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ARTICLE INFO ABSTRACT

Keywords: The disintegrin metalloprotease ADAM17 has been a matter of intense studies aiming to unravel structure,
ADAM proteases function and regulation of protease expression, maturation and activity. In this review, we summarize data on
ADAM17 the physiological role of ADAM17 in health and disease. Here we provide an overview of ADAM17 substrates,
IL-6R o mouse models of ADAM17-deficiencies and discuss recent findings of ADAM17 function in the immune system
Islgsd:;':_mgnahng and central nervous system as well as in cancer. Whereas ADAM17 function in EGF-R-, in Interleukin-6 (IL-6)-

and in TNFa-biology has been shown to play a decisive role in regulation of the immune system as well as cancer
development, the role of ADAM17 in the central nervous system and neurodegeneration still remains elusive. We
show ADAM17 expression in human dopaminergic neurons derived from induced pluripotent stem cells and we
discuss how this state-of-the-art technology can be further exploited to study the function of this important
protease in the brain and other tissues. This article is part of a Special Issue entitled: Proteolysis as a Regulatory
Event in Pathophysiology edited by Stefan Rose-John.
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1. Introduction

It was discovered in 1988 that the pro-inflammatory mediator
tumor necrosis factor alpha (TNFa) was synthesized as a transmem-
brane protein, which needs to be proteolytically cleaved to be sys-
temically active [1]. Since then, many researchers tried to identify the
responsible proteolytic activity, which was believed to be an important
therapeutic target. In 1994, it was reported that the TNFa cleaving
enzyme was a metalloprotease, which could be inhibited by hydro-
xamic acid compounds. This hydroxamate not only reduced LPS-in-
duced TNFa levels in vivo but also rescued mice from lethal septic
shock confirming the TNFa cleaving enzyme being a promising ther-
apeutic target [2]. Three years later, cDNAs coding for human and
murine TNFa cleaving enzyme were cloned [3,4], which showed that
the enzyme is a membrane bound metalloprotease, which belonged to
the family of disintegrin metalloproteases called adamalysins or ADAMs
[5]. Subsequently, the TNFa cleaving enzyme was renamed ADAM17
[5].

ADAM17 knock-out animals turned out not to be viable [6].
Moreover, they showed an open eye phenotype at birth, which was
reminiscent of mice lacking transforming growth factor alpha (TGFa), a
ligand of the epidermal growth factor receptor (EGF-R). Since all li-
gands of the EGF-R are transmembrane proteins, which need to be
cleaved in order to act systemically [7] it was hypothesized that ligands
of the EGF-R were substrates of ADAM17 [6]. This was supported by

data indicating that r-selectin, IL-6R and TGFa were processed by the
same protease [8]. Meanwhile we know that ADAM17 has more than 80
substrates ranging from cytokines, growth factors, receptors to many
cell adhesion molecules (Table 1) [9]. Therefore, it is not surprising that
the biology of ADAM17 is complex and the protease is involved in the
regulation of many body functions and developmental processes.

2. The shedding enzyme ADAM17

At least 10% of all cell surface proteins are believed to be proteo-
lytically cleaved leading to the release of soluble proteins [10,11]. As
outlined above, ADAM17 was the first shedding protease to be mole-
cularly characterized and it was shown to consist of an N-terminal
signal sequence followed by a pro-domain, a metalloproteinase or cat-
alytic domain, a disintegrin domain, a cysteine-rich membrane prox-
imal domain, a single transmembrane domain and a cytoplasmic por-
tion (Fig. 1) [3,4].

The N-terminal pro-domain of ADAM17 acts as a chaperone and is
thought to inhibit the catalytic activity of the enzyme. The pro-domain
is removed by sequential cleavage by the pro-protein convertase furin
at two sites [12]. Interestingly, the recombinant pro-domain has been
shown to be a highly specific and potent inhibitor of ADAM17 activity
in vitro and in vivo [13]. The ADAM17 catalytic domain resembled
snake venom metalloproteases and clearly placed ADAM17 in the
adamalysin protease family [14]. The function of the disintegrin
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Table 1
Substrates of ADAM17.

Immune system Development, Cell adhesion Others
differentiation

IL-1Ry TGFa ALCAM ACE-2

IL-6R Hb-EGF CD44 APP

IL-15R AREG CD62L (L- APP-like protein2

selectin)
CX3CL1 Epigen Collagen XVII Carbonic
(fractalkine) hydrolase 9

M-CSFR EREG Desmoglein 2 Prion protein

TNF-R; NRG1 EpCam Ebola virus
glycoprotein

TNF-Ry FLT-3L ICAM-1 EPCR

LDL-R KL-1 JAM-A GPIba

SORL1 KL-2 L1-CAM GPV

SORT1 Jagged NCAM GPVI

SORCS1 DLL1 Nectin-4 Klotho

SORCS3 Notchl SynCAM1 Muc-1

TNFa GH-R VACM-1 NPR

Lymphotoxin a IGF2-R Pre-adipocyte
factor

RANKL (TRANCE) HER4 (ErbB4) Ptprz

CSF-1 TrkA

TIM-1 VEGF-R2

TIM-3 LYPD3

TIM-4 PMEL17

MIC-A PTP-LAR

MIC-B SEMA4D

LAG-3 Syndecanl

CD16 Syndecan4

CD30 (TNFRSF8) TEMEFF2

CD36 Vasorin

CD40 (TNFRSF5)

CD89

CD91 (APOER)

CD163

ICOS-L

domain is largely unknown but it was shown that recombinantly ex-
pressed disintegrin domain of ADAM17 impaired the interaction be-
tween fibroblasts and carcinoma cells [15]. The membrane proximal
domain is followed by a short stalk sequence, which is highly conserved
throughout the animal kingdom and which has been called CANDIS
domain [16]. The membrane proximal-domain has been shown to be
subject to complex regulatory control. Its structural determination en-
abled to prove that protein disulphide isomerase catalyzes an iso-
merization of disulphide bridges resulting in switching from an open to
a closed conformation [17]. This consequently restricts substrate in-
teraction and accessibility of phosphatidylserine, which acts as an ac-
tivator of ADAM17 (Fig. 2) [18].

Pro-domain

Metalloprotease-

Inactivation, chaperone function

Ectodomain shedding
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In 2012, it was shown by two groups that iRhom2, which is one of
two proteolytically inactive members of the rhomboid family, was
needed for trafficking of ADAM17 to the cell membrane and for acti-
vation of enzymatic activity [19,20]. Subsequently, it was revealed that
also iRhom1 played a role in ADAM17 maturation, particularly in the
brain [21]. Interestingly, the iRhom proteins seem to play a role in
selectivity of ADAM17 for some but not all substrates [22].

Although treatment of cells with the protein kinase C (PKC) sti-
mulator phorbol ester (PMA) leads to a strong increase in ADAM17
activity [23,24], suggesting phosphorylation of ADAM17, it was also
shown that the cytoplasmic portion of ADAM17 was dispensable for
short-term stimulation of ADAM17 activity [25,26]. Phosphorylation of
the cytoplasmic portion of ADAM17 by MAP kinases [27] and polo like
kinase 2 [28] has been detected, but the role of kinases in the regulation
of ADAM17 activity is not fully understood. It is, however, clear, that
shedding of many ADAM17 substrates is followed by intramembrane
proteolysis by y-secretase, a process called ripping (Fig. 2) [29,30].

G-protein coupled receptor stimulation by lysophosphatidic acid,
endothelin, thrombin, bombesin and carbachol was observed to lead to
the stimulation of the EGF-R by trans-activation. It was further shown
that this trans-activation involved an unknown metalloprotease ac-
tivity, which led to cleavage of the EGF-R ligand HB-EGF und sub-
sequent EGF-R activation by the cleaved HB-EGF ectodomain [31]. A
similar mechanism was demonstrated for the activation of the fibroblast
growth factor receptor 2b (FGFR2b), which is stimulated by fibroblast
growth factor (FGF7), leading to an activation of ADAM17, cleavage of
HB-EGF and activation of the EGF-R (Fig. 3) [32]. This triple membrane
spanning mechanism could be important for regulation of cell migra-
tion in keratinocytes and endothelial cells [32].

Although ADAM17 from human, rat and mouse is highly conserved
throughout the protein it has been reported that in overexpressing
transfected cells murine ADAM17 showed some species specificity to-
wards one substrate, namely the Interleukin-6 receptor (IL-6R) [33]. In
subsequent studies in mice, however, it was clarified that no such
species specificity exists in vivo, since the murine IL-6R was cleaved by
murine ADAM17 in mice [34]. Interestingly, in the absence of
ADAM17, the levels of soluble IL-6R (SIL-6R) found in the blood of mice
were unchanged as compared to wildtype (wt) mice [35], indicating
that ADAM17 activity is not responsible for steady state levels of sIL-6R,
which is very important for in vivo regulation of IL-6 activity (see
below). A similar observation was made for the levels of soluble L-se-
lectin, an additional substrate of ADAM17. In mice lacking ADAM17,
soluble r-selectin remained unchanged [36].

Shedding of membrane proteins by ADAM proteases can not only
occur at the cell surface but also from microvesicles called exosomes
[37]. The full length IL-6R has been found on circulating microvesicles

Fig. 1. Structure and function of ADAM17. The metalloprotease
ADAM17 can be divided into six domains with distinct func-
tions, here separated by different color. CANDIS: Conserved
ADAM seventeen dynamic interaction sequence [16].

’ domain
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domain activation
Membrane Substrate recognition
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[38] from which it can be cleaved by the proteases ADAM10 and
ADAM17 to release sIL-6R [39].

Currently, more than 80 substrates have been shown to be cleaved
by ADAM17. Among these substrates are cytokines and growth factors,
cytokine and growth factor receptors, scavenger receptors, cell adhe-
sion proteins and other transmembrane proteins (Table 1) explaining
the involvement of ADAM17 in many pathophysiologic processes [9].

3. In vivo studies of ADAM17
Shortly after cloning of the Adam17 ¢cDNA [3], inactivation of the

Adaml7 gene via homologous recombination was reported, and it
turned out that ADAM17 deficient mice were mostly not viable [6]. The
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Fig. 2. Schematic overview of ADAMI17-mediated shedding.
ADAM17 function is regulated by phosphorylation of the cytoplas-
matic tail by intracellular kinases such as PLK2, MAPK, PKC.
Phosphatidylserine transferred to the outer leaflet of the membrane is
needed for ADAM17 activation. ADAM17 activities include shedding
of receptors, cytokines and growth factors leading to subsequent
ripping of transmembrane proteins by the intramembrane protease y-
secretase, which cleaves single-pass transmembrane proteins within
the transmembrane domain.

y-Secretase

Intracellular
Signaling

vast majority of ADAM17 deficient mice, which were born alive, died
within several hours. From 464 mice, only six mice survived but these
died after 2-3 weeks [6]. Almost 10 years later, the first ADAM17
conditional knock-out was generated and deletion of ADAM17 on
myeloid cells led to resistance of LPS-induced endotoxemia [40]. Many
more conditional ADAM17 knock-out mice were generated in the
meantime and the different observed phenotypes are summarized in
Table 2.

For ADAM10 it has been demonstrated that the protease can cleave
substrates not only on the same cells but also on different cells [41].
Although it has not been shown whether cleavage in trans is also pos-
sible for ADAM17, such a mechanism would question the validity of
conditional knock-out models. This was one reason why hypomorphic

Fig. 3. ADAM17 function is mediated by a triple membrane
pass mechanism. The first step of ADAM17 regulation is the
intracellular activation of the transmembrane protein by fibro-
blasts growth factor (FGF)- or dopamine-receptors (R).
Secondly, activation of ADAM17 leads to shedding of cell sur-
face proteins and thus cytokine release, here shown for EGF-R
ligands. As a third step, EGF-R binds the cleaved ligand leading
to activation of intracellular signaling pathways.
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ADAM17 mice (called ADAM17°*** mice) were generated by the exon
induced translational stop (EXITS) technology [42]. Using this tech-
nique, mice were produced, which in all tissues showed dramatically
reduced Adam17 mRNA and protein levels. These mice were highly
susceptible to inflammatory bowel disease and upon challenge showed
an impaired intestinal barrier and strongly reduced intestinal re-
generation [42]. Later, it was demonstrated that ADAM17%*% mice
were more susceptible to Listeria infection [34]. When atherosclerosis
was studied in mice lacking LDL receptor and ADAM17, it turned out
that these mice upon feeding a high fat diet developed larger athero-
sclerotic lesions. Interestingly, it was found that shedding of the TNFRy
was strongly impaired resulting in constitutive TNFRy; signaling in these
mice [43]. An involvement of ADAM10 in atherosclerosis was deduced
from studies with mice lacking ADAM10 in myeloid cells, although the
overall plaque size was unaltered in these animals [44].

Kidney fibrosis following kidney injury is an unresolved health
problem and causes significant morbidity and mortality worldwide. In a
recent study into the molecular mechanism of kidney fibrosis, it was
shown that ADAM17, TNFa and the EGF-R ligand amphiregulin were
upregulated leading to sustained activation of the EGF-R and infiltra-
tion of neutrophils and macrophages, which resulted in fibrosis. Loss of
ADAM17 protected against these pathophysiologic changes. These re-
sults showed that ADAM17 might represent a therapeutic target in
human kidney fibrosis [45].

Interestingly, a patient with an ADAM17 loss of function mutation
was identified, who showed autosomal recessive neonatal inflammatory
skin and bowel lesions indicating that in humans loss of ADAM17 was
compatible with life [46]. A second patient with a genetic ADAM17
deficiency was recently identified. Apart from impaired cytokine se-
cretion from PBMCs, NK cells of this patient exhibited abnormally high
levels of the NK killer receptor CD16 [47]. Moreover, it was shown that
mutations in iRhom2 were associated with tylosis, a familial esophageal
cancer syndrome. Keratinocytes from these patients were characterized
by sustained EGF-R signaling, which was not seen in healthy control
cells [48]. A mouse mutation in the first transmembrane region of
iRhom?2 reduced TNFa shedding [49] possibly by impairing the inter-
action with ADAM17 [50].

A mouse mutation in the Adam17 gene was identified in a chemical
mutagenesis screen. This mutation also led to a hypomorphic ADAM17
phenotype, which was characterized by enhanced susceptibility to DSS
colitis and reduced regeneration of the intestine although the pheno-
type was less pronounced than in ADAM17°*** mice [51]. The spon-
taneous recessive mouse mutation waved with open eyes (woe) was
identified as a C7794T substitution in the Adami7 gene resulted in
aberrant Adaml7 splicing rendering the ADAM17 protein inactive.
Since normal splicing of the Adam17 gene still occurred besides the
aberrant splicing, this mutation also resulted in a hypomorphic
ADAM17 phenotype, which again was somewhat less pronounced than
in ADAM17°¥** mice [52] (Table 2).

4. ADAM17 in the immune system

TNFa is a transmembrane protein, which requires cleavage by
ADAM17 in order to act systemically. Consequently, pharmacological
blockade of ADAM17 [2] or genetic deletion of the Adam17 gene [40]
leads to resistance of the mice to LPS-induced endotoxemia. TNFa acts
via two TNFa-receptors (TNFR; and TNFRy), which are also subject to
shedding by ADAM17 [26]. Whereas signaling via TNFR; leads to
apoptosis and cell death, signaling via TNFRy; is considered protective.
Interestingly, TNFR; is mainly stimulated by soluble (cleaved) TNFa
whereas TNFRy; is preferentially activated by uncleaved transmembrane
TNFa [53]. These findings have led to the hypothesis that therapeutic
blockade of the TNFR; would be superior to global blockade of the
cytokine TNFa since the protective activity of the TNFRy would not be
inhibited [54,55].

ADAM17 also plays a decisive role in the Interleukin-6 (IL-6)
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pathway. IL-6 binds on the cell surface to a membrane bound IL-6 re-
ceptor (IL-6R) and the complex of IL-6 and IL-6R bind to a homodimer
of the signaling receptor gp130, thereby initiating intracellular sig-
naling. Interestingly, neither IL-6 nor the IL-6R show a measurable af-
finity to gp130 [56]. It is only the complex of IL-6 and IL-6R, which
associates with gp130. Whereas gp130 is present on all cells of the
body, IL-6R is mainly on hepatocytes and some leukocytes. The IL-6R
can, however, be cleaved from the cell membrane by ADAM17, thereby
generating a soluble IL-6R (sIL-6R) [57]. This sIL-6R can bind the ligand
IL-6 and the complex of IL-6 and sIL-6R can bind to gp130 on cells,
which do not express IL-6R [56]. Such cells in the absence of sIL-6R
would not be responsive to IL-6. This pathway was called IL-6 trans-
signaling [58]. Interestingly it turned out that IL-6 acting via the
membrane bound IL-6R acted mainly in a protective and regenerative
manner, whereas IL-6 acting via the sIL-6R was rather pro-in-
flammatory [59,60]. In this respect, ADAM17, by switching between
classic- and trans-signaling helps to determine the nature of the re-
sulting IL-6 signal [9].

Interestingly, in human blood high levels of sIL-6R (around 50 ng/
ml) and sgp130 (around 400 ng/ml) are found. In contrast, IL-6 levels
are under normal conditions extremely low (around 1-5 pg/ml) [56].
During inflammatory states, sIL-6R levels increase 2-5 fold whereas
sgp130 levels remain rather constant, leading to a molar excess of sIL-
6R over sgpl30 [61-64]. IL-6 levels increase 100-1000 fold during
inflammation and can in septic states even reach 1-2 ug/ml [65]. We
have hypothesized that sIL-6R and sgp130 form a buffer for IL-6 in the
blood [59,60]. Interestingly, a single nucleotide polymorphism
(rs2228145) in the IL-6R gene leads to an amino acid exchange of as-
partic acid 358 to alanine 358 close to the IL-6R cleavage site [57]. This
amino acid exchange results in more efficient cleavage of the IL-6R and
consequently to about 50% higher sIL-6R levels [66]. In several genetic
studies, it was found that the minor allele of rs2228145 resulting in
alanine 358 conferred protection from coronary heart disease, rheu-
matoid arthritis and other inflammatory diseases [67-69]. These results
were explained by the higher IL-6 buffer capacity in the presence of
higher sIL-6R levels [59] and underlined the importance of the IL-6
buffer in the blood [70].

A study in ADAM17°** mice confirmed that ADAM17 was required
for retinal angiogenesis although lack of ADAM17 did not phenocopy
the effect of Notch inhibition indicating an alternative signaling
pathway [71]. Mechanistically, it was found that the inhibition of
ADAM17 but not of ADAM10 resulted in an induction of the expression
of thrombospondin 1, which is a naturally occurring inhibitor of an-
giogenesis [71].

The function of platelets is controlled by numerous cell surface
proteins. These proteins are known to be shed by cellular proteases.
This is an irreversible cellular decision since platelets are unable to
synthesize new cell surface proteins. On platelets, shedding of glyco-
protein VI was shown to be mediated by ADAM10 and ADAM17 but the
existence of an additional protease was postulated since in vivo shed-
ding of the glycoprotein VI was unaltered in the absence of ADAM10
and ADAM17 [72]. Interestingly, shedding of the cell surface protein
CD84 was shown to be mediated by ADAM10 but not by ADAM17 [73].

5. ADAM17 in the central nervous system

The nervous system is a complex and highly dynamic system, which
still lacks complete understanding of most regulatory processes in de-
velopment and function. Its formation, maintenance, and repair rely on
a complicated interplay of cellular mechanisms involving many pro-
gressive events like neural stem cell differentiation, axon and dendrite
growth, as well as synapse formation and establishment of neural cir-
cuits. Interestingly, also regressive processes like axon pruning and
synapse elimination play an important role in refining cellular con-
nectivity and thus are crucial for the development and proper function
of the central nervous system (CNS) [74]. Thereby, proteolytic
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processing of membrane-anchored proteins is indispensable for neu-
ronal development and homeostasis [74-76]. These protease-depen-
dent modulations have major impacts on neuron and synapse growth as
well as on synaptic plasticity, which is characterized by changes in
shape, size and connectivity of synapses. Decreased neuronal con-
nectivity as well as neuronal cell death are hallmarks of neurodegen-
erative conditions like for example amyloid lateral sclerosis (ALS),
schizophrenia, Alzheimer and Parkinson disease [77,78]. This empha-
sizes the crucial role and necessity for a tight regulation of proteolytic
events within the CNS in health and disease. Major effectors of pro-
teolytic shedding events on cellular membranes are members of the
families of metalloproteinases. Within this group, ADAM proteases have
been shown to play important roles in the CNS development
[75,79,80]. Accordingly, typical ADAM substrates include growth and
differentiation factors, adhesion molecules, chemokines, cytokines and
their receptors [80,81], which are necessary to regulate proliferation,
migration, differentiation, axonal growth and myelination [75].

As one of the first ADAMs, ADAM10 function was linked to the
development of the nervous system, as initially found in genetic screens
of axon guidance deficiencies in Drosophila [82] as well as in the de-
velopment [83] and formation of the murine brain [84]. The severe
consequences of an ADAM10 knockout can be explained by the im-
portant neuronal and synaptic functions of ADAM10 substrates: e.g. the
amyloid precursor protein (APP), Notch receptor, prion protein and N-
Cadherin [80]. While new substrate identification methods unraveled
novel neuronal target molecules of ADAM10 [85], the role of the clo-
sely related ADAM17 in the CNS still remains largely elusive.

ADAM17 expression has been found in the brain by Northern blot
analyses in humans and rodents [3,86]. In an initial expression study
from 1997, significantly higher RNA levels of ADAM17 were found in
human fetal brain tissue compared to adult brain samples [3]. This
points towards a functional role of ADAM17 in neuronal development.
Additional studies on neuronal substrates of ADAM17 further underline
this assumption: ADAM17 was implicated in the development of the
nervous system through activating neural cell adhesion and neurite
outgrow by cleaving L1 [87] and neuronal cell adhesion molecule,
NCAM [88]. Moreover, APP has also been described as substrate of
ADAM17 [89]. Although APP has been subject of intense investigations,
its functional role in health and neurogenesis is still not completely
understood [90]. Studies in mice indicate a role of APP in early em-
bryogenesis by mediating neuronal migration [91] and synaptic con-
nectivity [92].

Besides ADAM10, ADAM17 has been shown to act as a-secretase
producing a soluble and non-amyloidogenic fragment (sAPPa) [89].
This soluble SAPPa fragment is considered to be neuroprotective and
amongst other things has been shown to function as a proliferation
factor for adult neural progenitor cells [93]. On the other hand, shed-
ding of APP by p-secretases [94,95] results in the formation of soluble
amyloidogenic fragments (sAPPf3), which can be further processed by y-
secretases and induce amyloid plaque formation and inflammation in
the brain [96,97]. Interestingly, ADAM17 has been shown to localize in
areas containing amyloid plaques in Alzheimer disease patients' brains
[98].

Moreover, it has been observed that FHL2, an interaction partner
and regulator of ADAM17 activity, is necessary for sAPPa generation
[99,100]. This additionally strengthens the link between APP proces-
sing and ADAM17 function. Due to the role of a-secretases in the non-
amyloidogenic pathway of APP processing, further studies of ADAM10
and especially the -so far- less studied ADAM17 are necessary to better
understand disease progression in Alzheimer disease [101,102].

Interestingly, ADAM17 function has also been implicated in
learning and memory. A study in 2008 revealed the involvement of
ADAM17 in glutamate receptor 1/5-induced long-term depression
(LTD), which is characterized by an activity-dependent reduction in the
efficacy of neuronal synapses and thus important for learning processes
[103]. Furthermore, ADAM17 has been shown to process membrane
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proteins important for synaptic connection formation and plasticity.
This includes the neuronal pentraxin (NPR) [103], which regulates the
endocytosis of AMPA-type glutamate receptors, necessary for LTD in
hippocampal and cerebellar synapses and the cell adhesion molecule
RA175/SynCAM1, which is important for synaptic modulations and
thus memory formation [104].

An increasing number of studies attempt to shed more light into the
still elusive role of ADAM17 in the CNS. Recent data point towards a
crucial function of the protease in neuronal development, which is
mainly based on its well described role in regulating signaling through
the EGF-R [79]. ADAM17 exhibits a key role in shedding of membrane-
anchored growth factors such as the EGF-R ligands TGFa, amphir-
egulin, epiregulin and heparin-binding (HB)-EGF (Table 1) [79,80]. The
EGF-R demonstrates a widespread expression profile across the CNS
[105,106] with significant expression found in the neocortex, limbic
cortex, cerebrovascular endothelial cells, cerebellum [107,108] and the
midbrain [109]. Thus, it is not surprising that EGF-R signaling has been
linked to neuronal development, synaptic plasticity and memory for-
mation [110,111]. Lately, HB-EGF, has also been considered to play a
pivotal role in the developing and adult CNS [112]. Also, HB-EGF has
been shown to be widely expressed in the nervous system and to con-
tribute to neuronal survival and glia/stem cell proliferation [113-115].
Following, a recent study elucidated the significant role of ADAM17, as
the key modulator of HB-EGF, in oligodendrocyte development and the
myelination of the CNS, which is crucial for proper development and
function of the brain [116].

The inherited small vessel disease CADASIL (Cerebral Autosomal
Dominant  Arteriopathy  with Subcortical Infarcts and
Leukoencephalopathy) [117] has been implicated with stroke and de-
mentia. Since tissue inhibitor of metalloproteinase 3 (TIMP3), a natural
antagonist of ADAM17, was shown to contribute to cerebrovascular
dysfunction we hypothesized that ADAM17 might play a role in this
pathophysiologic condition. Indeed, we could demonstrate that the role
of TIMP3 in CADASIL was via the inhibition of ADAM17, which cleaved
the EGF-R ligand HB-EGF and thereby contributed to the control of
cerebral arterial tone and blood flow [117]. Our data highlighted a
concept of a balance between ADAM17 activity and TIMP3 resulting in
the regulation of cerebral blood flow [117].

Moreover, HB-EGF has recently been described to promote devel-
opment and survival of dopaminergic neurons [115]. In the adult brain,
dopaminergic neurons are mainly localized in the midbrain (mesence-
phalon) and to a very small extend in the diencephalon and the olfac-
tory bulb [118,119]. Dopaminergic neurons originating from the sub-
stantia nigra pars compacta (SNc), a part of the midbrain, play an
essential role in the control of voluntary movement, cognition and
emotion [120-122]. Thus, abnormal function of the dopaminergic
system results in movement disorders, like Parkinson disease [123], and
can also lead to several psychiatric disorders including schizophrenia or
drug addiction [124]. Interestingly, a recent study has linked the me-
talloproteases ADAM10 and ADAM17 to the development of murine
dopaminergic neurons [125]. Hereby, the dopamine D2 receptor (D2R)
induces the shedding of HB-EGF by activation of ADAM10/17. This
leads to EGF-R signaling resulting in a downstream extracellular signal-
regulated kinase (ERK) pathway activation (Fig. 3). Importantly, the
development and differentiation of dopaminergic neurons depends on
D2R-mediated ERK activation [126-128]. The D2R is member of the G
protein-coupled receptor family and highly expressed in the CNS reg-
ulating diverse functions mediated by dopamine, including locomotion
as well as emotional and motivational behavior [128-130].

Interestingly, administration of EGF to the cell culture could restore
normal dopaminergic neuron development in the absence of D2R
[125]. The work of Yoon and Baik is in accordance with the knowledge
of ADAM17 being the main sheddase for HB-EGF. In addition, the HB-
EGF-binding EGF-Rs (ErbB1 as well as ErbB4) are found to be expressed
in the midbrain and have been shown to regulate survival and devel-
opment of dopaminergic neurons [131]. Decreased levels of EGF, EGF-R
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The iPS-system and ADAM17 expression in
iPS-derived dopaminergic neurons (iPSn)
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Fig. 4. Expression of ADAM17 in iPS-derived do-
paminergic neurons. A) Human induced plur-
ipotent stem (iPS) cells were derived from fibro-
blasts of a healthy donor. Primary human skin
fibroblasts were transduced by reprogramming
factors Oct4, Sox2, KIf4 and cMYC and established
iPS cells lines were tested for pluripotency [139].
Directed differentiation towards dopaminergic
neurons was initiated by adding a well-described
mixture of growth factors including BDNF, as-
corbic acid, SHH, FGF8a as well as GDNF, TGF-f3
and cyclic-AMP [140]. iPS-derived human mid-
brain dopaminergic neurons (iPSn) were stained
for ADAM17 utilizing specific antibodies [141] in
immunoblot (B) and immunocytochemical (C)
analyses. B) In Western blot analyses, iPSn lysates
were loaded in duplicates and B-actin as well as
neuronal specific enolase (NSE) were used as

[kDa]

loading control. To determine antibody specificity
ADAM10/17-deficient (A10/17 dKO) as well as

250-
130-
100
70- ,
1
55 |
1
1
1

ADAM17|

55-
NSE
Actin

human ADAM17 overexpressing Hek cell lysates
were utilised (B). Dotted line indicates lanes of the
same blot were merged; * marks antibody un-
specific band. C) Immunocytochemical analysis of
iPS-derived dopaminergic neurons (iPSn) stained
for endogenous ADAM17 (red) and tyrosine hy-
droxylase (TH), a marker for dopaminergic neu-
rons (green), indicating cellular localization of
ADAM17 in the cell body of neurons as well as
partly in neurites (overlay of 2D image and 3D z-
stack volume). iPS cells were derived from fibro-
blasts of a healthy donor and characterized for
pluripotency [139]. Directed differentiation to-

wards dopaminergic neurons was conducted following the Studer protocol [140]. Maintenance of dopaminergic neurons, cell lysis and preparation for western blotting and im-
munostaining was performed as described in Mazzulli et al. [177]. ADAM17-specific antibody (A300D) [141] was used in a concentration of 1:500 for Western blot analysis and the
respective antibody (A300E) was applied 1:50 in immunocytochemistry. Co-staining of dopaminergic neurons was performed utilising a tyrosine hydroxylase antibody (EMD Millipore,
AB5986; 1:1000). Immunofluorescence samples were analyzed by confocal laser microscopy (FluoView 1000R; Olympus). Cells were visualised at a magnification of 60 X using oil
objectives. The FV1000-ASW 3.0 Viewer-Software (Olympus) as well as the Chimera software (www.cgl.ucsf.edu/chimera; supported by National Institute of General Medical Sciences
Grant P41-GM103311) were applied for analysis of immunofluorescent pictures. The representative image shown here is an overlay of a 2D image and 3D z-stack volume.

(ErbB1) and tyrosine hydroxylase, a marker for dopaminergic neurons,
could be found in postmortem brains of Parkinson disease patients
[132]. The same effects could be recapitulated in animal models with
disturbed ErbB1 signaling and dopaminergic cell loss could even be
impeded after administration of EGF [133,134]. Additionally, in-
tracerebral administration of HB-EGF into an adult Parkinson disease
rat model was shown to protect the dopaminergic system [135].

Taken together, these findings indicate the importance of the
ADAM17-EGF-R-signaling axis in the development and maintenance of
dopaminergic neurons. Thus, ADAM17 and EGF-R appear in genetic
screens as Parkinson disease-modifying factors [136]. The EGF-R has
found to be second strongest candidate in a ‘guilt-by-association’ gene
map due to its interaction with six known Parkinson-related genes.
Additionally, ADAM17 was implicated in Parkinson disease pathology
by KEGG pathway analysis [136] and even claimed to be an indirect
therapeutic target in Parkinson disease [137,138]. Although, numerous
recent studies point towards a novel and crucial role of ADAM17 in the
development and maintenance of dopaminergic neurons, the precise
role of ADAM17 function in neuronal health and Parkinson disease
pathology has to be further established.

Expression studies of ADAM17 in the brain are incomplete with no
information on ADAM17 expression in human dopaminergic midbrain
neurons. To generate human dopaminergic neurons, we utilized in-
duced-pluripotent stem (iPS) cells derived from fibroblasts of a healthy
proband (Fig. 4A) [139]. After differentiation of iPS cells to dopami-
nergic neurons (following the Studer protocol [140]; Fig. 4A), cells were
analysed for ADAM17 expression. As shown in Fig. 4B/C, protein ex-
pression of ADAM17 could be determined by immunoblotting and im-
munocytochemistry utilising a human ADAM17-specific antibody
[141]. Immunofluorescence studies of iPS-derived dopaminergic
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neurons exhibit ADAM17 expression (red) mainly in the cell bodies, as
indicated by a strong staining close to the nucleus, as well as some
antibody signal in neurites (Fig. 4C). The neuronal cells were co-stained
with tyrosine hydroxylase (green), a marker for dopaminergic neurons.
To study cellular localization of ADAM17 in neuronal cells in more
detail, further co-staining studies with intracellular markers have to be
performed.

The discovery of ADAM17 expression in human dopaminergic
neurons underlines its potential importance in regulation of neuronal
development and strengthens the attempts to further validate ADAM17
function in the CNS. Furthermore, we here demonstrate the potential of
the iPS-system in unraveling -so far unknown- protease functions and
expression patterns in recently not accessible human cell lines and
tissue.

In the past it was observed in many cellular models that neural cells
respond to IL-6 only in the presence of the soluble sIL-6R [142,143]. In
order to evaluate the role of IL-6 trans-signaling in the brain, we gen-
erated mice expressing the IL-6 trans-signaling inhibiting protein
sgp130Fc under the transcriptional control of the brain-specific glial
fibrillary acid protein promoter [144]. Transgenic mice expressing IL-6
under the transcriptional control of the brain-specific glial fibrillary
acid protein promoter are characterized by neurodegeneration and as-
trocytosis [145]. When we crossed the brain-specific IL-6 transgenic
mice with the brain-specific sgp130Fc expressing mice, most of the
detrimental effects of IL-6 overexpression were alleviated indicating
that most IL-6 signaling in the brain is mediated by IL-6 trans-signaling
[144,146], which again implies an important role for ADAM17 in the
brain and other neuronal cells [146].
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6. ADAM17 and IL-6R signaling in cancer

It was recently shown that not only the development of emphysema
[64] but also Kras driven lung cancer [147] could be strongly inhibited
by the sgp130Fc protein, indicating that IL-6 activity via trans-signaling
was the underlying mechanism of both pathophysiologic states. These
data make it likely that activation of ADAM17 and subsequent cleavage
of the membrane bound IL-6R are involved in these diseases.

A role for IL-6 was demonstrated in ovarian cancer models. IL-6
trans-signaling on endothelial cells prevented chemotherapy induced
apoptosis and blockade of IL-6 trans-signaling by the sgp130Fc protein
in vivo resulted in reduced ascites formation and in enhanced che-
motherapy sensitivity of human ovarian tumor xenografts [148]. Fur-
thermore, in a model of ovarian hyperstimulation syndrome it was
demonstrated that IL-6 via trans-signaling induced VEGF expression
and increased vascular permeability of endothelial cells. Consequently,
blockade of IL-6 trans-signaling prevented the ovarian hyperstimulation
syndrome in treated animals [149].

Such a view was supported by the demonstration that IL-6 trans-
signaling and subsequent activation of STAT3 and SOCS3 was involved
in pancreatic intraepithelial neoplasia and pancreatic ductal adeno-
carcinoma development cancer [150,151]. Furthermore, it could be
demonstrated that specific blockade of IL-6 trans-signaling by the
sgpl30Fc protein reduced pancreatic tumor growth in vivo [152].
Furthermore, inhibition of IL-6 trans-signaling led to a decrease in
microvessel density and to a reduction of distant metastases indicating
a therapeutic benefit from blockade of IL-6 trans-signaling [152].

The incidence of liver cancer is known to be higher in men than in
woman and could be explained by a suppression of IL-6 synthesis by
estrogen in the female organism [153,154]. We therefore asked whe-
ther the tumorigenic activity of IL-6 was mediated by IL-6 trans-sig-
naling. We used mice, which expressed high levels of the sgp130Fc
protein as a transgene [155] and treated the mice with the chemical
carcinogen, diethylnitrosamine [156]. It turned out that blockade of IL-
6 trans-signaling largely protected the animals from liver cancer in-
dicating that IL-6 trans-signaling was responsible for hepatocellular
carcinogenesis. Again, these data let us hypothesize that ADAM17
mediated cleavage of the IL-6R is involved in cancer development
[156].

7. Blockade of ADAM17 activity

Tissue inhibitor of metalloproteinases (TIMPs), comprising of
TIMP1-4, are natural metalloproteinase inhibitors, which are therefore
key regulators of shedding events on the cell surface [157,158]. It has
been established that TIMP-3 is an effective inhibitor of ADAM17
[157]. TIMP-3 has been found to control cytokine and growth factor
bioavailability in order to regulate inflammation, cell death and sur-
vival in the liver. Moreover, TIMP3 has been found silenced in human
cancers [159]. Although it has been shown that deficiencies in TIMP-3
can lead to modulations in ADAM17 function [117,160], the precise
role of TIMP3-dependent ADAM17 regulation has to be further estab-
lished [158].

Even before the cDNA of Adami7 was cloned [3,161], a hydro-
xamate based inhibitor of ADAM17 activity was generated and it was
shown that blockade of ADAM17 activity protected mice from death by
a lethal dose of LPS [2]. More specific hydroxamate inhibitors were
subsequently developed [162] and were used in vitro and in vivo to
differentiate between ADAM17 and the closely related protease
ADAM10 [30,163].

Using a two-step phage display strategy, a neutralizing antibody
against human ADAM17 was developed, which proved to be a selective
ADAM17 inhibitor, which blocked ADAM17, but not ADAM10 medi-
ated shedding of the EGF receptor ligand HB-EGF [164]. More recently,
it was shown that cleavage of the pro-domain required an additional
proteolytic step within the pro-domain of ADAM17 [13] and it was
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subsequently demonstrated that the recombinantly expressed pro-do-
main of ADAM17 could serve as an effective and highly specific in-
hibitor of ADAM17 activity [12]. This pro-domain inhibitor was used to
block ADAM17 activity in vivo in a murine kidney fibrosis model [45]
and to inhibit ADAM17 mediated shedding of the endothelial protein C
receptor [165]. The high specificity of the ADAM17 neutralizing anti-
body and of the ADAM17 blocking pro-domain make these proteins
valuable candidates to further test the benefit of ADAM17 inhibition in
animal models of inflammation and inflammation associated cancer
[166].

8. Outlook

As this review points out, numerous studies on ADAM17 structure
and function in health and disease have been performed. Being in-
volved in crucial pathways of the immune system, fibrosis and cancer
progression makes ADAM17 to an interesting therapeutic target. Within
these disease models, inhibition of ADAM17 has been shown to be a
promising treatment strategy. Nonetheless further studies have to be
assigned to develop novel specific ADAM17 inhibitors and test their
benefits in disease progression of cancer and inflammation.

Additionally, we here focus on the emerging role of ADAM17 in CNS
development and maintenance. Until now the role of ADAM17 in the
CNS is only poorly understood and needs further investigation.
Interestingly, recent data point towards an important role of the pro-
tease in development and function of dopaminergic midbrain neurons.
Since this cell type is particularly important for movement and thus
majorly involved in Parkinson disease progression, further studies to
decipher its role in this specific cell type are of great interest.
Modulation of neuronal cell viability by regulation ADAM17 activity
might be a future therapeutic aspect in neurodegenerative diseases, like
Parkinson and Alzheimer disease. Moreover, we here highlight, how the
iPS technology might provide a useful tool in unraveling protease
function in various human cell types and tissues in the future.
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