain 
(Zheng, Y. et al., 2002). Yeast two-hybrid assay and co-
localization studies showed that SAP9 (synapse associ-
ated protein-9) interacts through its PDZ3 domain with 
the extreme C-terminal of ADAM-17, and overexpression 
of SAP9 inhibited substrate cleavage (TNFRI, TNFR2 and 
TNFα) of the enzyme (Peiretti et al., 2003b). Interestingly, 
others showed that SAP9 can interact with the cytoplasmic 
domain of both ADAM-17 and its ligand TGFα, and in this 
way regulate substrate availability of the enzyme (Surena 
et  al., 2009). However, this mechanism would suggest 
that overexpression of SAP9 could actually enhance and 
not inhibit the effect of ADAM-17. Another study used a 
yeast two-hybrid screening assay to identify a previously 
unknown protein with SH3 domains as a novel ADAM 
binding partner. The protein, which they called Eve-1, co-
precipitated with ADAM-17 and several other ADAMs in 
cell lysates (Tanaka, M. et al., 2004). The down-regulation 
of Eve-1 inhibited shedding of several EGF receptor 
ligands. ADAM-17 was also shown to interact with the 
four-and-a-half LIM domain 2 protein (FHL2) at amino 
acids 721–739. This protein provides a bridge between the 
actin cytoskeleton and the enzyme (Canault et al., 2006b). 
Nardilysin (N-arginine dibasic convertase), a metalloen-
dopeptidase of the M16 family was shown to bind both 
HB-EGF and ADAM-17, and enhance ADAM-17 activ-
ity during phorbol ester stimulation (Nishi et al., 2006). 
The exact site of the interaction was not studied in this 
case. In another study, the cytoplasmic tail of ADAM-17 
together with the cytoplasmic tail of ACE-2 (angiotensin 
converting enzyme-2) was shown to be necessary for 
severe acute respiratory syndrome (SARS) coronavirus 
entry into host cells (Haga et al., 2008). The number of 

identified binding partners is increasing, but there is 
much to learn about the exact mechanisms and conse-
quences of these interactions on ADAM-17 activity. Also, 
we have no data regarding how the binding of the binding 
partners is regulated. For example, there is currently no 
evidence in the literature about whether phosphorylation 
of ADAM-17 induces changes in the binding of ADAM-17 
to regulatory molecules.

Role of trafficking in ADAM-17 activity regulation

As well as post-translational modification and the regula-
tory role of binding partners, trafficking can determine 
ADAM-17 sheddase activity. Recent data showed that 
after and during furin cleavage, active ADAM-17 is 
localized separately from its substrate in cholesterol rich 
membrane domains, lipid rafts, which can thus spatially 
restrict its activity (Tellier et al., 2006). Furthermore, there 
is evidence that ERK-dependent threonine 735 phospho-
rylation is necessary for ADAM-17 to reach the secretory 
pathway during maturation (Soond et al., 2005). Doedens 
and Black (2000) showed that PMA but not GPCR stimu-
lation decreased ADAM-17 cell-surface immunostaining. 
These authors showed internalization and degradation 
of ADAM-17 molecule. In contrast, another group found 
that PMA stimulation did not cause ADAM-17 redistribu-
tion in the cells; however, the treatment decreased total 
cellular ADAM-17 content (Diaz-Rodriguez et al., 2002). 
Despite these observations, we lack a mechanistic under-
standing about how ADAM-17 trafficking is regulated. It 
would be interesting to see whether binding partners 
affect ADAM-17 transport. Furthermore, because most 
studies on the fate of ADAM-17 were carried out in trans-
fected and PMA stimulated cells, we do not know how 
a physiological stimulus like GPCR activation affects 
ADAM-17 trafficking. As it was pointed out by a group 
who analyzed ADAM-17 trafficking, transfected ADAM-17 
is processed differently than its endogenous counterpart, 
and is perhaps not the best model for studying the fate 
of the endogenously expressed protein (Borroto et  al., 
2003).

Structural studies on ADAM-17: how to best target the 
enzyme activity

In 1998 Maskos et al. published the crystal structure of 
the ADAM-17 catalytic or metalloenzyme domain. This 
opened up the possibility of designing ADAM-17 inhibi-
tors based on structural similarities to TNFα binding. 
At the same time, there was intense work to identify 
and develop selective ADAM-17 inhibitors (reviewed in 
Newton and Decicco, 1999) either by changing the struc-
ture of broad spectrum MMP inhibitors or by designing 
new compounds (Rabinowitz et al., 2001; Xue et al., 2001; 
Duan et al., 2002). Improvement of the structure (Ingram 
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et al., 2006) and description of the crystal structure of the 
ADAM-17 catalytic domain in complex with its naturally 
occurring inhibitor, TIMP-3 (Wisniewska et  al., 2008), 
was useful for the recent development of several highly 
selective potent ADAM-17 inhibitors targeted against 
the active center (Venkatesan et al., 2004; Gilmore et al., 
2006; 2007; Huang, A. et al., 2007). Orally active, selective 
ADAM inhibitors were developed and tested in combina-
tion with ErbB2 receptor antibodies for the treatment of 
breast cancer (Fridman et al., 2007). The newest inhibitors 
were promising in that they had none of the musculoskel-
etal side effects or liver toxicity often observed with previ-
ously developed MMP and ADAM inhibitors (for detailed 
description of structure and effectiveness of ADAM-17 
inhibitors, and discussion of clinical trials see Moss et al., 
2008, DasGupta et al., 2009). It is noteworthy that current 
inhibitors target only the enzyme active center and other 
molecular areas were not explored. Because ADAM-17 
is a promiscuous enzyme, we must discover how it is 
regulated and what proteins it binds to in certain cells to 
develop potential combinational therapy.

ADAM-17 in development

What we learned from knockout studies

The first data on the role of ADAM-17 in development 
were generated by Peshon’s laboratory (Peschon et al., 
1998) who found that ADAM-17 knockout mice are not 
viable and have severe epithelial abnormalities. After 
creating catalytic domain inactive transgenic animals 
which lacked the Zn2+-binding site of the metalloenzyme 
domain (ADAM-17 ΔZn/ΔZn) they showed that lack of 
ADAM-17 activity leads to perinatal lethality (between 
embryonic day 17.5 and birth), likely caused by defects 
in the placenta and in the fetal lung. Dysregulation of 
epithelial development led to defects in development 
of skin, hair, and cornea, and several organs (thyroid, 
parathyroid, stomach and intestine). Recent investiga-
tions also showed that ADAM-17 is important in energy 
homeostasis, possibly increasing sympathetic outflow; 
mice with catalytically inactive ADAM-17 have hyper-
metabolism without increased appetite, which renders 
the animals extremely lean (Gelling et al., 2008).

The pulmonary hypoplasia seen in ADAM-17 knock-
out animals was later investigated by Zhao et al. (2001), 
who found that the lungs in ADAM-17-null animals at 
embryonic day 16.5 had impaired branching morpho-
genesis and delays in vascularization. Epithelial cell 
proliferation and differentiation was also delayed as 
evidenced by repressed gene expression of surfactant-C 
and aquaporin-5. Newborn ADAM-17-null mice had 
thicker mesenchyme and fewer peripheral epithelial 
sacs. Shi and colleagues investigated cardiac develop-
ment of ADAM-17 ΔZn/ΔZn animals and described 

enlarged heart (atria and ventricles) at embryonic age 
18.5 with hypertrophic, loosely packed cardiac myocytes 
(Shi et  al., 2003). Later Jackson’s group reported that 
newborn ADAM-17 knockout animals have enlarged 
heart valves similar to HB-EGF-null (Jackson et al., 2003) 
and EGFR-null mice (Miettinen et al., 1995; Sibilia and 
Wagner, 1995; Threadgill et al., 1995), and showed that 
lack of these proteins separately lead to loss of inhibition 
on bone morphogenic protein (BMP) signaling, which is 
responsible for abnormal valve thickening (Jackson et al., 
2003). Similarities in the phenotype of ADAM-17, EGFR, 
TGFα (Luetteke et al., 1993; Mann et al., 1993), HB-EGF 
and amphiregulin knockout mice (Luetteke et al., 1999) 
is discussed in a recent review (Blobel, 2005).

The role of ADAM-17 sheddase activity was also stud-
ied in bone development and in animals with catalyti-
cally inactive ADAM-17. Osteoclasts do not move to the 
diaphysis of metatarsals and therefore do not contribute 
to normal marrow cavity formation of long bones (Boissy 
et al., 2003). It seems that a factor (or factors) which is 
only processed by ADAM-17 is necessary for normal bone 
marrow cavity formation, but further investigations are 
needed to identify these molecules. To study the role of 
ADAM-17 in hematopoiesis, normal mice were irradiated 
and transplanted with bone marrow of mice with inactive 
ADAM-17 (Li, N. et al., 2007). Li and co-workers reported 
that the animals had partially blocked T cell develop-
ment, and they noted that ADAM-17 is also necessary 
for peripheral B cell development. The first data with 
ADAM-17 conditional knockout mouse were published 
in 2007 by Blobel’s group, who inactivated ADAM-17 in 
myeloid cells and prevented endotoxin-induced lethality 
of the animals by inhibiting TNFα shedding and pre-
venting increased serum TNFα (Horiuchi et  al., 2007). 
In another study, to characterize the role of ADAM-17 
in non-hemopoietic cells, ADAM-17 was condition-
ally inactivated in mice using Cre recombinase gene 
expression under the control of the Sox9 transcription 
factor’s promoter, which participates in skeletal devel-
opment. This maneuver resulted in shortened bones 
with an osteoporosis-like phenotype characterized by 
prominent bone loss, and bone marrow hypercellular-
ity and extramedullary hematopoiesis in the liver and 
spleen (Horiuchi et al., 2009a). These data suggest that 
conditional knockout animals are useful models for 
studying cell and tissue-specific roles of ADAM-17 during 
development and in adult animals.

ADAM-17 in human diseases

ADAM-17 in inflammation

Because ADAM-17 was first identified as the TNF-α 
cleaving enzyme, it was expected that ADAM-17 enzymatic 
activity would be increased in diseases with increased 
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circulating or tissue TNFα, such as rheumatoid arthritis 
and inflammatory bowel disease (Feldmann et  al., 
1996; Papadakis and Targan, 2000). Indeed, increased 
TNFα converting enzyme was found in whole cartilage 
(Patel   et  al., 1998) and chondrocytes of patients with 
osteoarthritis (Amin, 1999). Elevated ADAM-17 activity 
was also reported in synovial tissue of rheumatoid arthri-
tis patients (Ohta et al., 2001). In an experimental model 
of rheumatoid arthritis, low oxygen and TNFα treatment 
induced ADAM-17 mRNA expression in synovial cells with 
a concomitant increase in ADAM-17 activity and TNFα 
shedding rate (Charbonneau et al., 2007). Upregulated 
ADAM-17 in monocytes of patients with early systemic 
sclerosis was reported (Bohgaki et  al., 2005). However, 
there is evidence in the literature which suggests that 
the role of ADAM-17 in inflammation goes far beyond its 
effect on TNFα shedding. Chemoattractants in inflamed 
tissue attract leukocytes from blood which attach and 
roll on the vascular endothelium near the inflammation 
site. This attachment is mediated by the transmembrane 
protein selectins (Spertini et al., 1992). After adhering to 
the endothelium, leukocytes migrate through the basal 
membrane, which is promoted by leukocyte (L)-selectin 
cleavage (Faveeuw et al., 2001). ADAM-17 was identified 
as the sheddase cleaving L-selectin (Peschon et al., 1998) 
from macrophages (Condon et al., 2001; Wang, Y. et al., 
2009). It was shown that L-selectin co-clustering and 
cleavage by ADAM-17 is indeed promoted by leukocyte 
attachment to endothelial or E-selectins (Schaff et  al., 
2008). There is additional evidence that ADAM-17 cleaves 
other molecules than L-selectin which participate in leu-
kocyte activation, such as CX3CL1/Fractalkine (Garton 
et  al., 2001; Hundhausen et  al., 2003). ADAM-17 also 
serves as a sheddase for V-CAM (or vascular cell adhesion 
molecule), the ligand of the leukocyte very late antigen 4 
(VLA-4 or α4β1 integrin) which mediates leukocyte adhe-
sion to the vascular endothelium (Garton et  al., 2003). 
ADAM-17 also cleaves intercellular adhesion molecule-1 
(ICAM-1), which participates in leukocyte adhesion to 
integrins (Tsakadze et al., 2006). Recently ADAM-17 was 
implicated in the shedding of the tight junction molecule 
junctional adhesion molecule-1 (JAM-1) which serves 
as a zipper between endothelial cells (Koenen et  al., 
2009). Shedding of JAM-1 can contribute to leukocyte 
diapedesis through the endothelial layer and the shed-
ded molecule can serve as a biomarker of inflammation. 
Thus, ADAM-17 was shown to shed several factors con-
tributing to successful recruitment of leukocytes to the 
inflammation site. Recent studies showed that TIMP-3 
knockout animals have increased TNF-dependent sys-
temic immunresponse to both antigen (methylated 
bovine serum albumin) and LPS-induced inflammation 
(Mahmoodi et al., 2005; Smookler et al., 2006). Increased 
degradation of collagen and aggrecan, similar to human 
osteoarthritis, was also observed in the joints of these 

animals (Sahebjam et al., 2007). Furthermore, increased 
soluble VCAM-release was observed from cytokine stim-
ulated TIMP-3 –/– endothelial cells and aortic explants 
compared to control (Singh et al., 2005). Synthetic metal-
loenzyme inhibition (Smookler et al., 2006) or ADAM-17 
gene silencing (Singh et  al., 2005) rescued the pheno-
type, suggesting that TIMP-3 is important in balancing 
ADAM-17 activity during the inflammatory response.

Interestingly, there is some evidence for the anti-
inflammatory role of ADAM-17. The enzyme was reported 
to cleave colony stimulating factor-1 (CSF-1) from the 
surface of activated macrophages, thereby downregulat-
ing their activation (Rovida et  al., 2001). Furthermore, 
ADAM-17 was identified recently as the major shed-
dase for the IL-15 receptor α (Budagian et al., 2004), the 
recombinant soluble form of which was previously shown 
to inhibit collagen-induced arthritis (Ruchatz et al., 1998) 
and cardiac allograph rejection. Also, through its role in 
cleaving IL-6 receptor α ADAM-17 was implicated in 
IL-6 trans-signaling, a process which contributes to the 
decline of neutrophil infiltration and promotes monocyte 
recruitment, allowing resolution of the inflammation 
(Marin et al., 2002). However, these data are somewhat 
contradictory as elevated levels of IL-6 and IL-6-soluble 
IL6 receptor complex was found in systemic juvenile 
rheumatoid arthritis (De Benedetti et  al., 1994) and 
Crohn’s disease (see below), and IL-6 was implicated 
in the pathogenesis of these autoimmune diseases. 
These data suggest that further studies are needed to 
better characterize the net effect of ADAM-17 in various 
inflammatory processes.

Because many people are affected by arthritis and 
inflammation-mediated bone and joint disease, ADAM-17 
is under intense investigation as a potential therapeutic 
target. Metalloenzymes and ADAMs as a target of multi-
level therapy (molecular polypharmacy) in osteoarthritis 
has been recently reviewed (Burrage and Brinckerhoff, 
2007) and a recent paper summarizes present knowledge 
and the advancements made in anti-ADAM-17 therapy in 
inflammatory disease (Moss et al., 2008).

Endotoxic shock, sepsis
In a murine model of sepsis, LPA-induced morbidity was 
inhibited by anti-TNFα antibody, which also inhibited 
development of arthritis in TNFα transgenic animals 
(Tsuji et  al., 2002). In Neisseria meningitidis or LPS-
stimulated mononuclear cells, TNFα rapidly decreased 
from the cell surfaces after stimulation, which sup-
ports the role of ADAM-17 in sepsis (Robertshaw and 
Brennan, 2005). Elevated ADAM-17 was found in blood 
and peritoneal fluid in patients with peritonitis, and 
their polymorphonuclear neutrophils had decreased 
TNFα and L-selectin on their surfaces (Kermarrec et al., 
2005). Furthermore, in a recent study, ADAM-17 inac-
tivation in murine myeloid cells prevented endotoxin 
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shock-induced lethality in mice by inhibiting an increase 
in circulating TNFα, thus confirming the role of ADAM-17 
in this disease (Horiuchi et al., 2007).

During endotoxin shock, growth hormone receptor 
is shedded from liver cells of LPS-treated nude mice, 
decreasing cell surface receptor availability, desensi-
tizing the cells for growth hormone, and inhibiting the 
hormones’ anabolic effects (Wang, X. et al., 2008). This 
mechanism seemed to be independent of ADAM-17: 
in LPS-treated animals, ADAM-17 was not activated. 
In another study, investigators showed that selenium 
treatment was beneficial in endotoxin shock, possibly 
due to metalloenzyme-dependent L-selectin shedding 
of monocytes resulting in decreased monocyte rolling 
(Ahrens et  al., 2008). L-selectin cleavage was shown 
previously to actually promote leukocyte transmigration 
through the vascular endothelium (see above; Faveeuw 
et al., 2001). However, it is possible that if L-selectin is 
cleaved before leukocyte attachment cell rolling can be 
seriously affected, which would inhibit their transmigra-
tion. Sepsis was also shown to inhibit anticoagulatory 
pathways by downregulating the endothelial protein C 
receptor (EPCR) through activation of the NFκB pathway 
(Song et al., 2009). It was shown previously that shedding 
of EPCR is mediated by ADAM-17 activation, which sug-
gests that the enzyme can contribute to sepsis-induced 
coagulation (Qu et al., 2007).

Inflammatory bowel disease
Recently, upregulated ADAM-17 expression in intes-
tinal epithelial cells during the active phase of Crohn’s 
disease was reported (Cesaro et  al., 2009). It was also 
shown that T cells in chronically inflamed intestines of 
patients with Crohn’s disease and colitis are resistant to 
apoptosis because through their g130 protein they bind 
an IL-6–soluble IL-6 receptor complex (IL-6–sIL6R) 
even if they do not have transmembrane IL-6 receptors 
(Atreya et al., 2000). There is evidence that this signaling, 
which is called IL-6 trans-signaling, is driven by ADAM-
17-mediated shedding of the IL-6 receptor (Briso et al., 
2008). Interestingly, this is the same mechanism which 
was reported to initiate “normal” immune response and 
resolve inflammation by other investigators (Marin et al., 
2002).

Psoriasis
The beneficial effect of topical MMP/ADAM inhibitors 
for the treatment of psoriasis was shown in phorbol ester-
induced epidermal hyperplasia, in a murine model of the 
disease (Moriyama et al., 2004). An immunohistological 
study of psoriatic lesion from patients showed that a 
wide range of cells, including keratinocytes and blood 
vessels, but mainly inflammatory cells such as mast 
cells, expressed high levels of ADAM-17 (Kawaguchi 
et  al., 2005). Peripheral blood mononuclear cells had 

elevated ADAM-17 activity and this correlated positively 
with both plasma soluble TNF-receptor 1 levels and 
disease severity, which resolved to almost normal levels 
after patients were treated with narrowband ultraviolet 
B light (Serwin et al., 2007). It was shown recently that 
Jun protein controls TNFα shedding in the epidermis by 
regulating TIMP-3 expression and thus ADAM-17 activa-
tion (Guinea-Viniegra et al., 2009). This mechanism can 
provide an additional therapeutic target for the treatment 
of psoriasis.

Pulmonary inflammation
ADAM-17 is expressed in bronchial epithelial cells, vas-
cular smooth muscle cells, and macrophages in the lung 
(Ermert et al., 2003). Epithelial ADAM-17 was implicated 
in airway inflammation through cytokine activation dur-
ing bacterial infection because ADAM-17 co-localized 
with the IL-6 receptor and initiated its shedding (Gomez 
et al., 2005). Furthermore, alveolar macrophages produce 
TNFα, which was shown to activate IL-8 production of 
lung epithelial cells through amphiregulin and EGFR 
activation (Chokki et  al., 2006). In an animal model of 
chronic obstructive pulmonary disease, elevated tissue 
levels of ADAM-17, TNFα, and ErbB3 were observed 
with increased bronchoalveolar and serum TNF (Ju et al., 
2007). ADAM-17 contributed to EGFR-dependent acidic 
mammalian chitinase secretion of lung epithelial cells, 
which in turn increased chemokine production of the 
cells (Hartl et al., 2008). Inhibitors of ADAM-17/MMPs 
were tested in models of airway inflammation (intranasal 
LPS challenge) and decreased influx of neutrophils and 
lymphocytes was found (Trifilieff et al., 2002). Similarly, 
in a model of acute allergic lung inflammation ADAM-17/
MMP inhibitors reduced invasion of neutrophils and 
eosinophils (Trifilieff et al., 2002). Inhibitors of ADAM-17 
also inhibited post-transplantation lung injury in animal 
models (Goto et al., 2004). However, it was shown that 
inflammatory mediators such as neutrophil elastase 
upregulated the MUC1 gene in airway epithelia in vitro 
in an ADAM-17-dependent way and served as a nega-
tive regulator of airway inflammation (Kuwahara et al., 
2007). Furthermore, in TIMP-3 knockout animals, septic 
lung stress increased lung compliance and severity of dis-
ease (Martin et al., 2003). These data again confirm that 
ADAM-17 can be both a negative and positive regulator 
of inflammatory processes.

ADAM-17 in the CNS

ADAM-17 in ischemic stroke and brain repair
ADAM-10 and -17 were shown to be present in various 
regions of the rodent brain by Northern blot analysis 
(Karkkainen et  al., 2000). Immunohistochemical and 
in situ hybridization studies showed that ADAM-17 is 
expressed in endothelial cells and astrocytes (Goddard 
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et al., 2001). Both ADAM enzymes were implicated in the 
development of the nervous system through activating 
neural cell adhesion and neurite outgrow by cleaving L1 
(Maretzky et  al., 2005) and the neuronal cell adhesion 
molecule, NCAM (Kalus et  al., 2006). In pathophysi-
ological states ADAM-17/MMP inhibitors were shown 
to be beneficial as adjuvant therapy in bacterial menin-
gitis (Meli et al., 2004), possibly due to their inhibition 
of TNFα−induced leukocyte invasion and extracellular 
matrix degradation (Leib et al., 2001). ADAM-17 inhibi-
tion was effective even in Toll-like receptor 2 (TLR2)-
deficient mice and could compensate for the loss of the 
important anti-inflammatory action of TLR2 in pneu-
mococcal meningitis (Echchannaoui et  al., 2007). In 
oxygen-glucose deprivation, in an in vitro model of brain 
ischemia/reperfusion injury, ADAM-17 was increased 
in rat forebrain slices with a concomitant increase in 
inducible nitric oxide synthase (iNOS) (Hurtado et  al., 
2001). A similar mechanism was observed in long-term 
and short-term immobilization-induced stress. In this 
case, glutamate receptor activation induced TNFα 
shedding and consequent iNOS upregulation through 
NF-κB signaling, which was inhibited by an ADAM-17 
inhibitor, suggesting a neuroprotective effect of ADAM-17 
inhibition during stress (Madrigal et al., 2002). Another 
group, however, showed that ADAM-17-dependent 
TNFα cleavage actually inhibited apoptosis of neurons 
through NFκB activation in rat mixed cortical cultures 
(Hurtado et al., 2002). Also, in ischemic preconditioning, 
ADAM-17 was increased, protecting the animal brains 
during a subsequent longer ischemic period by reduc-
ing the size of infarction (Cardenas et  al., 2002). This 
mechanism involved upregulation of glutamate receptors 
(Romera et al., 2004) and TNFR1 (Pradillo et al., 2005). 
Preconditioning with normobaric hyperoxia seemed to 
have a similar effect: it also upregulated ADAM-17 and 
activated NFκB signaling (Bigdeli and Khoshbaten, 2008). 
ADAM-17 was also shown to be beneficial in a rodent 
stroke model in which ADAM-17 mediated neurogenesis 
in the subventricular zone and thus promoted recovery 
of the animals (Katakowski et al., 2007). Others showed 
that ADAM-17 can contribute to brain repair by inducing 
neuronal stem cell proliferation and migration in interac-
tion with the endocannabioid system (Rubio-Araiz et al., 
2008). Furthermore, niacin-induced arteriogenesis after 
middle cerebral artery occlusion, in a rat stroke model, 
was mediated by ADAM-17 activation and Notch cleavage 
(Chen, J. et al., 2009).

In contrast to the above-mentioned findings, in the 
same middle cerebral artery occlusion model model 
of ischemic stroke, inhibition of ADAM-17 activity 
decreased the infarction size and the authors observed 
no change in apoptotic cell number upon ADAM-17 
inhibition (Wang, X. et  al., 2004). Also, ADAM-17 was 
shown to worsen outcomes of cerebral ischemia during 

immobilization stress (Caso et al., 2006). Furthermore, 
in TIMP-3 knockout animals, cerebral ischemia induced 
less neuronal death and inflammation in the hippocam-
pus than in wild-type animals (Walker and Rosenberg, 
2009). Because there is evidence for both neuroprotec-
tive and neurodegenerative effects of ADAM-17, further 
investigations are needed to characterize the net result of 
TNFα (and thus ADAM-17)-mediated signaling mecha-
nisms and their consequences during brain injury, and to 
determine under which circumstances ADAM-17 inhibi-
tion is beneficial or harmful. The therapeutic potential 
of ADAM-17 inhibition in stroke has been discussed in a 
recent review (Lovering and Zhang, 2005).

Role of ADAM-17 in memory
The importance of ADAM-17 in learning and memory 
was also implicated by thorough experiments which 
showed that the enzyme participates in glutamate recep-
tor 1/5-induced long-term depression (LTD), a cellular 
model of synaptic plasticity (Cho et al., 2008). ADAM-17 
was shown to cleave neuronal pentraxin (NPR) which 
then binds to AMPA-type glutamate receptors and regu-
lates their endocytosis, a process necessary for LTD in 
hippocampal and cerebellar synapses. Another protein, 
the cell adhesion molecule RA175/SynCAM1, which 
also participates in synaptic connection formation and 
plasticity, is also processed by ADAM-17-like enzymes on 
neuronal dendrits (Tanabe et al., 2008). Thus, ADAM-17 
has an important role in synaptic formation. Interestingly, 
it was also shown that TIMP-3 knockout animals have 
impaired cognitive functions compared to wild-type ani-
mals, which may be due to increased MMP activity in the 
hippocampus (Baba et al., 2009).

Alzheimer’s disease
ADAM-17 has an important role in Alzheimer’s disease 
(AD). As detailed above, ADAM-17 and ADAM-10 act 
as α-secretases to cleave amyloid precursor protein 
(APP) and produce a soluble, non-amyloidogenic frag-
ment, APPsα (Allinson et al., 2003). If APP is cleaved by 
β-secretase, the resulting product is the amyloidogenic 
Aβ. Amyloid Aβ peptide can induce the inflamma-
tion that is observed in the AD brain, which manifests 
in microglia and astrocyte activation around amyloid 
plaques and increased inflammatory mediators (Sastre 
et  al., 2008). Interestingly, ADAM-17 was shown to 
localize in brain areas which contain amyloid plaques 
(Skovronsky et al., 2001). Recent work showed that FHL2 
(or DRAL), a previously described ADAM-17 cytoplas-
mic domain partner which influences ADAM-17 activity 
(Canault et al., 2006b), is necessary for APPsα formation 
(Tanahashi and Yoshioka, 2008). Other regulators were 
also reported: the pro-inflammatory cytokine inter-
leukin-1 is capable of enhancing ADAM-17 activity and 
soluble APP formation in astrocytes, and at the same 
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time decreases Aβ production (Tachida et  al., 2008). 
Interestingly, interleukin-1 can also stimulate translation 
of APP in cells (Bandyopadhyay et al., 2007). Increased 
APPsα production is not always followed by a decrease 
in Aβ production. In CHO cells expressing APP, ADAM-
17 inhibition decreased soluble APP without increas-
ing production of amyloid β peptide (Kim et al., 2008). 
Other factors which influence APPsα shedding, possibly 
through ADAM-17 (or ADAM-10) activation, include the 
acetylcholinesterase inhibitor huperzine A (Peng et al., 
2007), the metalloendopeptidase nardilysin (Hiraoka 
et al., 2007); and the GPCR agonists neuropeptide PACAP 
and P2Y2R in human astrocytomas (Camden et al., 2005; 
Kojro et al., 2006). A better understanding of ADAM-17 
and ADAM-10 regulation will enhance our knowledge of 
APP processing regulation and will enable us to design 
drugs for the treatment of disease.

ADAM-17 and multiple sclerosis
Based on its role in inflammation, ADAM-17 was 
implicated in neuroinflammatory disorders includ-
ing multiple sclerosis (MS) (Moss et al., 1997a). This is 
supported by data that reflect increased ADAM-17 in 
peripheral mononuclear cells in patients with active 
MS (Seifert et  al., 2002). Furthermore, ADAM-17 was 
observed together with TNFR2 in active MS plaques 
and invading T-lymphocytes in postmortem brain tissue 
of MS patients using immunohistochemistry (Kieseier 
et al., 2003). Also, increased amounts of ADAM-17 and 
soluble TNFR2 was observed in cerebrospinal fluid of 
MS patients in the same study. Expression of ADAM-17 
was thoroughly analyzed in various types of MS, and 
investigators found that ADAM-17 was highest in sec-
ondary progressive and remitting-relapsing MS in 
relapse (Comabella et  al., 2006). ADAM-17 expression 
was shown in active MS lesions at the time of myeloid 
breakdown in endothelial cells, microglia, and astrocytes 
(Plumb et  al., 2006). One possible way that ADAM-17 
can contribute to plaque formation is to alter growth 
factor signaling and prolong lesion activity by shedding 
the tyrosine kinases Axl and Mer decoy receptors in MS 
(Weinger et al., 2009). However, this possibility warrants 
further investigation.

ADAM-17 in malignancies

ADAM-17 was implicated in carcinogenesis because the 
enzyme sheds growth factors necessary for tumor pro-
gression and growth, and because it contributes to inflam-
mation often observed in tumors. In accordance with this 
finding, increased shedding of epidermal growth factor 
ligands in tissues was shown to contribute to the develop-
ment of a malignant phenotype (Katakowski et al., 2009), 
and elevated expression of ADAMs, including ADAM-17, 
are usually correlated with poor disease progression 

(reviewed recently in Duffy et al., 2009). Even if ADAM-17 
has a role in various malignancies (Arribas et al., 2006), 
at present, the role of ADAM-17 is best studied in breast 
cancer. ADAM-17 overexpression in breast cancer cor-
related with TGFα expression (Borrell-Pages et al., 2003), 
tumor progression, and metastasis (McGowan et  al., 
2007). Furthermore, increased ADAM-17 was a predictor 
for shorter survival in breast cancer patients (McGowan 
et  al., 2008). A breast cancer serum marker, nectin-4, 
which is shed by ADAM-17, was detected in patients 
with metastatic breast cancer (Fabre-Lafay et al., 2005). 
In vitro ADAM-17 induced proliferation, migration, and 
tube formation of breast cancer cells through activation 
of the EGFR-PI3K-AKT pathway (Zheng, X. et al., 2009) 
and the important pathophysiological role of the enzyme 
was further confirmed in experiments in which a malig-
nant phenotype of a breast cancer cell line was reverted 
to normal using small interfering RNAs against ADAM-17 
(Kenny and Bissell, 2007).

In ovarian cancer tissues, upregulation of HB-EGF 
and ADAM-17 was observed, and a positive correlation 
between HB-EGF and ADAM-17 was found (Tanaka, Y 
et al., 2005). The authors suggested that the high level of 
lysophosphatidic acid usually seen in patients with ovar-
ian cancer possibly contributes to cancer progression 
through EGFR ligand shedding and ADAM-17 activa-
tion. The importance of ADAM-17 in cancer invasion also 
was shown in oral squamous cell carcinoma (Takamune 
et al., 2008). In this case, TNFα induced NFkB activation 
which, in turn, contributed to ADAM-17 maturation and 
induced cancer cell migration. ADAM-17 was increased 
in primary colon carcinoma (Blanchot-Jossic et al., 2005), 
in polarized colorectal cancer cells (Merchant et  al., 
2008), and in Helicobacter pylori-positive gastric carci-
noma (Yoshimura et al., 2002). Expression of ADAM-17 
was higher in nodular hepatocellular carcinoma (HCC) 
than in solitary large or small HCC (Ding et  al., 2004). 
In hepatocellular carcinoma of nude mice, ADAM-17 
silencing resulted in significant decrease in tumorigen-
esis, invasion, and angiogenesis (Tsai, W.C. et al., 2009), 
suggesting that ADAM-17 inhibition can be beneficial 
in this type of cancer. In various lung cancer cell lines, 
ADAM-17 was identified as a possible novel lung cancer 
biomarker together with soluble TNFRI (Planque et al., 
2009). Increased expression of ADAM-17 was observed 
in skin malignancies, specifically in invading cells of 
basal cell carcinoma (Oh et al., 2009). In another study, 
ADAM-17 expression was observed in 30% of benign 
prostatic hyperplasia biopsies, and all tumor samples 
and investigated prostatic tumor cell lines expressed 
ADAM-17 (Karan et  al., 2003). Studying the role of 
ADAM-17 in brain tumor development, investigators 
found that overexpression of ADAM-17 in normal corti-
cal astrocytes mediated their conversion into a malignant 
phenotype, resulting in non-adherent growth, increased 
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cell proliferation, and production of angiogenic factors 
(Katakowski et al., 2009). ADAM-17 was also implicated 
in hematopoietic malignancies through shedding of 
the tyrosine kinase FLT3 ligand (Horiuchi et al., 2009b). 
Based on these observations, ADAM-17 is a potentially 
attractive therapeutic target for the treatment of several 
malignancies.

ADAM-17 in angiogenesis

Angiogenesis or new vessel development is not only an 
important developmental process but it is also indispen-
sible for heart tissue recovery after ischemic episodes, 
from proliferative retinopathy, or from tumor growth and 
invasion. Angiogenesis is initiated by vascular endothelial 
growth factor (VEGF) which stimulates endothelial cells 
and their progenitors to differentiate and proliferate. The 
subsequent events include migration of endothelial cells 
into the surrounding extracellular matrix, where they 
form cord-like structures (sprouts) which later develop 
lumens and interconnect. These events are followed 
by recruitment of accessory cells. Metalloproteinases 
also have important roles in regulating angiogenesis 
(Rundhaug, 2005). The significance of ADAM-17 in ang-
iogenesis was first shown in transgenic mice expressing 
only catalytically inactive ADAM-17. These animals had 
pulmonary hypovascularization and heart-valve deformi-
ties (Zhao et al., 2001; Shi et al., 2003). In a murine model 
of retinal neovascularization, TNFα was upregulated in 
the retina during the hypoxia-induced neovasculariza-
tion period (Majka et al., 2002). Moreover, VEGF induced 
ADAM-17 activation in retinal microvascular endothelial 
cells (Majka et al., 2002) and in human umbilical vascu-
lar endothelial cells (HUVECs) through ERK activation 
(Swendeman et al., 2008). A thorough analysis of the role 
of ADAM-17 in angiogenesis using ADAM-17 silencing 
revealed that a lack of the enzyme affects invasion and 
proliferation of the endothelial cells and contributes to 
destabilization of the developing network of HUVECS 
(Gooz, P. et  al., 2009). Furthermore, ADAM-17 was 
required for VEGF-induced invasion of HUVECs into a 
3D matrix and VEGF-induced expression and activation 
of MMP-2. The role of ADAM-17 in HUVEC sprouting was 
confirmed by others (Kwak et al., 2009), and it was also 
shown that a chemical inhibitor of ADAM-17 inhibited 
both VEGF-induced tube formation of HUVECs and 
ischemia-induced retinal neovascularization in mice 
(Chikaraishi et  al., 2009). Similarly, increased ang-
iogenic activity and abnormal choroidal vascularization 
was observed in the eye of TIMP-3 –/– mice which was 
attenuated with VEGFR2 inhibition (Janssen et al., 2008). 
Increased MMP activity was also observed in the eye of 
the animals, suggesting an important role of TIMP-3 
in regulating choroidal vascularization. Further, in the 
ischemic brain increased arteriogenesis after stroke 

was initiated by niacin-induced ADAM-17 upregulation 
(Chen, J. et  al., 2009) as described above. These novel 
findings emphasize the role of ADAM-17 in angiogenesis 
both during development and during pathophysiologi-
cal states such as proliferative retinopathy and stroke. 
Because the enzyme’s expression and activity is upregu-
lated in various cancers, it is possible that other than initi-
ating tumor cell proliferation, ADAM-17 also contributes 
to tumor neovascularization. Therefore, successful and 
specific ADAM-17 inhibition could attack tumor prolif-
eration, inflammation and vasculogenesis.

ADAM-17 in heart diseases and in atherosclerosis

ADAM-17 has an important role in heart development, 
regulating valvulogenesis and centricular modeling (Shi 
et  al., 2003) but several lines of evidence suggest that 
it contributes to various heart diseases. ADAM-17 was 
upregulated together with TNFα in myocarditis and cor-
related negatively with left ventricular systolic function 
in patients (Satoh et al., 2000). Increased expression of 
ADAM-17 was noted in peripheral mononuclear cells 
(PMNC) of patients with advanced congestive heart fail-
ure (Satoh et al., 2004). In patients with acute myocardial 
infarction ADAM-17 in PMNCs was higher in those sub-
jects who had complications such as malignant recurrent 
ventricular arrhythmia or pump failure (Shimoda et al., 
2005).

In an animal model of concentrated cardiac hypertro-
phy, ADAM-17 inhibition attenuated development of left 
ventricle dilatation, perhaps by preserving TNFα on myo-
cyte surfaces because the phenotype was similar to mice 
expressing non-cleavable TNFα on their myocytes (Dibbs 
et  al., 2003). Dilated cardiomyopathy with increased 
TNFα activity is also observed in TIMP-3 deficient ani-
mals, which further supports the role of ADAM-17 in 
cardiac remodeling (Fedak et al., 2004). Ablation of TNFα 
attenuated left ventricular dilatation in these animals, and 
together with a metalloenzyme inhibitor, rescued the 
phenotype to normal (Kassiri et  al., 2005). Recent data 
confirmed the role of ADAM-17 in cardiac remodeling 
both in spontaneous hypertensive rat and in animals 
treated with angiotensin-II; ADAM-17 knockdown with 
small interfering RNA inhibited development of both 
agonist-induced and hypertension-induced cardiac 
hypertrophy and fibrosis (Wang, X. et al., 2009). Similarly, 
in TIPM-3 knockout animals L-NAME raised blood pres-
sure less than that observed in wild-type animals, and the 
hypertension-induced fibrotic changes in vascular walls 
were also attenuated in the TIMP-3 –/–animals (Higuchi 
et al., 2007).

Aging of coronary arteries is associated with transition 
to an inflammatory phenotype and is characterized by an 
upregulation of TNFα activity which promotes endothe-
lial cell apoptosis (Csiszar et al., 2004). In another study, 
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investigators showed increased ADAM-17 immunos-
taining in atherosclerotic plaques of the aortic arch and 
sinus in apolipoprotein E-deficient mice and in humans 
(Canault et  al., 2006a). At the same time, elevated 
circulating plasma TNFR I and 2 was also observed. 
There is also evidence of increased ADAM-17 and TNFα 
expression in areas of ruptured coronary plaques in 
patients with myocardial infarction (Satoh et al., 2008). 
These findings strongly suggest that inhibiting ADAM-17 
activity can be beneficial for preventing complications 
of acute myocardial infarction and cardiac remodeling 
in hypertension.

ADAM-17 and diabetes

In an animal model of non-obese, insulin-resistant 
diabetes (hypertensive fructose-fed rats) peritoneally 
applied ADAM-17 inhibitor restored insulin sensitivity of 
the animals to normal, which suggests that TNFα inhibi-
tion through ADAM-17 could be an attractive treatment 
for non-obese insulin-resistant diabetes (Togashi et al., 
2002). In another publication, heterozygous ADAM-17 
(–/+) animals fed a high-fat diet were less prone to obes-
ity and insulin resistance than their wild type littermates 
(Serino et al., 2007). In diabetes, cardiovascular compli-
cations are attributed to low levels of inflammation. In a 
recent investigation, aldose reductase was shown to be 
involved in high-glucose-induced TNFα shedding and 
ADAM-17 activation in rat aortic smooth muscle cells 
(Reddy et  al., 2009). Inhibition of aldose reductase by 
sorbitol decreased shedded TNFα both in cell culture and 
in rats with streptozotocin-induced diabetes, suggesting 
that the enzyme could be a therapeutic target for treat-
ing diabetes-induced vascular inflammation. Similarly, 
decreased TIMP-3 was implicated in inflammation and 
insulin resistance; and hepatic steatosis, liver and fat 
tissue inflammation was observed in TIMP-3 knockout 
animals fed a high-fat diet (Menghini et al., 2009). This 
suggests that increased ADAM-17 could be important in 
obesity-associated fatty liver disease.

Interestingly, ADAM-17 as α-secretase was also shown 
to cleave Klotho, an anti-aging protein expressed mainly 
in the kidney and brain (Bloch et al., 2009). Klotho also 
regulates glucose metabolism: Klotho knockdown ani-
mals have low blood insulin levels and are hypersensi-
tive to exogenous insulin (Utsugi et al., 2000). Regulating 
Klotho could provide another control point for ADAM-17 
to influence glucose homeostasis.

ADAM-17 in kidney disease

Increased activation of the EGFR through TGFα or 
HB-EGF was shown in several kidney diseases including 
polycystic kidney disease (Richards et al., 1998). In bpk 

mice, a model of autosomal recessive polycystic kidney 
disease (PKD), increased TGFα immunostaining was 
found in the proximal tubules of cystic kidneys (Dell 
et al., 2001). ADAM-17 inhibitor treatment significantly 
decreased cyst formation and improved kidney function. 
Another group showed that TGFα knockout bpk mice 
also developed PKD, suggesting that other ADAM-17 sub-
strates can be responsible for the phenotype (Nemo et al., 
2005). Indeed, EGF, amphiregulin, HB-EGF, EGFR and 
ErbbB4 are overexpressed in polycystic kidney disease, 
and all could be substrates of ADAM-17. Chronic kidney 
disease (CKD), which is characterized by extracellular 
matrix deposition and fibrotic transformation of kidney 
tissue, can develop from renal diseases of different ori-
gins. Because angiotensin converting enzyme inhibitors 
slowed disease progression, the role of angiotensin-II in 
CKD was studied intensively. Data are accumulating to 
suggest that increased EGFR activation can contribute 
to the fibrotic process, and it was shown that the GPCR 
agonist angiotensin-II induces EGFR transactivation 
by ADAM-17 activation and TGFα shedding (Lautrette 
et  al., 2005). Chemical inhibition of ADAM-17 attenu-
ated chronic angiotensin-II-induced glomerular fibrosis, 
suggesting that ADAM-17 inhibition can be a valuable 
therapeutic tool in treating fibrotic kidney disease. In 
TGFα knockout mice, chronic angiotensin-II infusion-
induced proteinuria, tubular atrophy, and glomerulo-
sclerosis were greatly attenuated compared to wild type, 
angiotensin-II treated animals (Shah and Catt, 2006). In 
TIMP-3 –/– animals, unilateral ureteral obstruction, an 
experimental model of interstitial kidney fibrosis, led to 
increased renal injury compared to wild-type animals 
(Kassiri et al., 2009). The increased fibrosis and inflam-
mation that was accompanied with elevated ADAM-17 
activity was attenuated with additional TNFα abla-
tion. In an in vitro model of glomerular disease, angi-
otensin-II induced HB-EGF shedding from mesangial 
cells (Uchiyama-Tanaka et  al., 2001). In another study, 
the pro-fibrotic GPCR agonist, serotonin, was shown to 
stimulate EGFR activation and proliferation of mesangial 
cells through ADAM-17-mediated HB-EGF shedding 
(Gooz, M. et  al., 2006). Downregulating ADAM-17 by 
silencing RNA completely inhibited the effect of serot-
onin. In mesangial cells, the chemokine CXCL16 is shed 
by ADAM-17 and ADAM-10 (Schramme et  al., 2008). 
Inhibiting metalloenzyme activity in mesangial cells 
inhibited T-Jurkat cell chemotaxis, and silencing either 
CXCL16 or ADAM-17 expression attenuated proliferation 
of mesangial cells. These data show that ADAM-17 can 
be an exciting novel target for the treatment of kidney 
diseases. Because many people are affected by chronic 
kidney disease – 1 in 10 people in the USA, based on the 
National Kidney Foundation http://www.nkf.org – and as 
presently ACE inhibitors are the only therapy available to 
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slow CKD progression, therapeutic targeting of ADAM-17 
in kidney diseases should be considered and investigated 
more intensively.

Concluding remarks

ADAM-17 is expressed by most mammalian cells and 
may have a role in controlling many physiological and 
pathophysiological processes. It is indispensible for nor-
mal mammalian development and, through its contri-
bution as an important sheddase, it is indispensible for 
adult life. The number of identified ADAM-17 substrates 
is increasing and evidence is mounting that ADAM-17 
has a role in almost every cellular function. Because of 
the ubiquitous nature of the enzyme, mechanisms for 
controlling ADAM-17 activity are worth investigating. For 
example, how to specifically target ADAM-17 in cancer 
or in kidney disease without targeting the function of the 
enzyme in other tissues is a concern. Even with specific 
inhibitors that inhibit only ADAM-17 and no other met-
alloenzymes, the side effects would be enormous. Also, 
the dual nature of ADAM-17 (it is both pro-proliferative 
and inhibitory) is problematic because some effects 
may be beneficial for some tissues or diseases and 
harmful in others. Because ADAM-17 activity must be 
regarded in its full cellular context, molecules binding 
to the enzymes and signaling pathways interconnected 
with the ADAM-17 signaling pathway all have unique 
cell- and tissue-specific effects which influence the out-
come of ADAM-17 activation. We are only beginning to 
understand the effect of post-translational modifications 
on the enzyme activity and its role in ADAM-17 interac-
tions and trafficking. In addition, we have data regard-
ing phorbol ester-induced activation of the enzyme, and 
these experiments, while providing valuable data – such 
as a list of molecules cleaved by the enzyme – do not 
tell us specifically which molecules regulate ADAM-17 
activity. Understanding ADAM-17activity regulation 
in vivo is crucial for the development of adequate patient 
therapy.
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