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Abstract Several recent publications have described

examples of physical and functional interations between

tetraspanins and specific membrane proteases belonging to

the TM-MMP and a-(ADAMs) and c-secretases families.

Collectively, these examples constitute an emerging body

of evidence supporting the notion that tetraspanin-enriched

microdomains (TEMs) represent functional platforms for

the regulation of key cellular processes including the

release of surface protein ectodomains (‘‘shedding’’), reg-

ulated intramembrane proteolysis (‘‘RIPing’’) and matrix

degradation and assembly. These cellular processes in turn

play a crucial role in an array of physiological and patho-

logical phenomena. Thus, TEMs may represent new

therapeutical targets that may simultaneously affect the

proteolytic activity of different enzymes and their sub-

strates. Agonistic or antagonistic antibodies and blocking

soluble peptides corresponding to tetraspanin functional

regions may offer new opportunities in the treatment of

pathologies such as chronic inflammation, cancer, or

Alzheimer’s disease. In this review article, we will discuss

all these aspects of functional regulation of protease

activities by tetraspanins.
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Abbreviations

AD Alzheimer’s disease

ADAM A disintegrin and metalloprotease domain

APP Amyloid precursor protein

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

GPCRs G protein-coupled receptors

HB-EGF Heparin-binding epidermal growth factor

ICAM-1 Intercellular adhesion molecule-1

mAbs Monoclonal antibodies

MT1-MMP Membrane-type-1-matrix metalloprotease

PMA Phorbol-12-myristate-13-acetate

RIP Regulated intramembrane proteolysis

TEMs Tetraspanin-enriched microdomains

TMPS Triple membrane-passing signaling

TNFa Tumor necrosis factor-a

Introduction

Tetraspanins are a large family of small proteins spanning

four times the cellular membranes, forming a small and a

large extracellular loop (termed SEL or EC1 and LEL or

EC2, respectively) and leaving C- and N-terminal intracel-

lular tails. In addition, tetraspanins share a number of

structural features, including 4–8 conserved extracellular

cysteines (two of them in the characteristic CCG motif found

in the mid-region of the LEL domain in all tetraspanins) that
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C. Cabañas (&)

Centro de Biologı́a Molecular Severo Ochoa (CSIC-UAM),

28049 Madrid, Spain

e-mail: ccabanas@cbm.uam.es

C. Cabañas
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are engaged in the formation of 2–4 disulfide bonds that

maintain the three-dimensional conformation of the LEL.

These proteins are widely expressed in multicellular

eukaryotic organisms ranging from plants to fungi, sponges,

worms, insects, and mammals. A striking feature of tetra-

spanins is their tendency to associate with other membrane

proteins, including other tetraspanins, different members of

the integrin and immunoglobulin superfamilies, growth

factor receptors, and GPCRs. Tetraspanins also associate

with lipids, such as cholesterol and gangliosides, and with

cytosolic signaling and cytoskeletal proteins giving rise to

the formation of higher-order lipid–protein membrane

complexes termed TEMs (tetraspanin-enriched microdo-

mains) which work as specialized organizational units. It

should be noted that although TEMs share some properties

with other types of membrane microdomains, lipid-rafts,

they are physically and functionally distinct entities.

Through their role in the organization and dynamics of

TEMs, tetraspanins are involved in a multitude of physio-

logical and pathological processes such as parasite and viral

infections, fertilization, maintenance of epithelial integrity,

formation of neuromuscular junctions, induction of immune

responses, platelet aggregation, and tumor progression.

Excellent reviews covering the general structural and func-

tional aspects of tetraspanins have been published in recent

years and readers are referred to them for reference on the

biology of these proteins [1–4].

Several recent reports have described examples of phys-

ical association and functional interplay between

tetraspanins and specific membrane proteases supporting the

notion that TEMs represent functional platforms for the

regulation of cellular processes including the release of

surface protein ectodomains (‘‘shedding’’), regulated intra-

membrane proteolysis (‘‘RIPing’’) and matrix degradation

and assembly. In the present review, we will discuss these

examples of functional regulation of protease activities by

tetraspanins.

Functional regulation of a-secretases (sheddases

ADAM10 and ADAM17) by tetraspanins

Protein ‘‘shedding’’ is a term coined to refer to the prote-

olytic release of the ectodomains of transmembrane

proteins, and represents an important mechanism that

endows cells with the capacity to rapidly change their

surface phenotype, generating at the same time soluble

mediators with the potential to signal and influence cell

behavior in an autocrine, juxtacrine, paracrine, or even

endocrine manner. Accordingly, ectodomain shedding

plays a key regulatory role in cellular processes such as

adhesion, migration, invasion, cell fusion, proliferation,

and signaling, which in turn have a strong repercussion in

different biological phenomena, including development,

fertilization, angiogenesis, leukocyte extravasation and

inflammatory responses, tumor cell growth and dissemi-

nation, and brain pathology. Members of the ADAM (A

Disintegrin And Metalloproteinase) family of metallopro-

teinases are key ‘‘sheddases’’, i.e. enzymes responsible for

the shedding of a great variety of transmembrane proteins

(see [5–8] for excellent reviews on ADAMs).

Two closely related members of the ADAM family,

ADAM10 (also known as Kuzbanian from its ortholog

gene -kuz- in Drosophila) and ADAM17 (also termed

TACE: TNF-alpha converting enzyme), are key sheddases

responsible for the release of the ectodomains of a multi-

tude of protein substrates [7, 9] including growth factors,

cytokines, receptors, adhesion proteins, and the amyloid

precursor protein. A large proportion of these substrates are

shared between ADAM10 and ADAM17, which leads to

the assumption that the activities of these two metallo-

proteinases can be sometimes complementary or redundant

[5, 7, 9]. No consensus sequences for specific ADAM10 or

ADAM17 proteolytic cleavage have been identified in their

substrates and it seems that the main common feature of

this type of cleavage is that it occurs at a juxtamembranal

extracellular location. Both ADAM10 and ADAM17 play a

major role in the proteolytic release of specific EGFR

ligands regulating the subsequent EGFR-dependent sig-

naling, which is of great relevance in development and

cancer (reviewed in [6]). In this regard, while ADAM10 is

involved in the shedding of EGF and betacellulin,

ADAM17 is largely responsible for cleavage of TGFa, HB-

EGF, epiregulin, and amphiregulin. Adam17-/- mice dis-

play developmental defects similar to those observed in

TGFa, HB-EGF, amphiregulin, or EGFR-deficient animals

[10, 11], clearly evidencing the in vivo relevance of

ADAM17 in EGFR signaling.

It is of note that ADAM10 and/or ADAM17-mediated

release of specific EFGR ligands has been observed to

mediate transactivation of EGFR signaling after activation

of a variety of GPCRs by agonists like thrombin, angio-

tensin-II, or endothelin-1 through a cross-talk mechanism

termed TMPS (‘‘triple membrane-passing signaling’’)

[5, 12–15]. The broad relevance of TMPS has been dem-

onstrated for various families of GPCRs and found to have

implications in medically relevant processes like cardiac

hypertrophy, mucus production in lungs, and the migration,

survival, proliferation, and invasion of different types of

cancer cells [13].

The large variety of ADAM10 and ADAM17 substrates,

and their potential physiological and pathological rele-

vance strongly suggest that the proteolytic activity of these

enzymes must be subject to fine mechanisms of control. It

is currently accepted that in many cell types, the consti-

tutive or basal ectodomain release of most substrates, as
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123



well as that induced by calcium ionophores, is carried out

by ADAM10, while that induced after short-term stimula-

tion with phorbol esters is mostly dependent on ADAM17

[16]. Different reports have shown that the cytoplasmic

domain of ADAM17 is phosphorylated upon cell treatment

with PMA [17–19] but, on the other hand, a truncated form

of ADAM17 lacking the intracytoplasmic domain is still

activated by phorbol esters [7, 11]. Some studies have

shown that phorbol ester stimulation increases the intra-

cellular processing and maturation of ADAM17 by furin as

well as its transport to the cell surface [19, 20] while other

studies indicate that increased transport to the cell surface

is not associated with enhanced ADAM17 activation [16].

The mechanisms by which GPCRs induce the activation of

ADAM10 and/or ADAM17 in the TMPS process remain

equally obscure for the moment [13, 14]. Interaction with

specific regulatory proteins involved in cell signaling and

substrate accessibility control have been proposed as

modulatory mechanisms of ADAM activity (reviewed in

[21]).

In this regard, several studies have identified specific

members of the tetraspanin family as modulators of ADAM

activities. Through controlling the inclusion in––and/or the

exclusion from––discrete TEMs of both ADAMs and their

protein substrates, tetraspanins may act as important con-

trollers of ectodomain shedding, regulating both the

accessibility of substrates and their effective cleavage rates.

One of the first studies suggesting a functional associ-

ation between a tetraspanin and an ADAM sheddase was

published by Yan et al. [15] who demonstrated that stim-

ulation of GPCRs with bombesin caused transactivation of

EGFR via the ADAM10/Kuzbanian-dependent release of

HB-EGF ligand, representing a typical example of TMPS

as described above. Interestingly, ectopically expressed

ADAM10 was shown to interact with tetraspanin CD9 and

the extent of this association was increased after bombesin

stimulation. Furthermore, the potency of HB-EGF in

stimulating cell growth correlated with its association to

CD9. The authors concluded that GPCR regulates

ADAM10-dependent activation of HB-EGF by promoting

the binding of ADAM10 to molecular complexes centered

on CD9.

More recently, Arduise et al. [22] reported that

ADAM10 is associated within the context of TEMs with

several tetraspanins, including CD9, CD81, and CD82.

Specific antibodies directed to these tetraspanins rapidly

stimulated the ADAM10-mediated release of TNF-a and

EGF, without altering ADAM10-tetraspanin interactions.

These authors found that the stimulatory effects of anti-

tetraspanin antibodies did neither require tyrosine phos-

phorylation nor PKC signaling, but in contrast, an intact

MEK/Erk pathway was required. Tetraspanins could also

directly regulate ADAM10 activity via their association at

the membrane, since the stimulatory effect of anti-tetra-

spanin antibodies correlated with their ability to induce the

redistribution of ADAM10 into patches enriched in tetra-

spanin molecules. The authors proposed that tetraspanins

exerted a negative regulation on ADAM10 sheddase

activity so that the local increase in ADAM10 concentra-

tion would overcome this inhibitory effect.

Thereafter, ADAM10 was found to associate with a

different tetraspanin, namely TSPAN12 [23]. Authors

employed a mass-spectrometry approach to search for

TSPAN12-associated proteins and identified peptides cor-

responding to both ADAM10 and ADAM17 sheddases, but

only the association of ADAM10 with TSPAN12 was

further confirmed by reciprocal co-immunoprecipitation in

different tumor cell lines. The large extracellular loop, as

well as the intracellular C-terminal domain and the palm-

itoylation sites, were identified as the three regions of

TSPAN12 involved in the association with ADAM10.

Using complementary molecular approaches, such as

overexpression, RNA silencing, and mutation, the func-

tional relevance of TSPAN12/ADAM10 complexes in the

processing of the amyloid precursor protein (APP) was

evidenced. These authors postulated that association with

TSPAN12 lead to the stabilization of active ADAM10 on

the cell surface and/or to the acceleration of ADAM10

activation by prodomain convertases. As a result of this

enhanced maturation/activation of ADAM10, the a-secre-

tase activity was increased.

In the studies by Arduise et al. and Xu et al., the authors

did not observe an association of tetraspanins with the

second relevant sheddase ADAM17. A possible explana-

tion is that, on the cells employed, ADAM17 was

expressed at a much lower level compared to ADAM10,

making it difficult to reveal the interaction. Direct associ-

ation of the tetraspanin CD9 with ADAM17 on the surface

of leukocytes and endothelial cells has been recently

described by our group [24]. This interaction was estab-

lished using a combination of imaging and biochemical

approaches based on co-localization, in situ proximity

ligation assays, co-immunoprecipitation, cross linking, and

pull-down experiments. Treatment of cells with agonistic

anti-CD9 antibodies and neoexpression and silencing of

this tetraspanin, clearly demonstrated that CD9 regulates

negatively the ADAM17-mediated shedding of TNF-a and

ICAM-1. This negative modulation of ADAM17 by CD9-

specific antibodies was in contrast with the results of

Arduise et al. [22], who found that treatment of cells

expressing both ADAM10 and ADAM17 with anti-CD9

antibodies, in the absence of phorbol esters, increased the

ADAM10-mediated release of TNF-a. We compared side

by side the effects of a group of CD9-specific mAbs on the

constitutive (non-stimulated, ADAM10-mediated) and

phorbol ester-stimulated (ADAM17-mediated) release of
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TNF-a from CD9-expressing Raji B cells, and confirmed

that they exerted a positive effect on ADAM10 proteolytic

activity while inhibiting that of ADAM17. These results

provide an excellent example indicating that, although

many of the substrate proteins may be shared by ADAM10

and ADAM17, the association of these metalloproteinases

on the cell surface with specific tetraspanins like CD9

within the context of TEMs, may represent an important

regulatory mechanism for the selective and even opposing

regulation of their individual activities (Fig. 1).

Although protein ectodomain shedding has been long

assumed to take place only at the cell surface, several

studies have shown that this might not be the case, as active

ADAM10 and ADAM17 have been found in exosomes

from different sources, including tumor cells [25–28].

Exosomes are 40–100 nm vesicles that derive from mul-

tivesicular bodies and are released by many cells upon

fusion of these endocytic organelles with the plasma

membrane. In vivo, exosomes can be detected in a variety

of body fluids, including blood, urine, ascites, and amniotic

fluid [29, 30]. Exosomes seem to work as an important

mechanism of intercellular communication as vehicles for

the transference of subsets of proteins, mRNA and mi-

croRNAs between exosome-producing (donor) and

exosome-receiving (target) cells. This type of intercellular

communication has revealed its importance in processes

like the spreading of infectious agents, immune responses

and tumor progression [31]. Tetraspanins are not only

expressed on the plasma membrane of cells but are also

present in various types of intracellular vesicles of the

endocytic pathway and particularly in exosomes. In fact,

different tetraspanins (CD9, CD63, CD81, and CD82) are

enriched in the membrane of exosomes and are often used

as the best markers for these extracellular vesicles. Con-

stitutive and stimulus-induced cleavage of the ectodomains

of TNF-a or of the adhesion molecules L1 and CD44 by

ADAM10 and ADAM17 in exosomes released by ovarian

cancer or melanoma cells has been demonstrated, sug-

gesting that these vesicles may also act as vehicles for

cellular export of soluble molecules. In fact, the uptake by

T lymphocytes of melanoma-derived exosomes containing

cleaved TNF-a and ADAM17 has been shown to induce

oxidative stress in the target cells and could be responsible

for the melanoma-induced inhibition of effector T cell

function [28]. Thus, exosomal TEMs may represent

important alternative platforms for controlling the effi-

ciency of cleavage and the targeted delivery of a variety of

biologically important soluble ectodomains, with relevance

in cancer progression and immune system regulation.

Relation of tetraspanins with other members

of the ADAM family

ADAMs are modular transmembrane proteins consisting of

an N-terminal prodomain, followed by metalloprotease,

Fig. 1 Functional regulation of sheddases ADAM10 and ADAM17

by tetraspanins. A fraction of ADAM10 is constitutively associated

with tetraspanin CD9 (and also with tetraspanins CD81, CD82) in

dispersed complexes on the cell surface in which tetraspanins exert an

inhibitory effect on the sheddase activity of ADAM10 against

transmembrane substrates TNFa and EGF. Upon antibody engage-

ment of tetraspanins, associated ADAM10 molecules and substrates

are recruited and clustered into TEMs and this increase in their local

concentration overcomes the inhibitory effect of tetraspanins on

ADAM10 activity. Similarly, overexpression of TSPAN12 favors the

recruitment of ADAM10 into TEMs and stimulates its a-secretase

activity against the APP substrate. The sheddase activity of dispersed

ADAM17 is stimulated by phorbol esters resulting in the release of

the ectodomains of its substrates TNFa and ICAM-1. Recruitment of

ADAM17 into CD9-centered TEMs is induced by overexpression or

antibody engagement of this tetraspanin, which exerts negative

regulation on the ADAM17 sheddase activity, resulting in reduced

ectodomain release of TNFa and ICAM-1
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disintegrin, cysteine-rich, EGF, transmembrane, and

C-terminal cytosolic domains. However, of the 21 ADAM

members identified in the human genome, only 13 have an

intact metalloprotease domain including the HEXXH

consensus motif required for catalytic activity [21]. Func-

tional associations of tetraspanins with other members of

the ADAM family, namely ADAM1 (fertilin a) and

ADAM2 (fertilin b), have been described. However, in this

case, the functional effects resulting from these interactions

cannot be ascribed to alterations in proteolytic activity

since ADAM1 and ADAM2 do not belong to the group of

proper sheddases endowed with proteolytic activity [5].

Blocking anti-CD9 mAbs were shown to inhibit the

sperm-egg binding and fusion [32]. CD9 was thought to

affect the binding of a6b1 integrin on the oocyte to

ADAM-2 on the sperm surface [33, 34] although thereafter

this integrin was found not to be essential for sperm-egg

binding and fusion [35]. Nevertheless, the CD9 and CD81

knock-out female mice showed that these tetraspanins

are indeed required for the specific step of sperm-egg

membrane fusion [36–41]. More recently, CD9 was dem-

onstrated to act as a receptor for PSG17 (pregnancy-

specific glycoprotein 17) [42], opening the possibility of

CD9 acting as a receptor for some member of this family

expressed on the sperm [43]. Moreover, the oocyte was

shown to release CD9-enriched vesicles, which are incor-

porated to the membrane of sperm cell and could act as

fusogenic factors [44], although these results could not be

reproduced in a different laboratory [45].

Tetraspanins and c-secretases

The proteolytic cascade termed ‘‘regulated intramembrane

proteolysis’’ (RIP) controls the processing and subsequent

intracellular signaling mediated by several transmembrane

proteins. The main characteristic of this process is that the

cleavage of the substrates is performed intramembranously

by a group of proteases called I-CLiPs, which generate

intracellular domain fragments (ICD) that in most cases are

intermediates destined for lysosome or proteasome-medi-

ated degradation, but for an increasing number of ‘‘RIPed’’

proteins can also translocate to the nucleus and regulate

transcriptional activation of target genes (see [5–7] for

reviews). Several physiological processes are regulated by

RIP including cholesterol homeostasis, immune surveil-

lance, cellular signaling, and amyloid formation in

Alzheimer’s disease. An increasing number of proteins

have been identified as substrates for RIP including the

amyloid precursor protein (APP), whose cleavage gener-

ates amyloid b peptides (Ab), a major component of senile

neuritic extracellular plaques deposited in the brains of

Alzheimer’s disease (AD) patients [46], which is the most

common cause of dementia in aging populations; the

adhesion molecules CD44, N-cadherin, E-cadherin and L1,

as well as members of the EGFR (m80-ErbB-4) family, the

p75 neurotrophin receptor (p75NTR), and Notch receptors

and their ligands (Delta, Jagged).

There are four known families of I-CLiP proteases: (1)

the site-2 protease (S2P); (2) the aspartyl proteases

c-secretase complex, also called presenilin complex,

involved in the cleavage of truncated type I transmembrane

proteins; (3) the signal peptide peptidase (SPP) acting in this

case on truncated type II transmembrane proteins, and (4)

the rhomboid serine proteases. Although all of them share

the feature of the intramembrane proteolytic mechanism, the

cleavage of substrates by the SPP metalloproteases and the

c-secretase families needs to be preceded by an ‘‘ectodo-

main’’ shedding step carried out by the a or b-secretases.

ADAM10/Kuzbanian and ADAM17/TACE are the main

sheddases responsible for the a-secretase activity [47–50].

The c-secretase activity is absolutely dependent on the

assembly of a multimeric complex including the catalytic

subunit presenilin and nicastrin (NCT), Aph-1, Pen-2

membrane proteins [51].

In a recent paper, Wakabayashi et al. suggested that

additional factors could be involved the regulation of the

activity of the c-secretase complex [52]. Using a proteomic

approach, they found several different proteins interacting

with presenilin1 and presenilin2. Biochemical association

was found with the proteins of the tetraspanin family

CD81, CD9, and UpK1b as well as with the tetraspanin-

associated proteins EWI-2, EWI-F, integrins, and CD98.

Knockdown of CD81, EWI-F, or CD98 had no effect on

the expression of the c-secretase components but signifi-

cantly inhibited c-secretase activity with a concomitant

decrease in the release of the amyloid b-peptide (Ab),

while overexpression of the tetraspanin-associated proteins

enhanced Ab secretion. On the contrary, tetraspanin CD9

overexpression lead to a significant decrease in the Ab
generation. The functional relevance of the interaction

between the c-secretase complex and proteins from the

tetraspanin-enriched microdomains was also demonstrated

using cells derived from CD81- and CD9-knockout mice

where the c-secretase activity was significantly impaired.

For some cellular processes, treatment with monoclonal

antibodies against tetraspanin molecules has been shown to

have either an agonist or antagonist activity [22, 24, 53]. In

this study, c-secretase activity was also a target for mod-

ulation using antibodies against the CD81 and CD9

tetraspanins, which resulted in a disruption, more evident

for CD9, of the Ab generation, thus implicating TEMs in

the endogenous regulation of c-secretase [52].

Another well-known substrate of the RIP process is the

Notch receptor, a critical component of signaling mecha-

nisms that regulates diverse processes during development

Functional interplay between tetraspanins and proteases 3327
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such as cell fate specification and differentiation, neuro-

genesis, neuritic growth and neural stem cell maintenance,

synaptic plasticity and long-term memory, which have

been related to cognitive function in the adult brain

[54–57]. Notch has also been postulated to be involved in

Alzheimer’s disease and an increase of its levels in patients

suffering AD has been described [58]. Interaction of this

receptor at the cell surface with its ligands on adjacent

cells triggers a proteolytic sequence leading to enhanced

c-secretase activity and the generation of Notch intracel-

lular domain (NICD) as a final product that is able to

translocate to the nucleus modulating the transcription of

different target genes. In this sequence, the initial cleavage

has been shown to be performed by ADAM10 and/or

ADAM 17 in in vitro and in vivo models [47, 48].

A recent study using different approaches such as the

Caenorhabditis elegans genetic model and human cellular

cultures reports that the worm tetraspanin TSP-12-and its

human ortholog TSPAN33-facilitate Notch signaling by

enhancing c-secretase activity so that the reduction (by

small interfering RNA) or loss (a null allele) of these tet-

raspanins suppress the effects of constitutively active

mutant Notch proteins and the signaling mediated by a

transmembrane form of activated Notch that requires

c-secretase activity. These results support the conclusion

that these tetraspanins promote c-secretase processing of

Notch rather than promoting other signaling events occur-

ring downstream of c-secretase cleavage [59]. In this report,

TSP-12 and TSP-14 were found to have redundant functions

in C. elegans, while TSPAN33 and TSPAN5 synergistically

regulated Notch in human cancers. In contrast, CD81 or

CD9 tetraspanins did not seem to play a role in this context.

Tetraspanins and matrix metalloproteinases

Many tetraspanins were initially described as molecules

induced in tumors that regulate the capacity of tumor cells

to migrate and metastasize. Much of the evidence for this

came from survival studies in cancer patients and the

ability of tetraspanin-specific antibodies to reduce tumor

metastases in animal models [1, 2, 60, 61]. Tetraspanins

might also influence not only invasion but also matrix

deposition [62] and degradation. Supporting this, some

phenotypes of tetraspanin-deficient mice, such as the dis-

organized basement membrane in the renal glomeruli [63]

and skin [64] of CD151-KO mice, are consistent with a

defect in extracellular matrix organization.

The first evidence that related tetraspanins to matrix

degradation came from the study by Sugiura and Berdit-

chevski that demonstrated that antibody-mediated

crosslinking of several tetraspanins induced MMP-2

secretion in a PI3 K-dependent manner [65]. Thereafter,

crosslinking of CD81 by the hepatitis C virus E2 glyco-

protein was shown to upregulate MMP2 in hepatoma cell

lines [66]. CD151 overexpression induces MMP-9

expression in human melanoma cells [67] and in hepato-

cellular carcinoma, promoting neoangiogenesis [68]. CD9

expression induces MMP-2 in melanoma [69], while its

depletion augments MMP2 secretion in small cell lung

cancer cells [70] and mouse blastocysts [71]. Overexpres-

sion of CD81 or CD82 in several myeloma cells reduces

MMP2 expression [72].

In addition to regulating the gene expression of some

soluble metalloproteinases, tetraspanins may also anchor

them to the plasma membrane or may modulate their

activity through association with regulatory molecules.

Thus, CD151 has been shown to bind MMP7 [73], while

CD63 interacts with the soluble metalloprotease inhibitor

TIMP-1 [74].

Tetraspanins can also directly associate with the mem-

brane-anchored metalloproteinase MT1-MMP/MMP14 in

different cell types [75–77]. MT1-MMP is a fundamental

protease for matrix proteolysis during cancer invasion,

angiogenesis, and bone function [78]. MT1-MMP can itself

proteolyse several components of the extracellular matrix

and, in addition, it is the most common activator of pro-

MMP2. Mice deficient for MT1-MMP [79], MMP2 [80], or

both [81] demonstrate a genetic synergism of both

enzymes, since the double knock-out animals display the

most severe phenotype and die immediately after birth with

respiratory failure, abnormal blood vessels and immature

muscle fibers [81].

Maturation of MT1-MMP takes place intracellularly, so

that MT1-MMP activity at the plasma membrane needs to

be finely regulated by a strict control of its internalization

rate, membrane compartmentalization and subcellular

localization. MT1-MMP can be internalized by both

clathrin-coated vesicles or incorporated into caveolae [82,

83]. Thereafter, it may recycle to the plasma membrane

through a Rab8 compartment [84]. Overexpression of tet-

raspanin CD63, increased MT1-MMP degradation at

lysosomes [76]. This effect was also observed in tumor

cells upon tetraspanin CD81, CD9, and TSPAN12 gene

silencing [75].

At the plasma membrane, MT1-MMP regulation com-

prises autocatalytic events, inhibition by TIMP-2, and

interactions with other plasma membrane molecules, such

as CD44, that dictate its subcellular localization or sub-

strate accessibility [78]. In endothelial cells, MT1-MMP

was found to be directly associated with CD151, as

demonstrated by co-immunoprecipitation and FRET

experiments [77]. Insertion of MT1-MMP into TEMs was

shown to be crucial for its association and functional

coordination with integrins. Hence, endothelial cells

depleted of CD151 or derived from CD151-deficient mouse
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presented aberrant collagenolysis [77] because of disrup-

tion of the ternary CD151/MT1-MMP/alpha3beta1 integrin

complex (Fig. 2).

The stoichiometries of tetraspanin-MT1-MMP com-

plexes can be in turn regulated by EWI-2 [85]. EWI-2 is a

member of the Ig superfamily receptor, tightly associated

with tetraspanins CD9 and CD81, whose re-expression in

glioblastoma cells causes an increase in CD9-CD81 asso-

ciations and disturbs that of tetraspanins with MT1-MMP

impairing tumor cell invasivity.

Tetraspanins and other proteases

Some experimental evidence exists on the regulation of

other proteases by tetraspanins. The proteolytic function of

the urokinase receptor was shown to be regulated by CD82

expression levels [86]. Although this tetraspanin did not

associate directly with the protease, it induced its relocal-

ization to focal adhesions, where it associated with a5b1

integrin. This subcellular relocalization was concomitant

with an inhibition of the proteolytic activity [86]. In neu-

trophils, tetraspanin CD63 is fundamental for the targeting

of elastase to secretory granules [87]. The dipeptidyl pep-

tidase IV/CD26 was found to be inserted into tetraspanin-

enriched microdomains by means of a proteomic screening

[88]. Proteomics also revealed the presence of CD13

ectopeptidase in TSPAN12 immunoprecipitates, although

this result could not be confirmed by the authors in

Western-blot experiments [23].

Regulation of proteolysis at the substrate level

As pointed out above, the number of substrates for

ADAM10 and ADAM17 is rapidly growing and many of

these substrate proteins can be cleaved in vitro by both

ADAM10 and ADAM17. An attractive possibility is that in

vivo tetraspanins may control the substrate specificity for

each ADAM on the cell surface by regulating the segre-

gation of substrates into distinct tetraspanin microdomains;

antibody engagement could bring different microdomains

together, promoting substrate cleavage. Interestingly, many

substrates of ADAM10 or ADAM17 are in turn associated

with tetraspanins. The tetraspanin CD9 has been shown to

interact with the transmembrane precursors of HB-EGF,

TGFa, epiregulin, and amphiregulin, markedly enhancing

the juxtacrine signaling mediated by these transmembrane

ligands of EGFR [89, 90]. In fact, CD9 has been reported to

strongly decrease the PMA-induced proteolytic conversion

of transmembrane to soluble TGF-a [89]. Moreover, the

adhesive function of ICAM-1 and VCAM-1 during leuko-

cyte transendothelial migration is functionally regulated by

endothelial tetraspanins, including CD9 [91]. ICAM-1 and

VCAM-1 are key endothelial adhesion molecules mediating

leukocyte extravasation, which are also substrates of

Fig. 2 Functional regulation of

MT1-MMP/MMP14 by

tetraspanins. Tetraspanins

directly associate with the

membrane-anchored

metalloproteinase MT1-MMP/

MMP14 in different cell types.

Association with tetraspanins

regulates the rate of MT1-MMP

degradation at lysosomes. At the

plasma membrane tetraspanins

may function as a molecular

link with other transmembrane

proteins. Thus, in endothelial

cells, CD151 spatiotemporally

coordinates MT1-MMP with

integrins for extracellular matrix

degradation. MT1-MMP

subcellular localization is also

dependant on its association

with CD44, which is in turn

shedded by the protease, and is

also a component of TEMs
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ADAM17 [92, 93], and elevated soluble levels of these

proteins have been found in several inflammatory and

tumoral pathologies [94, 95]. Hence, CD9 silencing on

stimulated HUVEC results in a marked decrease in the

membrane level of ICAM-1 reflecting the release from the

inhibitory effect exerted by CD9 on ADAM17 activity [24].

These results also provide a mechanism by which CD9

regulates the levels of ICAM-1 on endothelial cells and

reinforces the subsequent consequences in terms of leuko-

cyte adhesion and transmigration [91, 96].

The reported inhibitory effect of CD9 on ADAM17

activity [24] would explain the important role of this tet-

raspanin as an enhancer of EGFR juxtacrine signaling by

increasing the surface levels of these transmembrane

ligands. CD9 could also potentially inhibit the reported

crosstalk between GPCRs and EGFR signaling, which

requires the release of EGFR ligands by ADAM10 and

ADAM17, and has been shown to contribute to tumori-

genesis, migration, and invasion in different tumor cell

lines (reviewed in [5, 7]). It remains to be established

whether the tetraspanin-mediated compartmentalization of

substrates coordinates the activity of a- and c-secretases in

the sequential steps of RIPing.

The same principle may apply to MT1-MMP. MT1-

MMP subcellular localization is also dependant on its

association with CD44 [97], which is in turn shedded by

the protease [98]. Different substrates of MT1-MMP are

also inserted into TEMs (i.e., CD44, ICAM-1) [2], while

the ternary complex involving MT1-MMP/CD151/a3b1

integrin would spatially direct the proteolysis towards the

extracellular matrix substrates that are ligands of the inte-

grin. Thus, this compartmentalization of substrates into

specialized membrane microdomains might impose a new

level of regulation on the activity of different membrane

proteases.

Therapeutic interventions based on tetraspanins

The broad regulatory effects exerted by tetraspanins on

the activity of different relevant proteases discussed

above, open several potential opportunities for therapeutic

intervention in pathological processes including Alzhei-

mer’s disease, cancer progression, and inflammation. It

seems likely that the large variety of tools that have been

developed for the study of tetraspanins, including mono-

clonal antibodies, recombinant functional domains and

interfering RNAs, could have significant therapeutic

potential [60, 99]. In fact some of these reagents have

already been tested for this purpose, including antibodies

specific for CD81 in multiple sclerosis [100], for CD9 in

gastric cancer [101] and for CD37 in B cell malignancies

[102].

Regarding the mechanisms of etiopathogenesis of Alz-

heimer’s disease at the molecular level, the b-amyloid

precursor protein is normally found throughout the body

and may be cleaved first by either a- (ADAM10 or

ADAM17) or by b-secretases, which is a pre-requisite for

the subsequent action of the c-secretase. When the

sequential cleavage of b-amyloid precursor protein (APP)

is carried out by a- followed by c-secretase activities, it

generates a peptide (P3) that precludes the generation of

the neurotoxic amyloid b-peptide (Ab), and constitutes

a non-amyloidogenic pathway. In contrast, the amyloido-

genic pathway implies the sequential action of the

b-secretase (BACE1: b-site amyloid precursor protein-

cleaving enzyme,) followed by the c-secretase, generating

the highly hydrophobic and insoluble amyloid b-peptide

(Ab), which is then secreted and aggregates extracellularly,

forming the characteristic pathologic amyloid neuritic

plaques deposited in the brains of AD patients. Accord-

ingly, ADAM10 overexpression prevents amyloid plaque

formation and deposition and lessens cognitive deficits in a

transgenic murine model of Alzheimer’s disease [103].

Regarding ADAM17/TACE, Tachida et al. [104] found

that the proinflammatory cytokine interleukin IL-1b pro-

duced a significantly enhanced a-cleavage pattern,

resulting in decreased Ab production in neuroblastoma

cell lines or mouse primary cultured neurons. These

effects were mediated through up-regulation and increased

maturation of ADAM17/TACE. Moreover, IL-1Ra, the

physiological antagonist for the IL-1 receptor, reversed the

effects of IL-1b. Therefore, these studies suggest that

strategies aimed at increasing expression and activity of

either ADAM10 or ADAM17 may be beneficial in AD

pathology. In contrast, in another study, the highly selec-

tive ADAM17/TACE inhibitor BMS-561392 caused a

significant reduction in the levels of secreted APPa (the

soluble product of APP cleavage by a-secretases) but

without a corresponding increase in Ab production in vitro

or in vivo when infused into the brains of human APP-

expressing transgenic and wild-type mice [105].

Taking into account the regulatory effect of TSPAN12

as an enhancer of the activity of ADAM10 [23], which is a

major a-secretase responsible for APP processing along the

non-amyloidogenic pathway [106, 107], it was proposed

that TSPAN12 could induce a therapeutically desirable

reduction in brain deposits of Ab peptide. Therefore, as

seen for other tetraspanins, the use of TSPAN12-specific

reagents with agonistic effects such as its soluble LEL

domain or specific stimulatory anti-TSPAN12 antibodies

could potentially be therapeutically beneficial in Alzhei-

mer’s disease. The potential regulatory effects exerted by

TSPAN12 or by other tetraspanins on the activity of

ADAM17 (the second relevant sheddase responsible for

a-secretase activity), or on the activity of the c-secretase
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complex that are crucial in the processing of APP remain to

be explored and may reveal additional molecular targets for

therapeutic intervention.

In other pathological processes however it may be

desirable to inhibit the proteolytic activity of ADAM

sheddases. This could be the case in processes like tumor

progression and metastasis. It is worth keeping in mind that

various cell surface substrates of ADAM10 and ADAM17

are key growth factors or cell adhesion molecules with

demonstrated implication in cancer progression and in fact

an association between ADAM10 and ADAM17 expres-

sion and activity and these processes has been established

in various types of cancer [8, 9, 108, 109]. Following the

same line of reasoning as indicated above for AD, targeting

TSPAN12 with antagonistic approaches such as expression

of dominant-negative TSPAN12 mutants, RNA silencing,

inhibitory antibodies or inhibitory soluble LELs, could

have a beneficial effect derived from down-modulation of

ADAM10 maturation and/or activity in tumor progression

and metastasis.

It is also well established the tumor and metastasis-

suppressor role of CD9 in a variety of carcinoma types [1].

The presence of CD9 impairs survival, invasion, and

metastasis in many tumor cell types (Ikeyama 1993, Tak-

eda 2007; Saito 2006) and therefore this tetraspanin may

represent an important target for development of new

approaches in cancer therapy. We found that neoexpression

of CD9 or treatment with agonistic anti-CD9 mAbs

increased the membrane expression of TNF-a on different

human colon carcinoma cells thus affecting their survival

[53], consistent with the recent results from our group that

demonstrate that tetraspanin CD9 negatively regulates

ADAM17 activity [24]. To what extent some of these

suppressor effects of CD9 in cancer progression can be

attributed to or are related to regulation of the shedding of

important adhesion molecules or growth factors through its

inhibitory effects on ADAM17 activity opens a whole new

field of research that remains to be explored.

The results published by Dunn et al. [59] implicating

some tetraspanins in promoting constitutive Notch signal-

ing again open interesting possibilities from a potential

therapeutic perspective, since targeting these specific tet-

raspanin members might partially reduce constitutive

Notch activity without causing the major side-effects

associated with strongly and globally reducing Notch or

presenilin activity using c-secretase inhibitors. As sug-

gested by these authors, depending on the specific

interactions in putative complexes comprising c-secretase,

specific tetraspanin(s) and Notch, it could be possible to

design specific small molecule or peptide inhibitors with

the ability to interfere these interactions. Furthermore, if

different tetraspanins promote the selective c-secretase-

mediated cleavage of distinct substrates, it could be

possible to develop c-secretase inhibitors that are disease-

specific. For example, such inhibitors could distinctly tar-

get Alzheimer’s disease or specifically treat Notch-driven

tumors.

Angiogenesis represents another pathologically relevant

process in which the modulation of protease activity by

tetraspanins could be interesting from a therapeutic per-

spective. Antibodies against CD9, CD81, or CD151 affect

a3b1 or a6b1 integrin-dependent endothelial migration

during wound healing and angiotube formation [110–114]

and CD151-a3b1 complexes are key regulators of the

angiotensin-II induced angiogenic response [115]. More-

over, the proposed use of anti-CD9 antibodies in gastric

cancer therapy is partially based on their inhibitory effect

on tumor angiogenesis [101]. A role in retinal vascular

development in mice has recently been described for

association between Tspan12 and the Norrin receptor

[116].

The tetraspanin CD151 is important in endothelial cell

biology and CD151-null mice are defective in angiogenesis

in vivo under certain pathological conditions such as

matrigel plug or tumor implantation [117]. Endothelial cells

derived from these CD151 deficient mice show defects in

migration, spreading, invasion, matrigel contraction, tube

formation, and spheroid sprouting [117]. They also present

selective signaling defects when grown on laminin sub-

strates [117] and impaired collagenolysis as a result of

disruption of the complex formed by the protease MT1-

MMP with CD151 and a3b1 integrin [77]. Therefore, given

the importance of this tetraspanin in endothelial migration

and angiogenesis, strategies designed to target CD151 could

be beneficial in pathological situations where inhibition of

angiogenesis (like tumor progression or retinopathies) or

induction of angiogenesis (like myocardial infarction) may

be desirable. In fact, it has been shown that CD151 over-

expression increases angiogenesis and blood reperfusion

after a myocardial infarction [118].

Conclusions and further perspectives

Insertion into tetraspanin-enriched microdomains regulates

the enzymatic activity of several proteases from different

families. They may affect the rate of lysosomal degradation

versus recycling or their incorporation into specialized

intracellular vesicles. Alternatively, they may functionally

connect the proteases with regulatory molecules such as

integrins or CD44. Insertion into TEMs of both the prote-

ases and their substrates may also dynamically regulate

substrate accessibility. Future research would have to

determine whether tetraspanins also affect other regulatory

mechanisms such as dimerization or autocatalytic pro-

cessing. Thus, TEM appear as a new therapeutical target
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that may simultaneously affect the proteolytic activity of

different enzymes and their substrates. Therefore, agonistic

or antagonistic antibodies, blocking soluble peptides based

on tetraspanin functional regions at the large extracellular

loop (LEL) offer new opportunities for the treatment of

diseases such as inflammation, cancer, and Alzheimer’s

disease.
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