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Abstract

‘A disintegrin and metalloproteases’ (ADAMs) are a family of transmembrane proteins with diverse functions in multicel-
lular organisms. About half of the ADAMs are active metalloproteases and cleave numerous cell surface proteins, including
growth factors, receptors, cytokines and cell adhesion proteins. The other ADAMs have no catalytic activity and function as
adhesion proteins or receptors. Some ADAMs are ubiquitously expressed, others are expressed tissue specifically. This review
highlights functions of ADAMs in the mammalian nervous system, including their links to diseases. The non-proteolytic
ADAMI11, ADAM22 and ADAM23 have key functions in neural development, myelination and synaptic transmission and
are linked to epilepsy. Among the proteolytic ADAMs, ADAMIO is the best characterized one due to its substrates Notch
and amyloid precursor protein, where cleavage is required for nervous system development or linked to Alzheimer’s disease
(AD), respectively. Recent work demonstrates that ADAMI10 has additional substrates and functions in the nervous system
and its substrate selectivity may be regulated by tetraspanins. New roles for other proteolytic ADAMs in the nervous system
are also emerging. For example, ADAMS and ADAM17 are involved in neuroinflammation. ADAM17 additionally regulates
neurite outgrowth and myelination and its activity is controlled by iRhoms. ADAM19 and ADAM?21 function in regenerative
processes upon neuronal injury. Several ADAMs, including ADAMY9, ADAM10, ADAM15 and ADAM30, are potential drug
targets for AD. Taken together, this review summarizes recent progress concerning substrates and functions of ADAMs in
the nervous system and their use as drug targets for neurological and psychiatric diseases.
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LRP-1 Low density lipoprotein receptor-related pro-
tein 1

HB-EGF Heparin-binding epidermal growth factor-like
growth factor

NRGI Neuregulin-1

TREM?2 Triggering receptor expressed in myeloid cells
2

TNFa Tumor necrosis factor a

TIMP Tissue inhibitor of metalloproteases

NPR Neuronal pentraxin receptor

KL1 Kit ligand-1

Introduction

The nervous system serves as the control center of an organ-
ism to detect, interpret, and respond to external or internal
changes. These processes involve cell-cell communication
as well as intra- and intercellular signaling events, which
require proteins expressed on the cell surface to carry out
their functions at the front lines. This includes the ADAM
(adisintegrin and metalloprotease) protein family, which is
a group of type I transmembrane proteins that are present
across different species. They are characterized by the pres-
ence of a metalloprotease domain for their potential protease
activity to cleave membrane proteins at their extracellular
juxtamembrane region. This process, which is referred to as
“protein ectodomain shedding”, can activate or inactivate the
substrate protein, or initiate further cleavage of the substrate
protein at or within the transmembrane region by intram-
embrane proteases, such as y-secretase, and lead to various
functional consequences (reviewed in Ref. [1]). Around 30
ADAM family members are identified in mouse and human
(Table 1) with almost half of them being specifically or pre-
dominantly expressed in testis or epididymis, indicating an
important role of these ADAMs in mammalian reproduc-
tion and fertilization (reviewed in Ref. [2]). Other ADAMs
are expressed in a wide variety of cells and tissues and are
involved in various biological processes, including develop-
ment, inflammation, and cancer (reviewed in Refs. [3, 4]).
Importantly, many of these ADAMs are highly expressed in
the nervous system with slightly different spatial or temporal
expression profiles, suggesting their important, yet diverse
roles in the functions of the nervous system.

ADAM family proteins share a common multi-domain
structure comprising an N-terminal signal peptide, a pro-
domain, followed by metalloprotease, disintegrin, cysteine-
rich, transmembrane, and cytoplasmic domains (Fig. 1).
Some family members contain an additional epidermal
growth factor (EGF)-like domain between the cysteine-rich
and the transmembrane domain. The consensus sequence in
the metalloprotease domain that defines an active ADAM
protease is HEXGHXXGXXHD, in which histidines bind
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zinc and glutamic acid helps in the catalytic process [5].
Some members of the ADAM family, such as ADAM11,
ADAM?22, and ADAM23, do not have the consensus
sequence in their metalloprotease domain and are thus inac-
tive ADAMs that are primarily involved in direct cell-cell
signaling by binding to other proteins. The cytoplasmic
domain of ADAMs, which is relatively short as compared
to the extracellular domain, specifies binding sites for vari-
ous intracellular signal transducing proteins [6].

The prodomains may help in protein folding upon protein
synthesis and have an autoinhibitory effect on the catalyti-
cally active members of the ADAM family [7], ensuring that
they are not active in the early secretory pathway. Furin and
furin-like proprotein convertase 7 (PC7) are considered as
two major enzymes that cleave the prodomains of ADAMs
during their transit through the secretory pathway, thus
regulating their maturation and proteolytic activity. As an
exception, ADAMS is able to release its prodomain by an
autocatalytic mechanism [8]. Interestingly, an alternative
autocatalytic activity was also reported for ADAM10 and
ADAM17. However, this does not involve the prodomain
removal and protease activation under physiological con-
ditions, but causes degradation of the mature catalytically
active forms during cell lysis in experimental settings [9,
10].

In this review, we focus on those ADAMs that are
expressed in the nervous system. We exclude the ones with a
predominant expression and function in testis or epididymis,
which have been reviewed recently [2]. We will summarize
the expression patterns and discuss the known physiologi-
cal as well as pathological functions of the ADAMs in the
nervous system (Fig. 2). Many of these ADAMs are also
expressed outside the nervous system, where their function
and regulation have been covered by other excellent reviews
[11-14]. We will also discuss implications for developing
potential therapies that target ADAMs in neurological dis-
orders. We start with the discussion of the non-proteolytic
ADAMs ADAML11, 22, and 33. Afterwards, we describe the
proteolytic ADAMs.

Non-proteolytic ADAMs

ADAM11, ADAM22 and ADAM23: a major function
in nervous system development and epilepsy

ADAMI11, ADAM22 and ADAM23 are catalytically inac-
tive ADAM family members, which lack the consensus
sequence HEXGHXXGXXHD in their metalloprotease
domain and are predominantly expressed in brain [15]. They
act as receptors for leucine-rich glioma-inactivated (LGI)
protein family members (summarized in Kegel [16]). All
four LGIs (LGI1-4) are neuronal proteins that are secreted,
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Table1 ADAMs

Gene name Gene synonyms UniProt accession number * Metalloprotease  Detected in the
activity® mammalian nervous

Mouse Human system

Adam1 Adamla, Ftna Q60813 n/a + + [259]

Adam2 Ftnb Q60718 Q99965 - + [259, 260]

Adam3 Cyrnl F8VQO03 n/a - -

Adam4 Q8CGQ2 n/a - -

Adam5 Tmdc2, ADAMSP, TMDC2 Q3TTEO Q6NVV9 - + [261]

Adam6 Q32NZ3 n/a - —

Adam7 GP83 035227 QY9H2U9 - + [262]

Adam8 Ms2, CD156 Q05910 P78325 + +[73]

Adam9 Kiaa0021, Mdc9, Mltng, Mcmp Q61072 Q13443 + +[82]

Adam10 Kuz, Madm 035598 014672 + + [263]

Adaml1 Mdc QI9R1V4 075078 - +[15,17]

Adam12 Miltna Q61824 043184 + + [162, 235]

Adaml3 Not expressed in mammals + -

Adam14 Not expressed in mammals - -

Adam15 Mdcl15 088839 Q13444 + + [86]

Adaml16 Mdcl16 Not expressed in mammals + -

Adam17 CSVP, TACE, CD156b P78536 Q9ZOF8 + + [102, 169]

Adam18 Adam?27, Dtgn3, Tmdc3 QI9R157 Q9Y3Q7 - —

Adam19 Mltnb,FKSG34 035674 QY9HO013 + + [235]

Adam20 n/a 043506 + -

Adam21 Adam31 QIJI76 QI9UKI8 + + [245]

Adam22 Mdc2 QI9R1V6 QI9POK 1 - + [15]

Adam23 Mdc3 QI9R1V7 075077 - + [15]

Adam?24 QI9R160 n/a + -

Adam25 QI9R159 n/a + -

Adam26 Adam26a QI9R158 n/a + -

Adam?27 Adam18, Dtgn3, Tmdc3 QI9R157 Q9Y3Q7 - -

Adam28 Mdcl QIJLNG6 QIUKQ2 + -

Adam29 Q811Q4 QYUKF5 - -

Adam30 n/a QIUKF2 + + [247]

Adam31 Adam?21 QIII76 QIUKI8 - + [245]

Adam32 Q8K410 Q8TC27 - -

Adam33 Q923W9 QI9BZ11 + + [253]

ADAMs that are discussed in this review are indicated in bold

#Swiss-Prot reviewed only

"Based on the presence of metalloprotease active site consensus sequence: HEXGHXXGXXHD

. . . Metallo- . . L . .
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V4 N’
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Fig. 1 Typical domain structure of ADAM proteins. The region within the catalytic region essential for active ADAM:s is highlighted. Note that

the EGF domain is not found in all ADAMs, e.g., in ADAM10
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Fig.2 Overview of ADAMs functions in the nervous system. ADAM
proteins play diverse roles in the mammalian nervous system. Rele-
vant ADAMs in the regulation of indicated physiological or patholog-
ical conditions are listed. Some functions have been well established

e.g., into the synaptic cleft (Fig. 3). The interaction of LGIs,
in particular LGI1 and 4 with inactive ADAMs, which is
well understood for ADAM22 and ADAMZ23, is involved in
key processes in the brain, such as myelination and synaptic
transmission, and diseases, such as epilepsy. The interaction
of ADAMs with LGI2/LGI3 is less understood and remains
to be elucidated.

ADAM11—trafficking of potassium channels
ADAM11, also known as MDC (metalloproteinase-like, dis-

integrin-like, and cysteine-rich protein), is highly expressed
in neurons of the peripheral nervous system (PNS) and the
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either through in vivo studies or genetics. Other functions are more
suggestive to date. For details, see the corresponding paragraph on
each ADAM family member. The pictures were modified from https
://smart.servier.com

central nervous system (CNS) during development and in
adult mice. High expression was found in the spinal cord,
hippocampus (pyramidal neurons of CA1-CA3 and granu-
lar cells of the dentate gyrus) and the cerebellum (granular
cells) [17]. In the cerebellum, ADAMI11 plays an essential
role in synaptic transmission by controlling the trafficking
of Kv1-potassium ion channels to the presynaptic side of a
special type of synapse, termed pinceau [18]. In this struc-
ture, cerebellar basket cells form an unusual type of synapse
onto neighboring Purkinje cells, allowing inhibitory synaptic
transmission through the neurotransmitter GABA and addi-
tional ultrarapid electrical signaling [19]. The Kv1 channel
family members Kv1.1 and Kv1.2 cluster in the presynaptic
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Presynapse

Postsynapse

Fig.3 The function of inactive ADAMI11, 22 and 23 in the nervous
system. Presynaptic ADAM11 and ADAM?23 regulate Kv1 channels.
ADAM23 binds LGI1, bridging the synaptic cleft to ADAM22. Post-
synaptic ADAM22 interacts extracellularly with LGI1 and intracellu-
larly with PSD-95. This interaction is important for synapse matura-
tion and regulates AMPA receptors (AMPAR)

membrane of basket cell axons (Fig. 3), but are absent from
the synapse in mice expressing a truncated, non-functional
mutant of ADAM11 (ADAM1147>~%)[18]. While this defi-
cit did not alter GABA release, it prevented the ultrarapid
electrical signaling. Additionally, postsynaptic changes
were observed in the mutant mice, such as reduced levels
of ADAM?22 and postsynaptic density protein-95 (PSD-95).
Importantly, ADAMI11 was shown to interact with Kv1.1
and Kv1.2 upon co-immunoprecipitation from whole-brain
lysates, suggesting that ADAMI11 targets, anchors or sta-
bilizes Kv1 channels to the presynaptic membrane in the
pinceau structure. Further evidence for the functional inter-
action between ADAM11 and Kv1 channels comes from the
following observation. ADAM14'2~18 mutant mice show
ataxia and tremor upon stress, such as a cold water swim
[18], which is reminiscent of the phenotype of Kv1.1- and
Kv1.2-deficient mice [20, 21]. Taken together, ADAMI1 is
the first protein known to be essential for potassium channel
trafficking in cerebellar pinceaux.

In general, ADAMI11-deficient mice are viable, fertile
and develop normally [22, 23], but show additional phe-
notypes beyond the stress-induced phenotypes. For exam-
ple, ADAMI1-deficient mice have defects in learning and
motor coordination [23], reflecting the high expression of

ADAM11 in hippocampus and cerebellum [17]. Moreover,
ADAMI11-deficient mice revealed abnormalities in pain
transmission [22], but the underlying molecular mechanisms
remain to be elucidated. In fact, given the wide expression
of ADAMI11 in the nervous system, it is likely that only a
subset of the phenotypes depends on the Kv1 channels.

Proteomic interaction studies identified contactin-asso-
ciated protein-like 2 (Caspr2, CNTNAP2) [24], LGI family
members [25] and integrin a4 [26] as additional ADAM11-
binding partners, but the physiological consequences of
these interactions await further investigations.

ADAM22: regulator of myelination and epilepsy

ADAM22 (MDC2) is the best studied inactive ADAM
and plays a key role in processes such as synapse matu-
ration, synaptic transmission and myelination in the nerv-
ous system, where ADAM?22 is exclusively expressed [27].
ADAM?22 has a wide expression throughout the CNS with
the highest levels in cerebellum (granule cells) and hip-
pocampus (CA1l pyramidal neurons), whereas in the spi-
nal cord its expression is restricted to the grey matter [28].
While ADAM?22 expression is high in adult mice, it is low
during embryogenesis and in new born pups, but increases
strongly starting around postnatal day 7 (P7), coinciding
with increased synapse maturation and the onset of myeli-
nation. In fact, at the same time point the expression levels
of other synaptic proteins such as PSD-95 involved in syn-
apse maturation start rising [29]. Concomitant with the time
point of this upregulation, ADAM?22 knockout mice develop
diverse phenotypes, such as ataxia, severe seizures, reduced
body weight and uncoordinated movements, and die pre-
maturely between P10 and P25. In addition, PNS nerves are
hypomyelinated, whereas CNS myelination appears normal,
demonstrating a specific function for ADAM?22 in peripheral
myelination [28].

Receptor function at the synapse

ADAM?22 acts as a receptor for LGI1 [30] and is assumed
to be located at the postsynaptic membrane, where it regu-
lates synaptic transmission through formation of a multi-
protein complex (Fig. 3). The soluble ligand LGI1 binds to
the extracellular domain of its receptor ADAM?22, which in
turn binds to the scaffolding protein PSD-95 (postsynap-
tic density protein 95) through its C-terminal PDZ-binding
motif [30]. PSD-95 links the complex LGI1/ADAM22/PSD-
95 to stargazin, a regulatory subunit of the AMPA (a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor.
Thus, LGI1 binding induces formation of the super-com-
plex and is required for AMPA receptor-dependent excita-
tory synapse maturation and maintenance [31]. The absence
of super-complex formation, for example in ADAM22- or
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LGI1-deficient mice [31, 32], lowers AMPA receptor func-
tion and has detrimental neurological consequences such as
epileptic seizures [30]. In fact, the two complex members
LGI1 and ADAM?22 have been genetically linked to epilepsy
in patients. Dozens of mutations were discovered in LGI1
that prevent its secretion or the direct binding to ADAM22
and have been linked to a form of epilepsy called ADLTE/
ADPEAF (Autosomal Dominant Lateral Temporal Epilepsy;
also referred to as Autosomal Dominant Partial Epilepsy
with Auditory Features) [33, 34]; mutations reviewed in
detail elsewhere [35, 36]. Two compound heterozygous
mutations in ADAM?22 (Cys401Tyr and Ser7991lefsTer96)
have recently been reported in a patient suffering from
encephalopathy with epilepsy. Cys401Tyr is a missense
mutation that prevents LGI1 binding to ADAM?22, whereas
Ser7991lefsTer96 is a frameshift mutation, which prevents
maturation and trafficking of ADAM22 to the cell surface
where it normally binds LGI1 [37]. Also stargazin, another
super-complex member, is linked to epilepsy, when its gene
is disrupted in mice [38, 39]. Stargazin is a transmembrane
AMPA receptor regulatory protein (TARP), which affects
AMPA receptor trafficking, targeting and gating [40]

Besides the genetic links, epilepsy can also be induced
by an autoimmune reaction that affects the super-complex
containing LGI1 and ADAM?22. This specific epileptic
disorder is referred to as limbic encephalitis. In this case,
autoantibodies against LGI1 have been found in the patient
serum [41, 42]. They disturb the receptor—ligand interaction
between ADAM22 and LGII1 and, thereby, reduce synaptic
AMPA receptor levels [43]. How exactly the reduced AMPA
receptor function causes epilepsy remains a matter of debate.
One hypothesis refers to the neuronal network activity in
brains and states that the impaired AMPA receptor function
is particularly relevant in so-called inhibitory interneurons.
As a consequence, they would be less able to inhibit excita-
tory neurons, which in turn can be “hyperactive”, which
might be the cause of epilepsy [35]. Also, ADAM?22 may
regulate the trafficking and stability of Kv1 channel as in the
case of ADAMI11 [44]. Taken together, the link to human
disease establishes an important function for ADAM22 as
a LGI1 receptor crucial for AMPA receptor function and a
healthy network activity of the brain.

Transsynaptic complexes and crystal structure

Interestingly, the postsynaptic super-complex containing
LGI1, ADAM?22 and PSD-95 may form an even larger
complex bridging the postsynaptic with the presynaptic
membrane. Proteomic interaction studies suggested that
LGI1/ADAM?22/PSD-95 binds to the presynaptic proteins
ADAMI11, ADAM23 and the Kv1 potassium channels [32]
[45] (Fig. 3). Such a synapse-bridging complex is in line
with the finding that mice lacking ADAM?22, ADAM23,
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LGI1 or Kv1 channels share highly similar epileptic pheno-
types [20, 21, 28, 32, 46—48] and suggest a common under-
lying cause. Further evidence comes from a recent study,
which determined the crystal structure of the ADAM?22
ectodomain in complex with LGI1 [49]. LGI1 is known to
form dimers [50] and this was also seen in the structure.
Importantly, the LGI1 dimer bound one ADAM?22 molecule
on each side, resulting in a sort of a linear structure consist-
ing of ADAM22-LGI1-LGI1-ADAM?22 (Fig. 3). This is
consistent with the assumed synapse-bridging function of
LGI1 with the exception that two ADAM22 molecules were
seen in the crystal structure, whereas one ADAM?22 and one
ADAM?23 molecule are expected to bind the LGI1 dimer
at real synapses. Further studies will be needed to validate
the synaptic LGI-ADAM-bridge and understand its exact
role in synaptic transmission and epilepsy and the extent to
which ADAM11 is involved [49]. In any case, the crystal
structure of LGI1-ADAM?22 is a major step forward towards
structure-based anti-epileptic drug design.

The crystal structure of the ectodomain of mature
ADAM?22 reveals a four-leaf clover shape where each leaf
contains either the EGF-like, the cysteine-rich, or the dis-
integrin and metalloprotease-like domain [49, 51]. While
the individual domains have a similar structure as the same
domains in the recently published structure of ADAM10,
the three-dimensional organization of the domains relative
to one another is strikingly different between ADAM?22 and
ADAMI10 [49, 52]. This demonstrates that the structure of
individual ADAMs cannot simply be modeled based on the
known ADAM structures and that the structure of non-cata-
lytic ADAMs may generally differ from catalytically active
ones.

Other ADAM22 interaction partners control myelination
and trafficking

LGI4 is another LGI-family member binding ADAM?22.
Schwann cells (SCs), the myelinating cells in the PNS,
secrete LGI4, which binds to neuronal ADAM?22. This
interaction is essential for peripheral nerve myelination
[53]. As a result, mice with a spontaneous LGI4 loss-of-
function mutation (claw paw) as well as ADAM?227"~ mice
show peripheral hypomyelination [53]. Moreover, a patient
carrying splicing mutations in LGI4 lacks myelin sheaths on
the sciatic nerve [54]. Besides its role in peripheral myelina-
tion, the LGI4-ADAM?2?2 complex has also been suggested
to contribute to gliogenesis, including glia lineage cell dif-
ferentiation and proliferation in the PNS [55].

Other interaction partners are 14-3-3 proteins. ADAM?22
contains two 14-3-3 binding sites within its cytoplasmic tail
and all six 14-3-3 brain-specific proteins bind ADAM?22 in
a phosphorylation-dependent manner. 14-3-3 protein bind-
ing is essential for the efficient cell surface expression of
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ADAM?22 in non-neuronal cells by covering endoplasmic
reticulum retention signals present in the ADAM?22 cyto-
plasmic tail [56]. This regulated trafficking is reminiscent
of the similar regulation of another ADAM family member,
ADAMI17. As described in more detail in the section on
ADAM17, maturation and activity of this active metallo-
protease require binding of ADAM17 to iRhom proteins,
which in turn bind 14-3-3 proteins in their cytoplasmic
tails. Importantly, iRhoms lacking those sites or the ability
to phosphorylate these sites fail to regulate ADAM17 activ-
ity [57, 224]. Taken together, 14-3-3 binding proteins and
the phosphorylation of 14-3-3 binding sites play an impor-
tant role in regulating the function of ADAM22 and of the
ADAM17/iRhom complex. Thus, it is tempting to speculate
that 14-3-3 proteins may also control the trafficking or func-
tion of other ADAM family members, such as the active
protease ADAM10.

ADAM23: involved in differentiation and synaptic
transmission

ADAM23 (MDC3) is predominantly expressed in brain [27],
revealing the highest levels in hippocampus (pyramidal cells
in CA1 and CA3 but not in dentate gyrus), basal ganglia and
cerebellar Purkinje cells [58]. ADAM?23, which is assumed
to be mainly located at the presynaptic membrane, is
involved in synaptic transmission by binding to LGI-family
members in a similar manner to ADAM22 on the postsyn-
aptic membrane [49] (Fig. 3). In addition, ADAM23 was
genetically linked to epilepsy in mice and dogs [59]. How-
ever, the underlying molecular mechanism remains elusive
and further studies are needed to understand the role of the
synaptic ADAM?23 protein in epilepsy and how it is influenc-
ing, e.g., ion channels and ADAM?22.

Another function of ADAM?23 is in neuronal differentia-
tion. Neurons lacking ADAM?23 show reduced neurite out-
growth upon LGI1 stimulation in vitro and in vivo. On the
other hand, the overexpression of ADAM?23 triggers neurite
growth and differentiation of human neural progenitor cells
[60]. ADAM23~'"~ mice are smaller compared to wild-type
littermates, suffer from ataxia, tremor, severe seizures and
die by 2 weeks of age [47, 48].

ADAM23 also interacts directly with the cellular prion
protein (PrP) [61], which upon misfolding is a key patho-
logic agent in prion diseases. This interaction occurs through
the extracellular disintegrin-like domain of ADAM23.
ADAM?23 uses the same domain also to mediate cell adhe-
sion through integrin binding, namely the integrin-alphav-
beta3 (avp3) [62, 63] and the ad-integrins a4p7 and adP1
[26]. Interestingly, ADAM23 is silenced in many cancers by
promoter hypermethylation, including head cancer [64] and
glioma [65]. It is assumed that the reduced ADAM?23 levels

lead to increased levels of active avf3, enhancing metastatic
progression [66].

ADAM23 has also been linked to two infectious diseases,
but it remains unclear whether ADAM23 has a causal role.
Malaria is caused by Plasmodium parasites and the infec-
tion triggers oxidative stress and inflammation, hemorrhage
and cerebral brain damage including Purkinje cell damage.
During the infection, ADAM?23 levels increase significantly
and reduce upon antimalarial drug treatment [67, 68]. The
other disease is schistosomiasis, which is caused by parasitic
flatworms and also causes increased ADAM?23 levels in the
brain [67].

Taken together, ADAM23 plays a fundamental role in
neuronal processes such as neuronal excitability, neuronal
differentiation, cell adhesion by integrin binding, differen-
tiation and neurite outgrowth, but is also linked to cancer
metastasis and epilepsy.

Although ADAM11, ADAM22 and ADAM?23 lack cata-
lytic activity, they are involved in key processes of the nerv-
ous system. Further research is needed to elucidate their
full repertoire of biological functions. Especially promising
seems to be the super-complex, which is formed at synapses
between ADAM?22/LGI1/ADAM23/PSD-95, and a deeper
understanding of where it is formed and how it regulates
receptor levels has the potential to advance the understand-
ing of synaptic regulation and maturation.

Proteolytic ADAMs
ADAMS: a role in neuroinflammation

ADAMS was first identified in macrophages and mac-
rophage-like cell lines by screening a cDNA library com-
prising genes that were upregulated in response to lipopol-
ysaccharides (LPS) [69]. In addition, its expression was
observed in human immune cells [70]. During early develop-
ment, ADAMS is expressed in cells derived from the tropho-
blast and, at later stages, in the developing cartilage, bones,
gonads, thymus and CNS [71]. ADAMS is linked to tumors
and inflammation [72]. In the CNS of adult mice, ADAMS is
found at low levels under steady-state conditions. However,
in a murine model of neurodegeneration, ADAMS levels
increase in response to tumor necrosis factor a (TNFa),
predominantly in the areas of brain and spinal cord where
neurodegeneration occurs [73]. Additionally, ADAMS was
proven to dampen TNFa-stimulated signaling by shedding
its receptor TNFR1 in a protease-regulated feedback loop
[74]. ADAMS has also been suggested to cleave the prion
protein, at least in muscle cells [75], and to be involved in
angiogenesis that follows spinal cord injury [76, 77].
ADAMS is a catalytically active protease. Different
from other ADAMs that require furin for cleaving off the
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pro-domain and get thereby activated, ADAMS releases its
pro-domain by an autocatalytic mechanism [8]. ADAMS can
cleave the myelin basic protein and CD23 in vitro. Similarly,
it cleaves peptides comprising the potential cleavage sites
of a number of prototypic ADAM substrates, including kit
ligand-1 (KL1), TNFa and amyloid precursor protein (APP)
[78]. In addition, the neural cell adhesion molecule “close
homologue of L1” (CHLI1) is shed by ADAMS when both
enzyme and substrate are co-transfected in COS7 cells and
conditioned media containing shed CHL1 induce neurite
outgrowth, thus implying a role for ADAMS in this process
[79]. In addition to its shedding potential, ADAMS can also
cleave extracellular matrix (ECM) components, including
fibronectin [80]. Indeed, after cleavage of the pro-domain,
a second autocatalytic event can release a soluble form of
ADAMS catalytic domain, which in turn is capable of ECM
degradation [80].

In conclusion, ADAMS is expressed in different areas
of the CNS and in different cell types, including neurons,
microglia and astrocytes. Although the physiological rel-
evance of ADAMS8-mediated shedding has to be proven
in vivo, ADAMS expression pattern and its ability to pro-
cess proteins involved in neurodevelopment, myelination and
plasticity suggest a central role for this enzyme in the brain.
In murine models of neurodegeneration, ADAMS was found
linked to astro/microgliosis and proven to be neuroprotective
[74]. This indicates a crucial role for this enzyme in modu-
lating neuroinflammation.

ADAM9 and ADAM15: potential regulators
of ADAM10

ADAM?9 and ADAM15 are two catalytically active ADAMs
with overlapping spatial expression profiles in the adult
mouse brain. mRNAs of both ADAMs are highly expressed
in hippocampus and the cerebellar Purkinje cell layer [81,
82], suggesting that under physiological conditions ADAM9
and ADAM15 may functionally compensate each other.
However, this is not yet clear because triple knockout mice
of ADAM9/12/15 do not reveal evident abnormalities [83].
Moreover, expression of ADAMO9 and ADAM15 mRNAs
can be differentially regulated upon different stimuli that
mimic pathological conditions. In kainic acid-induced sta-
tus epilepticus rat brains, for example, ADAM9 expres-
sion is upregulated in dentate gyrus of hippocampus, while
ADAMIS5 expression remained unaltered [84]. In addition,
expression of ADAM1S5 is upregulated in response to severe
hypoxia to induce neuronal death [85] and within the first
day following peripheral nerve lesions [86].

While ADAMY9 and ADAM15 have numerous links
to cancer, retinopathy, inflammation and bone formation
[87-89], relatively little is known about their functions
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in the nervous system. Noteworthy, mice with a constitu-
tive knock-out of ADAMY9 or ADAMI1S5 are viable and
do not have major dysfunctions [81, 82]. ADAMO has
been linked to the beneficial a-secretase cleavage of APP,
which occurs within the amyloid B (Ap) domain of APP
and prevents generation of the neurotoxic AP peptide, a
key molecule in AD [90]. Under constitutive, non-stim-
ulated conditions the a-secretase cleavage of APP in the
nervous system is only mediated by ADAMI10, but not
by ADAMO [82, 91-93]. Yet, it is well established that
a-secretase cleavage can be stimulated above constitutive
levels, and this may occur through different metallopro-
teases, including ADAMY, which cleaves APP two amino
acids upstream of the main a-secretase cleavage site [94].
Specifically, overexpression of ADAM9 in COS7 cells
stimulated APP a-secretase cleavage. In line with this,
promoter polymorphisms with increased ADAMO tran-
scription were found to be protective against AD [95]. If a
pharmacological activation of ADAM9 becomes possible,
it would be interesting to test this approach for increasing
APP a-cleavage and lowering A levels. In principle, this
appears possible, because reactive oxygen species increase
ADAMO expression [96, 97]. Another link of ADAM9 and
even ADAMIS5 to a-secretase comes through the finding
that both proteases can shed the constitutive a-secretase
ADAMI10, thereby inactivating ADAMI10 through release
of the soluble ADAM10 ectodomain (SADAM10) [98].
This suggests that ADAMI10 activity may be regulated
by ADAMO and ADAM15. Supporting this notion, treat-
ing SH-SY5Y neuroblastoma cells overexpressing APP
with recombinant ADAMY prodomains to inhibit ADAM9
activity leads to decreased SADAM10 and a concomitant
increase in membrane-bound ADAMI10, resulting in more
APP a-secretase cleavage [99]. Thus, both increasing
(through direct cleavage of APP) and blocking ADAM9
(through reduced cleavage of ADAM10) may possibly be
an approach to increase the beneficial a-secretase cleavage
of APP. Whether both processes together neutralize their
effects on APP a-cleavage remains to be tested.

ADAMDO is also linked to the shedding of another pro-
tein involved in neurodegeneration, the cellular prion pro-
tein (PrP¢). While it does not directly cleave PrP°, it was
found in different cell types to enhance PrP° shedding in an
ADAM10-dependent manner. The exact underlying mech-
anism is not yet clear, but may involve ADAM9-mediated
ADAMI10 shedding, because in this case not only the
membrane-bound ADAMI10, but also the shed SADAM10
is assumed to process PrP° [100]. What remains to be
determined, however, is the percentage of shed SADAM10
versus membrane-bound ADAMI10 under physiological/
pathological conditions and the relative contribution of
both forms on substrate shedding. Currently, it is assumed
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that ADAMI10 activity is mostly mediated by the mem-
brane-bound form.

ADAM10: a constitutive protease with major
functions in the nervous system

ADAMIO is ubiquitously expressed in all major cell types in
brain [101]. As revealed by in situ hybridization, ADAM10
mRNA is highly expressed in the mouse telencephalon,
mesencephalon and cerebellum [102]. Among all ADAMs,
ADAMI10 has been most intensively studied in the brain,
mainly because of the physiological and pathological impor-
tance of two well-characterized ADAMI0 substrates: the
Notch receptors for development and the amyloid precursor
protein (APP) in AD. In addition, numerous neuronal sub-
strates were identified for ADAMI10 [103] as well as pheno-
types in ADAM10-deficient mice [104]. Recently, the struc-
ture of the mature ADAM10 ectodomain was determined
by X-ray crystallography. It revealed that ADAM10 adopts
a closed conformation in which the cysteine-rich domain
precludes the access of substrates to the active site [52],
suggesting that ADAM10 needs to be structurally activated
before efficient substrate cleavage. Such activation may also
depend on the cytoplasmic and transmembrane domain of
ADAMIO0 [105, 106]. In the following, we will give an
overview on the roles of ADAM10 in several key processes
during neural development and disease (Fig. 4). The focus
will be on recent studies and on substrates where the func-
tion is altered by ADAMI10 cleavage. Other substrates with
potential relevance to the brain have been reviewed recently
[107]. Finally, we will discuss trafficking and subcellular
localization of ADAMI10 in neurons and how this may be
regulated by ADAM10 protein-binding partners. Expression
regulation of ADAM10 has been covered in recent reviews
[108, 109] and will not be discussed here.

ADAMT10 in neurogenesis and neuronal migration

Signaling from the Notch receptors is critical for early
embryogenesis, cell fate specification and is also required in
adult organisms [110-112]. Ligand binding to Notch triggers
ADAMI0 cleavage within the Notch extracellular juxtam-
embrane region. The remaining, membrane-bound fragment
is then further cleaved by y-secretase within the transmem-
brane domain, releasing the Notch intracellular domain
(NICD), which in turn leads to target gene activation in the
nucleus (reviewed in Ref. [113]). The role of ADAMI10 in
ligand-dependent Notch signaling was first shown in Dros-
ophila, where ADAMI10 is referred to as Kuzbanian [114,
115]. In mice, constitutive knock-out of ADAM10 causes
early lethality at around embryonic day 9.5 (E9.5) due to the
impaired Notch signaling [116]. Conditional knock-out of
ADAMI0 in neural progenitor cells (ADAM10";Nestin-Cre)

of mice prevents the very early defects in embryogenesis,
but still results in perinatal lethality and precocious neu-
ronal fate specification at the expense of glial cells, con-
firming the defected Notch signaling in ADAM10-deficient
neural progenitor cells [92]. In utero electroporation of Cre
recombinase into conditional ADAMI10-deficient mouse
brains revealed another Notch-dependent phenotype.
ADAM10-deficient neurons fail to migrate to the cortical
plate, whereas the concomitant overexpression of NICD in
ADAM10-deficient neurons rescued the phenotype [117].
Together, these studies indicate that ADAMI10 plays a key
role in early neural developmental events by initiating Notch
signaling.

ADAM10 in axon targeting and neurite growth

Neurons extend axons, often over long distances, to reach
their targets in order to form a functional network. This pro-
cess is controlled by guidance cues (ligands) that interact
with their specific cell surface receptors to trigger adhesive,
attractive, or repulsive responses of the axon (reviewed in
Ref. [118]). ADAMI10 appears to be a key regulator in axon
targeting as ADAM10 cleaves many of the relevant cell sur-
face proteins in neurons [103]. Additionally, mice with a
postnatal deletion of ADAM10 in the nervous system show
numerous phenotypes indicative of defective synaptic func-
tions [104].

One example is the ephrin-Eph axis. The membrane-
tethered ligand ephrin binds to its Eph receptor, a trans-
membrane protein, to trigger downstream signaling events.
In Drophophila, a dominant-negative form of Kuzbanian
inhibits EphrinA2 ectodomain shedding [119], indicating a
role of ADAMI10 in ephrin-Eph signaling. A further study in
mammalian cells suggested that ADAMI10 is able to cleave
ephrin in trans from Eph-expressing cells [120]. However,
the trans-shedding activity of ADAMI10 and other ADAM
proteases has been little studied so far and evidences from
endogenous proteases and substrates are lacking. Another
study demonstrated that upon binding of ephrinAS to EphA3
in cultured cortical neurons, the neuronal cell adhesion mol-
ecule (NCAM) is cleaved by ADAMI10 [121], which may
have a role in neurite branching and neurite outgrowth [122].
Similar roles of ADAMI10 were also observed for the sema-
phorin family of guidance cues. Semaphorin3A (Sema3A)
is a secreted ligand, which functionally interacts with neu-
ropilinl (Nrpl) and the class A plexin receptor complex.
ADAMI10 cleaves Nrpl and knock-out of ADAMI10 in pro-
prioceptive sensory axons led to increased levels of Nrpl at
the growth cones and, as a consequence, increased respon-
siveness to Sema3A [123]. Of note, the “neural glial-related
cell adhesion molecule” (NrCAM) was identified as a new
substrate of ADAM10 in an unbiased proteomic screen-
ing [10, 103]. NrCAM knockout and ADAM10 knockout
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Fig.4 Key substrates and functions of ADAMIO0 in the nervous sys-
tem. a ADAMI1O0 (represented by black scissors) cleaves the Notch
receptor at the Notch juxtamembrane region. Subsequently, the
C-terminal fragment (CTF) of Notch is further processed by the pro-
tease y-secretase, generating the Notch intracellular domain (NICD),
which translocates to the nucleus and activates target gene expression
relevant during neural development. b In the CNS (left), ADAMI10
cleaves several cell adhesion molecules, e.g., EphrinAS5, NCAM,
NrCAM, and Nrpl, and thus regulates axon targeting and neurite
growth. In the PNS (right), ADAMIO0 is the major protease to release

(ADAM 10™;CamKIIa-Cre) mice share a similar phenotype.
Both mutants had axonal targeting deficits within their olfac-
tory bulbs with axons overshooting their mark, suggesting
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the soluble DR6 ectodomain (sDR6), which in turn negatively regu-
lates axonal myelination by Schwann cells (SCs). ¢ ADAMI10 regu-
lates synapse formation and maintenance by cleaving several key
synaptic proteins localized to both pre-synapse and post-synapse,
e.g., N-cadherin, neuroligin-1 (NLGN1), and neurexin (NRXN). d
ADAMIO0 cleaves APP within the Af sequence, which precludes the
formation of pathological Ap plaques in AD (left). ADAMI10 plays
a dual role in prion disease (right), as on one hand ADAMI10 inhib-
its the transition of cellular prion protein (PrP®) to pathological prion
protein (PrP*°), but on the other hand promotes the spreading of PrP*

a functional interaction between ADAMI10 and its sub-
strate NrCAM to regulate axon targeting [103, 124, 125].
Collectively, ADAMI0 cleaves a number of cell adhesion
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molecules including guidance cues and their receptors,
which are important for axon targeting and neurite growth
during neuronal development.

ADAM10 in CNS synapse formation and maintenance

In the mammalian CNS, synapses are asymmetric cell—cell
adhesion sites between nerve cells, which are designed to
mediate the efficient uni-directional transmission of signals
from the presynaptic site to the postsynaptic site. The cor-
rect formation and maintenance of synapses are required
for proper functions of the nervous system and are tightly
controlled by cell-surface adhesion molecules, including
cadherins and the neurexin—neuroligin complex (reviewed
in Ref. [126]). Many of these molecules are cleaved by
ADAMIO0 [103], indicating an important role for ADAM10
in regulating these processes. In line with this conclusion,
post-mitotic excitatory neuron-specific ADAM10 knock-out
mice (ADAM10"";CamKIIa-Cre) were born normally and
survived beyond the early developmental stage but displayed
altered dendritic spine morphology and multiple defects in
synaptic functions [104]. Conversely, moderate overex-
pression of ADAMI10 in a transgenic mouse model led to
increased presynaptic boutons [127].

The neuronal cadherin (N-cadherin) was validated as a
substrate of ADAM10 using ADAM10-deficient fibroblasts,
where decreased N-cadherin C-terminal fragments and
increased cell surface expression were observed [128, 129].
The ectodomain of N-cadherin mediates calcium-dependent
cell—cell adhesion through homophilic interaction, whereas
its cytoplasmic domain interacts with B-catenin, which in
turn plays a key role in the transduction of Wnt signaling.
Reduced ectodomain shedding of N-cadherin in ADAM10-
deficient cells, therefore, influenced cell adhesion processes
and led to altered B-catenin-dependent signaling [128]. In
neurons, altered localization or inhibition of ADAM10 activ-
ity led to an N-cadherin-dependent increase in the size of
dendritic spines and a change in the number and current of
synaptic AMPA receptors [130].

Neuroligins (NLGN) are a family of potent synapto-
genic adhesion proteins located at the postsynapse, which
transsynaptically bind to the presynaptic partner, neurexin
(NRXN). Proteolytic processing of NLGN1 by ADAM10
is considered as a way to terminate the synaptogenic activ-
ity of NLGN1 in an activity-dependent manner through
NMDA receptor activation or by binding to the secreted
form of NRXNT1 [131]. Of note, the secreted form of dif-
ferent NRXN family members and isoforms may also be
generated by ADAM10 or ADAM17 cleavage [132, 133].
Therefore, it is tempting to assume that the proteolytic
cleavage of NRXN at the presynapse may be functionally
linked to the processing of NLGN at the postsynapse, as
soluble NRXNs function as negative regulators of NLGN’s

via induction of full-length NLGs shedding. Interestingly,
only NLGNI1, which is expressed on glutamatergic neu-
rons, but not NLGN2, expressed on GABAergic neurons, is
a substrate of ADAM10 [103, 131]. Another ADAMI10 sub-
strate in the NLGN family is NLGN3. However, the relevant
function of ADAMI10 cleavage on NLGN3 is that the shed
NLGN3 ectodomain promotes the growth of high-grade
glioma, a common type of brain tumor [134]. Therefore,
the proteolytic cleavage of NLGNs by ADAM10 may not
only be a way to terminate the functions of full-length pro-
teins [131], but may generate functional shed products. Of
note, although ADAM10 was first reported to bind synapse-
associated protein 97, a protein that is responsible for traf-
ficking ADAMI0 to postsynaptic compartment in excitatory
neurons [135], a more recent study reported that in cultured
hippocampal neurons, ADAMI0 is in close proximity with
synaptophysin, a presynaptic vesicle protein [136]. In addi-
tion to neurons, oligodendrocyte precursor cells (OPCs),
which differentiate into oligodendrocytes to form myelin
sheaths on neurons, are also able to receive direct synap-
tic input from neurons. OPCs express nerve—glia antigen 2
(NG2), whose shedding is triggered by synaptic activity in
an ADAMI10 activity-dependent manner. The ectodomain of
NG2, in turn, can modulate synaptic transmission between
neurons [137]. Taken all together, ADAMI10 cleaves syn-
aptic cell adhesion molecules located at both presynapse
and postsynapse of neurons and NG2 expressed on OPCs,
thereby acting as a key regulator in the dynamic processes
of synapse formation and maintenance.

ADAM10 in Alzheimer’s and prion diseases

ADAMIO0 has a tight link to neurodegenerative diseases
as it plays a central role in Alzheimer’s and prion diseases
through cleavage of APP and the prion protein. ADAM10
acts as the a-secretase of APP in the nervous system [91,
92, 138]. It cleaves APP within the AP domain and, thus,
precludes the formation of the pathogenic, AD-relevant Af
peptides, suggesting that activation of ADAM10 may be a
way for AD prevention or treatment. Moreover, ADAM10
cleavage of APP generates a soluble APP fragment (sAPPx)
that has neuroprotective functions [139], which may be an
additional benefit of therapeutic ADAMI10 activation. Of
note, two mutations in the ADAM10 prodomain were found
to be associated with late-onset AD [140]. Overexpression
of these mutated forms of human ADAM10 in an AD mouse
model (Tg2576) showed enhanced A plaque load and
reactive gliosis as compared to overexpression of wildtype
human ADAMI10, indicating that the mutations attenu-
ated the ADAM10 a-secretase activity toward APP [141].
Mechanistically, these mutations may impair the chaperon
function of ADAM10 prodomain for the correct maturation
of active ADAMI10, although controversial results showed
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that ADAM10 prodomain may act as a specific inhibitor for
ADAMIO0 activity [141, 142]. Conversely, moderate neu-
ronal overexpression of wildtype ADAM10 in an AD mouse
model [human APP (V7171)] showed increased secretion of
sAPPa, reduced formation of A peptides and plaques, and
alleviated impaired long-term potentiation and cognitive def-
icits [143], suggesting that therapeutic ADAM10 activation
should be beneficial for AD. Of note, as an approved drug
for the treatment of psoriasis, acitretin was found to tran-
scriptionally upregulate ADAMI10 expression in cell lines
[144]. In a phase II clinical trial, acitretin mildly increased
sAPPa level in the cerebrospinal fluid (CSF) of AD patients
[145]. While it is not yet clear whether the drug improves
memory in the patients, this sets the stage for further clini-
cal tests with acitretin-mediated ADAM10 activation in AD
[125].

The cellular prion protein (PrP¢) is a GPI-anchored
protein, which undergoes a conformational change
into the pathologic isoform (PrP5¢) in prion disease. In
ADAM 10" Nestin-Cre conditional knockout mice, shed-
ding of PrP¢ was drastically reduced with a concomitant
accumulation of PrP¢ in the secretory pathway of neurons,
indicating that ADAMI10 is the physiological sheddase for
PrP° [146, 147]. Interestingly, ADAM10 may protect PrP°
from conversion into pathologic PrP5¢, but on the other hand
also accelerate the spread of shed PrPS°. This dual role of
ADAMI10 in prion disease was evidenced when infecting
mice with a conditional loss of ADAMI10 in post-mitotic
neurons (ADAM10"";CamKIla-Cre) with PrPS¢. A short-
ened time to develop prion disease symptoms was observed,
but concomitantly a reduced PrPS° spreading [148]. How
ADAMI0 regulates these processes is not entirely clear, but
may involve active ADAMI10 released in membrane vesi-
cles. A number of studies outside the nervous system sug-
gest the presence of proteolytic active ADAMI10 in secreted
membrane vesicles such as exosomes, where ADAMI10 also
contributes to substrates cleavage and has functional correla-
tions [149-151]. However, whether ADAM10 is delivered in
exosomes in the nervous system is currently not well char-
acterized. Moreover, given that ADAMI10 is ubiquitously
expressed in almost all the cell types, the functional sig-
nificance of exosomal ADAMI10 remains to be determined.

ADAM10 in PNS axonal growth and myelination

Myelination of axons speeds up the transmission of electri-
cal impulses, and Schwann cell (SC) is the myelinating cell
in the PNS, where roles of ADAM10 in axon growth and
myelination have been studied both in vitro and in vivo. Inhi-
bition or knockdown of ADAM10 in the co-culture of dorsal
root ganglion neurons and SC reduced axonal length with-
out affecting myelination [152—154]. As many ADAM10
substrates are not only cleaved by ADAMI10, but also by
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other proteases [103], it is possible that even in the absence
of ADAMI10 enough substrate is shed to prevent the detec-
tion of a strong myelination phenotype. Contributions of
ADAMI10 in PNS neurons and SCs in different contexts,
i.e., during development and after injury, were further dis-
sected in an in vivo study, where ADAM10 was condition-
ally knocked out in a cell-type specific manner. SC-specific
ADAMI10 knockout mice (ADAM10";PO-Cre) did not show
a significant difference in axon myelination during develop-
ment or re-myelination after injury. Motor neuron-specific
ADAMI10 knockout mice (ADAM10";HB9-Cre) also did
not show overt defects in myelination, but showed reduced
outgrowth of small-caliber myelinated axons after traumatic
injury [155]. Of note, a recent study demonstrated a role
of another ADAM10 substrate in PNS myelination during
development. Death receptor 6 (DR6) is a member of the
TNF receptor (TNFR) superfamily and was found to be shed
by ADAMI10 to 50% of total DR6 shedding. In contrast to
other TNFR superfamily members, where shedding inacti-
vates the receptors [1], the shed DR6 ectodomain from PNS
neurons is a new functional molecule and acts as a paracrine
molecule to restrain SC proliferation and axon myelination,
implicating ADAMI10 in PNS myelination by releasing the
DR6 ectodomain [156].

Substrate specificity of ADAM10 may depend on interaction
with tetraspanins

Recent work suggested that ADAM10 may work in a com-
plex with selected members of the tetraspanin (TSPAN)
family (reviewed in Ref. [157]). TSPANs are evolutionar-
ily conserved membrane proteins with four transmembrane
domains and two extracellular loops. The larger extracellular
loop (LEL) of TSPANS is able to associate dynamically with
numerous partner proteins in TSPAN-enriched microdomains.
Of note, ADAMI10 interacts with the LEL of a subgroup of
six TSPANs (TSPANS, TSPAN10, TSPAN14, TSPAN15,
TSPAN17, TSPAN33), which contain eight cysteines in a con-
served motif of the LEL (TSPAN-CS). Overexpression of one
of the TSPAN-CSs is sufficient to increase levels of the mature,
active and prodomain-lacking form of ADAMI10 in various
cell types. The overexpressed TSPAN-C8 may force ADAM10
to adopt different conformations, or target ADAMI10 to differ-
ent membrane localizations [158—160]. Therefore, TSPAN-
C8s may control the substrate specificity of ADAMI10, such
that ADAMI0 only cleaves some of its substrates when in
complex with one of the six TSPAN-CS8s. This idea suggests
that TSPAN-C8s might be interesting drug targets for thera-
peutic purposes, e.g., for AD, as the a-secretase cleavage of
APP may be specifically upregulated without concomitantly
affecting all the other ADAMI10 substrates. Indeed, while
TSPAN15 knockout brains have less mature ADAM10, two
ADAMI0 substrates (N-cadherin and PrP¢) showed reduced
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shedding but cleavage of Notch and APP was not altered [161].
However, the report on TSPAN15 knockout mice has been so
far the only in vivo study working on endogenous TSPAN-
CS8s to support the hypothesis that different TSPAN-C8s may
regulate ADAMI10 substrate selectivity. Moreover, it will be
required to identify which TSPAN-CS is responsible for regu-
lating APP cleavage by ADAMI10 in neurons.

ADAM12: a link to Alzheimer’s disease and ischemia

ADAMI12 is an active protease, but little is known about
its substrates. ADAM12 is expressed in a number of tis-
sues, including cartilage, bone, liver and brain [162]. Its
expression in tissues characterized by active cell growth
and repair indicates roles of ADAMI?2 in cell signaling,
cell adhesion and ECM turnover. Although some functions
of ADAMI12 have been characterized, including modula-
tion of chondrocyte proliferation [163] and myogenic dif-
ferentiation [164], its physiological role in the brain still
remains elusive. The function does not appear to be essen-
tial, because overall, ADAMI12 and ADAMY/12/15 triple
knockout mice appear normal and reveal no major evident
deficiencies [83, 165]. Yet, many specialized neuronal func-
tions may require specific tests to be uncovered. Neverthe-
less, evidence emerged for a potential role of ADAMI12 in
the pathology of Alzheimer’s disease (AD). Malinin et al.
showed that Ap-induced neurotoxicity is dependent on the
metalloprotease activity of ADAM12 [166]. In agreement
with their hypothesis, authors demonstrated that ADAM12
levels are altered in AD brains. Although it is not fully clear
how ADAMI12 can mechanistically promote neurotoxicity,
the authors suggested the enzyme as a valuable drug tar-
get for a therapy of AD [166]. ADAMI12 may have a sec-
ond link to AD in that it sheds the low density lipoprotein
receptor-related protein 1 (LRP-1) [167], which acts as an
A endocytic receptor. However, comprehensive studies to
establish whether ADAM12-mediated processing of LRP-1
affects A turnover and consequently plaque deposition are
currently missing. Furthermore, ADAM12 is involved in
the impairment of neural vascular barriers in response to
hypoxia, a pathological condition associated with neuro-
logical diseases, including ischemic cerebral attack [168].
Indeed, hypoxia stimulated ADAM12-dependent shedding
of claudin-5, a component of the tight junctions, thus desta-
bilizing the vascular endothelium.

Taken together, catalytic activity of ADAM12 is associ-
ated with a number of neurological conditions, including
AD and ischemia, which render the enzyme a potential drug
target for the therapy of these diseases. However, its physi-
ological roles in neurodevelopment and in the adult brain
have not been elucidated yet.

ADAM17: a protease with major roles in the nervous
system in response to stimuli

ADAMI17 was first identified as the enzyme responsible
for the proteolytic cleavage of TNFa, a pro-inflammatory
cytokine that needs to be proteolytically released from the
cell surface to elicit its pro-inflammatory potential [169,
170]. Since then, more than 80 substrates of ADAMI17
have been identified, although many have not yet been
validated in vivo. The substrates span from signaling mol-
ecules, such as cytokines, growth factors and their recep-
tors, to adhesion molecules and endocytic proteins [171].
In the following, several substrates with relevance to the
nervous system and their functions will be described in
more detail. In agreement with its high number of sub-
strates, ADAM17 plays a crucial role in many biological
processes, including development, immune responses, cell
proliferation and survival (reviewed in Ref. [171]). Many
of these ADAM17 substrates can be constitutively shed by
other proteases, including ADAM10 and BACE1. Consti-
tutive shedding occurs in the absence of specific stimuli
and may often be a biological mean to maintain turnover
of proteins at the cell surface. Conversely, ADAM17 is
known to be a regulated protease, which acts in response
to precise stimuli [172—174].

ADAMI17 is ubiquitously expressed in mammals,
including in the CNS [102]. Its expression in human fetal
brains is higher than in adults, suggesting that ADAM17
has key functions in brain development [169, 175]. Nev-
ertheless, no evident abnormalities in the developing
CNS are associated with ablation of ADAM17 in mouse
embryos [176]. Ablation of ADAM17 in mouse is perina-
tally lethal [176], which makes investigating physiologi-
cal functions of ADAM17 in the adult brain difficult. The
majority of ADAM17 functions in the brain were stud-
ied by targeted approaches and indirect evidence. For
instance, EGF receptor (EGFR) is expressed in different
areas of the brain and linked to a number of biological
functions, including development, synaptic plasticity and
memory formation. Given the crucial role of ADAM17 in
triggering EGFR signaling by shedding its ligands, it is
easy to speculate that the enzyme plays an essential role
in all these processes [177]. In support of this hypoth-
esis, ADAM17 knockout mice resemble mice that lack
the EGFR in that they are born with open eyes and die
perinatally, suggesting that ADAM17-mediated shedding
of EGFR ligands such as TGFa and heparin-binding EGF-
like growth factor (HB-EGF) and subsequent EGFR acti-
vation is the major pathway controlled by ADAMI17 dur-
ing development [176, 178—181]. The ADAM17 substrate
HB-EGEF plays a pivotal role in the synaptic plasticity and
memory formation in adult mice, implying that ADAM17
can be involved in these processes [182], although proofs
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of its direct relevance in vivo are still missing. In contrast,
a clear link with ADAM17 was found in HB-EGF-depend-
ent oligodendrocyte development and myelination [183].

ADAM17 in myelination

Myelination is the process of forming a myelin sheath
around neuronal axons to allow high-speed nerve conduc-
tion. In the CNS, the myelin sheath is a plasma membrane
extension of glial cells called oligodendrocytes. Genetic
deletion of ADAM17 in oligodendrocyte progenitor cells
induces premature cell cycle exit and reduces oligoden-
drocyte cell survival [183]. In addition, ADAM17 is also
required for supporting oligodendrocyte regeneration follow-
ing demyelination [184]. Thus, ADAM17 ablation leads to
deficits in myelination and motor behavior in vivo. Mecha-
nistically, this is due to lack of TGFa and HB-EGF shedding
and, consequently, EGFR signaling activation in oligoden-
drocyte lineage cells [183]. On the other hand, ADAM17
was also shown to be a negative regulator of myelination
in the PNS. Neuregulin-1 (NRG1) type III is known to
induce myelination. ADAM17 processes NRG1 type III,
thus decreasing axonal levels of this functional protein and
thereby acting as a negative regulator of myelination in the
PNS [185]. This process can be induced by glutamate [186],
whereas tissue inhibitor of metalloproteases-3 (TIMP-3),
an endogenous inhibitor for ADAMI17, reverses this pro-
cess [187]. Additionally, a different study reported that the
soluble ectodomain of NRG1 type III, which is liberated by
ADAMI17 cleavage, can conversely induce myelination in a
paracrine manner by triggering signaling through the ErbB3
receptor [188].

ADAM?17 regulates neural plasticity

An additional function for ADAM17 is in neural plastic-
ity, which is the ability of the brain to change its neural
connections throughout life. This is linked to the shedding
of neuronal pentraxin receptor (NPR) by ADAMI17 [189].
NPR is primarily expressed at excitatory synapses, where it
associates with AMPA-type glutamate receptors and con-
tributes to synapse formation. In addition, ADAM17 can
support axon regeneration by processing neogenin, a recep-
tor for repulsive guidance molecules that inhibits neurite
growth [190, 191]. A number of brain proteins have been
identified as ADAM17 substrates, including p75 neurotro-
phin receptor, L1, CADM1 and NCAM [192, 193, 194].
Shedding of these proteins by ADAM17 regulates several
processes in the brain, such as neuron survival, neural cell
adhesion, synaptic formation and neurite outgrowth. Moreo-
ver, ADAMI17 is involved in the regulation of brain renin-
angiotensin system, as it mediates shedding of angiotensin
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converting enzyme 2 (ACE2) in neurons, and its aberrant
activity leads to neurogenic hypertension [195, 196].

ADAM17 in glioblastoma

ADAMI17 plays a key role in the progression of glioblas-
toma, the most common form of primary malignant brain
tumor [197]. This is most likely due to its ability to shed
EGF-like growth factors and trigger EGFR signaling. In
agreement, inhibitors of this pathway have been proven to
decrease glioblastoma migration and invasiveness [198].
TNFa release and the subsequent NF-kB activation are
also associated with poor prognosis for glioblastoma. Fibu-
lin-3 was found to trigger the NF-xB pathway in this tumor.
Mechanistically, this occurs by Fibulin-3 binding to TIMP-3
and prevents ADAM17 from inhibition by TIMP-3, resulting
in the sustained release of TNFa [199].

ADAM17 in Alzheimer’s disease: a double edged sword?

ADAM17 is known to be the “stimulated a-secretase” for
its ability to cleave the Alzheimer’s disease (AD)-linked
APP in response to different stimuli, including phorbol
esters and M1 muscarinic receptor activation, thus play-
ing a potentially crucial role in the pathophysiology of
AD [200-203]. Similarly to ADAMI10, which acts as the
neuronal a-secretase under non-stimulated, constitutive
conditions [91, 92, 138], ADAM17-mediated cleavage of
APP releases its soluble ectodomain (sAPP), thereby ini-
tiating the neuroprotective non-amyloidogenic pathway of
APP processing and potentially reducing generation of the
pathogenic AP peptide. Although this indicates a protective
role for neuronal ADAM17 in the pathogenesis of AD, a
study ultimately confirming these findings in vivo is still
missing, mainly due to the perinatal lethality of ADAM17
knockout mice. Nevertheless, in support of this hypothesis
it was recently reported that a rare variant leading to loss-of-
function of ADAM17 is associated with the pathogenesis of
AD in human [204], and berberine, an alkaloid compound
extracted from plants, has neuroprotective effects on AD
patients by stimulating the a-secretase activity [205].
Interestingly, while neuronal ADAM17 may have pro-
tective effects on the development of AD by triggering the
non-amyloidogenic pathway, microglial ADAM17 may have
the opposite effects. In agreement with this hypothesis, the
ADAM17 substrate TNFa has emerged to be involved in
the pathogenesis of AD, where neuroinflammation is a
crucial component of the disease, linking amyloid deposi-
tion to neuronal loss. Amyloid induces microglia to release
pro-inflammatory cytokines, including TNFa, that induce
neuronal death. Ablation of TNFa in a mouse model of AD
(PDAPP) lowered cognitive decline without affecting depo-
sition of AP plaques [206]. Similarly, ablation of the TNFa



Functions of ‘A disintegrin and metalloproteases (ADAMs)’in the mammalian nervous system 3069

target receptor TNFR1 in murine models of AD proved ben-
eficial in preventing learning and memory deficits associated
with the disease [207]. Finally, therapies based on TNFa
inhibitors have been tested in AD mouse models and AD
patients in a phase II clinical trial with encouraging results
in slowing down the progression of the disease [208-210].
However, the number of treated patients was low and larger
cohorts will be needed to allow more definitive conclusions.
Furthermore, ADAM17 can contribute to the stimulated
shedding of triggering receptor expressed in myeloid cells
(TREM2), which—under constitutive conditions—is cleaved
by ADAMI10 [211-213]. Trem2 is a genetic risk factor for
AD and major regulator of neuroinflammatory component
of the disease and a reduction of its shedding may be ben-
eficial [214-216]. Other than TNFa and TREM2, ADAM17
regulates a number of microglial proteins that act in neuroin-
flammation and progression of the disease, including AXL
[217], CSF1R [218, 219] and the AP receptor LRP-1 [167,
220], indicating that the role of microglial ADAM17 in the
development of AD may go beyond the cleavage of TNFa
and TREM2.

iRhoms

ADAM17 plays a critical role in several biological processes.
Its activity has to be finely regulated and this occurs at differ-
ent levels, including post-translational activation of the pro-
enzyme by furin convertase and inhibition by endogenous
inhibitor TIMP-3 [187, 221-223]. Interestingly, while these
regulatory mechanisms are shared by different ADAMs, new
exciting insights into the regulation of ADAM17 function
have recently emerged, revealing ADAM]17-specific regu-
lators that have high relevance in the brain. Two inactive
homologues of thomboid proteases, also known as iRhom1
(RHBDF1I) and iRhom2 (RHBDF?2), have been identified
as crucial upstream regulators of ADAM17. They bind
ADAM17 and guide ADAM17 maturation throughout the
secretory pathway and are essential for ADAMI17 activity.
iRhoms mediate the activation of ADAMI17 in response to
G-protein coupled receptor (GPCR) stimulation [57, 224,
225]. Furthermore, iRhoms can address ADAMI17 activ-
ity towards specific membrane proteins for their subse-
quent shedding, thus controlling substrate selectivity of the
enzyme [225]. This evidence suggests that iRhoms can be
considered not only as regulators of ADAMI17 activity, but
as a non-proteolytic, regulatory subunit of an ADAM17/
iRhom complex. In agreement, mice lacking both iRhoms
resemble mice lacking ADAM17, which have open eyes at
birth and die perinatally [226]. Interestingly, mice lacking
iRhom?2 do not display major abnormalities [227, 228]. For
iRhom1 two different knockout mouse lines were generated.
One of them did not show a phenotype but the other one
showed increased lethality after birth [226, 229]. Yet, both

mice have a less severe phenotype than ADAM17 knock-
out mice, suggesting that either iRhom can have compen-
satory or redundant functions in the absence of the other.
Both iRhoms are ubiquitously expressed in all tissues. The
brain represents an interesting case, where iRhom?2 is mainly
expressed in microglia and iRhom1 is mainly expressed in
neurons, astrocytes and oligodendrocytes [101, 226]. This
separation may imply differential functions for either iRhom
in the brain, with iRhom?2 playing a role in microglial pro-
cesses and neuroinflammation, and iRhom1 regulating phys-
iological molecular mechanisms in other brain cells [230].

iRhom?2 emerged as an epigenetic risk factor in AD,
where altered promoter methylation leads to higher iRhom?2
expression in AD patients [231]. Although the role of
iRhom2 in AD is not elucidated at this point, it is conceiv-
able that higher expression of iRhom?2 leads to increased
TNFa release by ADAM17 in microglia and subsequently
enhanced neuroinflammation. An iRhom2-targeted therapy
would also be preferential to an anti-TNFa therapy. Anti-
TNFa molecules prevent the binding of soluble TNFa to
TNFRI1, but also block the interaction between membrane-
tethered TNF and TNFR2, which activates an anti-inflam-
matory pathway that plays a beneficial role in the disease
[232]. On the other hand, inactivation of iRhom2 would only
impact the pro-inflammatory function of TNFa, but not its
anti-inflammatory properties.

In conclusion, direct evidences of ADAM17 functions
in the brain have been difficult to uncover due to the lethal-
ity of ADAM17 knockout mice. Many ADAM17 substrates
were initially identified outside the CNS, but a number of
them are also known to play important roles in the CNS.
This suggests that ADAMI17 functions in the brain will be
broader than the few elucidated so far. ADAM17 is a key
actor in the development of AD for its ability to cleave APP
and other proteins involved in neuroinflammation, including
TNFa and TREM2. The differential expression of ADAM17
regulators iRhom1 and iRhom?2 in different brain cells may
offer a unique therapeutic opportunity in the context of AD.

ADAM19: arole in PNS regeneration

ADAMI19, also known as meltrin-f, is a catalytically active
metalloproteinase that cleaves a number of canonical ADAM
substrates in vitro, including KLL1 and TNFa [233]. Unlike
most of the ADAMs, the activity of ADAM19 is not inhib-
ited by TIMPs [233]. Although ADAM17 is the established
major physiological TNFa sheddase, the constitutive release
of TNFu is increased in cells overexpressing ADAM19, sug-
gesting that the enzyme may contribute to its release in cells
or tissues where it is highly expressed [234].

During mouse development, ADAMI19 is highly
expressed in craniofacial and dorsal root ganglia and ven-
tral horns of the spinal cord, where peripheral neuronal cell
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lineages differentiate [235]. This expression pattern overlaps
with that of neuregulin-1, a member of a group of growth
factors that are essential for CNS development [236, 237].

ADAM19 mediates the ectodomain shedding of a-type
neuregulins in dorsal root ganglia neurons [238]. Due to the
overlapping expression pattern during embryogenesis, it is
conceivable that ADAM19 may play a role in the biological
processes involving neuregulins, although such hypothesis
has to be proven in vivo [238] and a role of ADAMI19 in
processing neuregulins could not be confirm yet [237]. In
addition, ADAMI19 plays a key role in nerve regeneration
after a crush injury to the sciatic nerves [239]. Although the
molecular mechanism is not entirely elucidated, ablation of
ADAM19 delayed sciatic functional recovery after injury.

ADAMI9 also plays a role in the ephrin-A5-EphA4 sign-
aling pathway through a non-proteolytic pattern and influ-
ences formation of the neuromuscular junction in murine
embryos [240]. Finally, overexpressed ADAM19 possesses
a-secretase activity in A172 cells, i.e., it is able to cleave
the AD-linked APP within the A domain. Nevertheless, its
contribution to the total APP shedding appears to be minor
compared to that of ADAMI10, as RNA interference-medi-
ated knock-down of ADAMI19 only mildly reduced APP
cleavage by about 20% [241].

In conclusion, ADAM19 is a catalytically active ADAM
that presents some unique features among members of this
family of proteinases. It cleaves prototypic ADAM sub-
strates, including TNFa and APP, but to a lesser extent as
compared to other ADAMs. Nevertheless, cleavage of such
molecules may have functional consequences in specific
cells or conditions in which ADAM19 is expressed at high
levels.

ADAM21: a connection to neuroregeneration?

ADAM21 (also called ADAM31) is an ADAM family mem-
ber with an intact active site for proteolysis, but proteolytic
substrates have not yet been identified. ADAM?21 was initially
thought to be predominantly expressed in testis [242-244],
but is also linked to hepatocellular carcinoma [198] and is
expressed in other tissues, including brain [245]. In rodent
brain, ADAMZ21 is robustly expressed in neuronal precursor
cells of the subventricular zone (SVZ) and in processes of
neurons and neuroblasts in the rostral migratory stream [245].
ADAM21 expression is found during development as well as
in the adult rodent brain. In the embryo, it is found in devel-
oping axons whereas in the adult brain it is highly expressed
in the olfactory nerve—a region known for constant neuronal
regeneration. It is not yet clear whether the protease function
or rather the presumed integrin-binding ability of ADAM21—
through its disintegrin domain—is required for these neu-
ronal functions. Yet, the tissue inhibitor of metalloproteases
3 (TIMP-3), which blocks distinct ADAM proteases, shows a
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partial co-expression with ADAMZ21 in brain [245], suggesting
that the proteolytic function of ADAM21 may indeed be con-
tributing to its function in brain. Together, these results sug-
gest a function for ADAM21 in axon outgrowth and synapse
formation, but more studies are needed to better understand
the function of ADAM21.

ADAM30: a link to Alzheimer’s disease

ADAM30 is an understudied member of the ADAM family
and is proteolytically active. While a first report suggested a
testis-specific expression [246], ADAM30 is now known to
also be expressed in human brain and specifically in neurons.
Interestingly, ADAM30 is not expressed in mouse brains and
may not be expressed in mice altogether. ADAM?30 has been
linked to AD. In postmortem AD brains, the expression level
of ADAM30 is reduced up to 50% and negatively correlates
with brain levels of AP [247], the highly aggregating and
neurotoxic peptide in AD [248]. Conversely, overexpression
of ADAM30 in mouse forebrain neurons of an AD mouse
model lowered AP generation. Mechanistically, ADAM30
triggers trafficking of full-length APP to lysosomes, activa-
tion of the lysosomal protease cathepsin D and increased
APP degradation, thus lowering the amount of APP being
available for AP production [247]. Taken together, reduced
ADAM30 levels may contribute to AD pathogenesis,
whereas ADAM30 activation may be a potential new thera-
peutic approach for AD.

ADAM33: potential roles in cranial neural crest
migration

ADAM33 is a catalytically active ADAM. In Xenopus, the
gene is also referred to as ADAM 13 [249], where its func-
tion is required for cranial neural crest migration [250]. In
humans, ADAM33 has been mostly studied in the context
of asthma [251, 252]. Although it is widely expressed in
adult mice with the highest levels detected in the brain, lit-
tle is known about the ADAM33 functions in mammals,
especially in the nervous system [253]. ADAM33 cleaves a
number of canonical ADAM substrates in vitro, including
APP, KL-1, and TNFa [254, 255]. The catalytic activity of
ADAM33, its expression pattern and its similarity to Xeno-
pus ADAM13, whose metalloprotease activity is necessary
for cranial neural crest-cell migration [256], suggest a role
for this enzyme in the development of mammalian brain.

Conclusions and outlook
A few ADAMEs, in particular the proteolytic ADAMI10 and

the non-proteolytic ADAM22 and 23, have been functionally
relatively well characterized in the nervous system. Yet, even
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for those ADAMs new functions and/or substrates continue
to be identified, partly due to methodological advances in
proteomics. For many other ADAMs, considerable advances
in recent years demonstrated that these ADAMs are not only
expressed in the mammalian nervous system, but also have
important roles in developmental processes or be linked
to pathological conditions, ranging from glioma to neu-
rodegeneration and presumably more in the future. Thus,
ADAMs may become potential drug targets for different
disorders in the nervous system. Yet, in many cases, such
as for ADAM30 and its newly recognized role in AD, the
underlying molecular mechanisms need to be elucidated.
Moreover, some ADAMs may be particularly relevant under
specific conditions, such as during inflammation. For the
proteolytic ADAMs, ADAM10 and a few other ones may be
mostly shedding membrane proteins under constitutive, non-
stimulated conditions, whereas ADAM17 may be particu-
larly relevant as regulated proteases that enhance substrates
cleavage upon a given stimulus. It will also be interesting to
see whether the proteolytic ADAMs additionally have non-
proteolytic functions, similar to what has been described for
matrix metalloprotease 12 (MMP-12) [257] and f-site APP
cleaving enzyme 1 (BACE1) [258]. Given that proteolytic
and non-proteolytic ADAMs have similar domain structures,
this possibility is not unlikely. Taken together, while the
function of ADAMs in the nervous system remains—with a
few exceptions—a relatively uncharted territory, new excit-
ing functions are emerging and we can await new discoveries
over the years to come.
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