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I. Introduction

Not long ago, the release of the extracellular
domain through limited proteolysis was recognized
as a general mechanism to regulate the function of
transmembrane proteins. This type of limited pro-
teolysis is currently known as ectodomain shedding
and affects a surprisingly large group of trans-
membrane proteins. In fact, all structural and func-
tional categories of transmembrane proteins include
members susceptible to shedding. Thus, ectodomain
shedding can potentially regulate most cellular func-
tions mediated by transmembrane proteins and,
therefore, has attracted the attention of cell biologists
focused on different problems such as cell adhesion
or signal transduction, or certain pathologies such
as Alzheimer’s disease or cancer, to mention a few.

Ectodomain shedding occurs at or near the cell
surface and is a regulated process; although it occurs
in nonstimulated cells (and is then known as basal
shedding), it can be dramatically activated by several
independent mechanisms. Use of phorbol esters, well-
characterized nonphysiological compounds with the
ability to activate protein kinase C (PKC), is the most
common way to activate ectodomain shedding. Typi-
cally, soon after phorbol ester addition (∼10 min) cells

shed the ectodomains of a considerable fraction of cell
surface molecules (∼2%). Several independent lines
of evidence indicate that phorbol esters do not
activate many shedding enzymes with restricted
specificities. In contrast, it appears that few common
factors are required for the shedding of the majority
of susceptible proteins. Since this proteolytic machin-
ery has the ability to act on such a large number of
cell surface molecules, it seems reasonable to suppose
that it is under strict control. Although there have
been some advances in the identification of the
components of the shedding machinery, as well as
in the characterization of the mechanisms that
regulate their activity, the picture is still far from
clear.

Substrates of the regulated shedding machinery
are sometimes susceptible to cleavage within the
transmembrane domain by other proteolytic systems.
Thus, it appears that, in addition to the shedding
machinery, additional proteases act in a coordinated
fashion to alter the structure and function of proteins
that follow the secretory pathway. Although these
additional proteolytic cleavages are not the main
subject of this review, they will also be briefly
discussed.

II. Functional Consequences of Shedding

Given the diversity of proteins that undergo shed-
ding, the functional outcome of this proteolytic event
obviously depends on the particular protein consid-
ered. We will, therefore, discuss separately the shed-
ding of transmembrane proteins grouped in different
functional categories. Since there are several recent
excellent reviews on different aspects of the sub-
strates of ectodomain shedding,1-8 we will try to focus
on aspects not primarily covered in those; it is
advisable to consult the mentioned reviews to learn
more on aspects not found below.

A. Transmembrane Growth Factors and Related
Molecules

Cells exchange growth and differentiation signals
through diffusible polypeptides collectivelly known
as growth factors that bind and activate specific
receptors in target cells. Certain growth factors and
cytokines, which include the well-characterized EGF
(epidermal growth factor) and TNF (tumor necrosis
factor) families, are synthesized as transmembrane
forms that, through ectodomain shedding, release the
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receptor-binding domain into the extracellular me-
dium (Figure 1B).9 Early experiments performed with
transforming growth factor (TGF)-R, a prototypical
growth factor belonging to the EGF family (Figure
1A), indicated that the membrane-anchored form
(named proTGF-R) is able to activate its cognate
receptor, the epidermal growth factor receptor (EGFR),

expressed in adjacent cells.10,11 Therefore, according
to these reports, proTGF-R is a biologically active
form and not a mere precursor of the soluble form
(known as TGF-R). This mode of signaling, mediated
by the interaction of two transmembrane proteins
expressed in neighboring cells, is named juxtacrine.
Although some recent reports support the importance
of juxtracrine signaling mediated by EGF-like growth
factors, others cast doubts about the activity of
transmembrane proTGF-R and related trans-
membrane growth factors. According to some papers,
the active transmembrane form of certain growth
factors can be potentiated by CD9, a protein that
belongs to the family of tetraspanins (proteins with
four membrane-spanning domains). CD9 physically
interacts with proheparin-binding EGF-like growth
factor (proHB-EGF), another member of the EGF
family that also binds to the EGFR.12 Using a
coculture of cells expressing proHB-EGF, alone or in
the presence of CD9, and cells expressing EGFR, CD9
was found to potentiate the juxtacrine mitogenic
effect of proHB-EGF.12 CD9 has been recently shown
to bind also to proTGF-R.13 This interaction induces
a hyperactivation of EGFR by increasing the ex-
pression of proTGF-R at the cell surface.13 Another
type of evidence also highlights the importance of
juxtacrine signaling; human colon carcinoma cell
lines that show a defective shedding of proTGF-R
have been found to promote a higher level of EGFR
activation than that of corresponding equivalent
amounts of soluble TGF-R, indicating a higher activ-
ity of proTGF-R.14 Therefore, defective shedding of
proTGF-R could be a mechanism whereby malignant
cells can obtain a growth advantage.14 In contrast to
these reports, it has been found that juxtacrine
signaling mediated by proTGF-R and other EGFR
ligands is abolished by inhibitors known to block
ectodomain shedding,15 indicating that soluble rather
than transmembrane forms mediate the biological
effect of proTGF-R and other EGFR ligands. In
support of this conclusion, mice genetically deficient
in the protease responsible for the shedding of
proTGF-R show, in addition to a lack of production
of soluble TGF-R, a phenotype similar to that of
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Figure 1. Mechanisms of action of transmembrane growth
factors. Transmembrane growth factors are represented as
open circles, and the tyrosine kinase domain of the recep-
tors is represented as open squares. The plasma membrane
(pm) is indicated. (A) Juxtacrine signaling. Apparently
conflicting results suggest that growth factors activate their
cognate receptors, transducing a strong signal, or that
transmembrane growth factors are inactive. (B) After
ectodomain shedding the soluble version of the growth
factor can reach cells located at a distance and activate
EGFRs.
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proTGF-R knock-out mice.16-18 In view of these ap-
parently contradictory reports, it seems that further
experimental approaches should be used to clarify the
possible function of EGF-like transmembrane growth
factors in different pathophysiological situations.

Growth factor ectodomain shedding has been re-
cently found responsible for the integration of differ-
ent signaling pathways. Although it is well-known
that stimulation of G-protein-coupled receptors
(GPCRs) leads to transactivation of the EGFR, the
mechanism supporting this cross-talk has remained
elusive until a recent report19 showed that activation
of GPCRs induces the shedding of proHB-EGF (Fig-
ure 3). The soluble ectodomain, HB-EGF, then binds
and activates the EGFR.19 Activation of GPCRs does
not seem to specifically enhance only the shedding
of proHB-EGF; the shedding of c-Met, a cell surface
receptor, has also been recently found to be enhanced
by GPCRs.20 Thus, ectodomain shedding likely rep-
resents a mechanism used to integrate the different
signals that simultaneously reach a single cell.

The functional significance of the shedding of
another type of membrane-anchored ligand has been
recently shown. To form circuits, neurons extend
growing axons (growth cones) under the influence of
attractive and repulsive molecular cues. The ephrin
membrane-anchored ligands form a large family of
axon guidance molecules with the ability to bind
receptor tyrosine kinase of the Eph family in a
juxtacrine fashion.21 Although initally ephrin binds
to Eph receptors supporting cell adhesion, as well as
intercellular communication, soon after contact has
taken place the growth cone expressing Eph receptors
surmounts adhesion and breaks away from the
ephrins.21 A recent report shows that ephrin-A2 can
be shed from the cell surface and that mutations that
inhibit the shedding of ephrin-A2, without affecting
its binding to Eph, delay axon withdrawal, indicating
that the shedding of the ectodomain of ephrins could
be the mechanism that mediates axon detachment
from the ephrin-coated cell surface.22

In summary, although some questions, such as the
role of the transmembrane forms of certain EGF-like
growth factors, remain unsolved, the shedding of the
ectodomain of growth factors has been recently
recognized as a novel and versatile regulatory step.
It is an effective means to regulate the function of
certain EGF-like growth factors and a mechanism to
establish cross-talk between different signaling path-
ways and a switch of the activity of ephrins.

B. Membrane Receptors
It has long been known that the soluble domains

of receptors generated by shedding can modulate the
function of ligands by preventing (antagonists) or
favoring (agonists) the formation of active signaling
complexes (reviewed in ref 23). Recent reports have
focused on the function of the transmembrane/
cytoplasmic domain that remains bound to the cell
following receptor ectodomain shedding in normal
and pathological situations (Figure 2).

Tyrosine kinase receptors, such as EGFR, trans-
duce signals controlling cell growth, survival, motil-
ity, and differentiation and seem to be crucial for the

development of some tumors.24 Several lines of
evidence indicate that, at least in certain instances,
the transmembrane/cytoplasmic domains devoid of
the extracellular ligand-binding domain may exhibit
constitutive kinase activity and, thus, enhanced
signaling potency. An engineered deletion of HER2,
a receptor belonging to the EGFR family, lacking the
extracellular domain, shows an increased tyrosine
kinase activity and transforming efficiency.25,26 Sev-
eral retroviral oncogenes code for receptors that lack
most of the extracellular domain, resulting in the
production of constitutively active, membrane-bound
receptor fragments.27 Mutant EGFRs with trunca-
tions in the extracellular domain found in several
human carcinomas have enhanced oncogenic activ-
ity.28,29 Similarly, the shedding of another member
of the EGFR family, HER4, results in the formation
of a phosphorylated truncated fragment that has
tyrosine kinase activity, and may act as a membrane
dock for signaling molecules with Src-2 homology
domains.30 Therefore, although in many of the men-
tioned instances the transmembrane/cytoplasmic do-
main does not arise through ectodomain shedding,
they show the potential autonomous signaling ability
of this portion of the receptor. Thus, the activation

Figure 2. Certain receptors sequentially undergo ecto-
domain shedding and RIP. While shedding releases the
ectodomain to the extracellular media, RIP releases the
intracellular domain that, in the case of certain receptors,
can move into the nucleus where it modulates the tran-
scription of target genes.

Figure 3. Ectodomain shedding mediates the cross-talk
between different signaling pathways. Activation of G-
protein-coupled receptors leads to the activation of the
shedding of the ectodomain of proHB-EGF (see the text)
that can activate tyrosine kinase receptors. Since tyrosine
kinase receptors also activate ectodomain shedding, a
positive feedback loop can be established.
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of tyrosine kinase receptors of the EGFR family by
shedding of the ectodomain is an attractive hypoth-
esis for many authors. Furthermore, the shedding of
the neurotrophin receptor and that of certain cell
adhesion molecules with well-characterized ability to
transduce signals produce signaling-competent trans-
membrane/cytoplasmic fragments.31,32

The shedding of tyrosine kinase receptors may also
be relevant for the development of tumors. Around
30% of human breast cancers overexpress HER2.33

This increase in HER2 levels has been associated
with enhanced tumor aggressiveness as well as a
high risk of relapse and death.33 High concentrations
of the products of HER2 shedding, p110 (soluble
ectodomain) and p95 (membrane-bound truncated
receptor) (ref 34 and references therein), have been
found in human breast cancer and are associated
with a more aggressive behavior,35 indicating that an
excessive shedding of HER2 can contribute to the
development of a malignant phenotype. Humanized
monoclonal antibodies against HER2 have demon-
strated their effectiveness in the therapy of HER2
overexpressing breast cancers by largely unknown
mechanisms.36 These anti-HER2 monoclonal antibod-
ies have been shown to inhibit the shedding of HER2,
opening the possibility that this inhibition represents
one of the mechanisms whereby these antibodies
block tumor progression.37

A third aspect related to the shedding of receptors
has been recently recognized: after the HER4 recep-
tor has undergone shedding, the remaining mem-
brane-anchored part of the receptor is cleaved within
its transmembrane domain by a second proteolytic
system.38 This type of proteolytic intramembranous
cleavage is known as RIP (regulated intramembrane
proteolysis).39 RIP is not a unique property of HER4,
for it also affects other transmembrane molecules
such as Notch, a receptor that specifies cell fate
decisions during embryonic development.40 In fact,
the RIP of Notch has been intensively studied in
recent years, and it has been found that the Notch
intracellular domain that appears after the RIP of
Notch is transported to the nucleus, where it directly
regulates gene transcription40 (Figure 2). Although
it has also been shown that the intracellular domain
of HER4 moves to the nucleus and has a weak
transcriptional activity when fused to a reporter, it
remains to be definitively established whether in vivo
this portion of HER4 acts as a direct regulator of gene
transcription.

In summary, although initially the shedding of
transmembrane receptors was initially viewed as a
means to release ligand-binding proteins that regu-
late the access of circulating ligands to their cognate
receptors, recent findings indicate that the trans-
membrane cytoplasmic fragment left behind after
shedding has a relevant functional role. This frag-
ment is in some cases the substrate of a proteolytic
system that releases the cytoplasmic moiety that is
transported to the nucleus where it can modulate the
expression of target genes.

C. Adhesion Molecules
The extracellular domain of cell adhesion molecules

(CAMs) supports cell-cell and cell-extracellular

matrix interactions. The shedding of the ectodomains
of CAMs, therefore, represents a crucial point in the
dynamic regulation of these types of interactions.
Several reports on prototypic cell adhesion molecules
seem to confirm this viewpoint.

The selectins, one of the five major classes of
CAMs, bind to carbohydrate epitopes present in
endothelial cells and mediate transient cell-cell
adhesion in the bloodstream (for a recent review, see
ref 41). One of the members of this family, L-selectin,
was initially described as a homing receptor, which
mediates the interaction of lymphocytes with high
endothelial venules of lymph nodes and their migra-
tion into peripheral lymph nodes.42 The phenotype
of L-selectin knock-out mice confirmed its critical role
in these events.43 In addition, L-selectin participates
in neutrophil extravasation into inflamed or injured
areas,44 by mediating the initial attachment followed
by slow rolling of neutrophils along the vascular
endothelium.45 Once this initial contact has taken
place, integrins, another major class of CAMs, medi-
ate the subsequent tightening of the adhesion and
transendothelial migration of neutrophils.44 The ex-
pression of L-selectin at the cell surface of lympho-
cytes and neutrophils can be rapidly down-regulated
through ectodomain shedding triggered by different
activators or L-selectin cross-linking.46-48 It has been
proposed that the shedding of L-selectin regulates the
rolling velocity of loosely adherent leukocytes along
the endothelium, since inhibitors of ectodomain shed-
ding decreased the rolling velocity.49,50 Furthermore,
it has been recently shown that the shedding of
L-selectin also regulates the firm adhesion and trans-
migration by promoting leukocyte activation via
outside-in signaling that regulates interaction medi-
ated by integrins.51 Therefore, the shedding of L-
selectin would have a direct role in the initial rolling
and also an indirect but crucial role by regulating
the interactions that lead to firm adhesion and
transmigration.51

L1 is a type I membrane glycoprotein, consisting
of six immunoglobulin-like domains and five fibro-
nectin type III repeats, expressed in neural, hemato-
poietic, and some epithelial cells.52 L1 promotes
homotypic L1-L1 binding, sometimes potentiated by
other cellular proteins,53 or heterotypic binding with
different CAMs and several integrins (ref 54 and
references therein). Expression of L1 enhances the
migration of cells on fibronectin and laminin through
an Rνâ5 integrin-dependent mechanism.55 Inhibitors
of ectodomain shedding block the L1-dependent
enhanced migration, indicating that the shedding of
L1 is necessary to promote migration. The effect of
inhibitors can be overcome by adding soluble L1
ectodomain.55 Therefore, as in the case of L-selectin,
the shedding of L1 is required to regulate cell
migration.

The shedding of certain CAMs seems to participate
in the regulation of the availability of signaling
ligands. The syndecans are a family of transmem-
brane heparan sulfate proteoglycans (HSPGs) with
capacity to bind a wide variety of soluble and
insoluble ligands including extracellular matrix com-
ponents, cell adhesion molecules, growth factors,
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cytokines, proteinases, lipid metabolism proteins, and
microbial pathogens.56 The soluble ectodomains of
syndecans accumulate especially following injury or
inflammation57 and facilitate the formation of signal-
ing complexes by acting as coreceptors, modulating
ligand activities.56 For example, soluble syndecan
ectodomains have been reported to antagonize fibro-
blast growth factor 2 (FGF-2).58 However, the regula-
tion of the activity of FGF-2 by syndecans seems to
be a complex process given that recent reports show
that partial degradation of soluble syndecans by
platelet heparanase produces fragments, found in
wound fluids, that agonize with FGF-2.58 Soluble
syndecans have also been suggested to play a role in
diverse situations such as the regulation of feeding
behavior59 or the modulation of the activity of certain
extracellular enzymes. For example, soluble synde-
cans reduce the affinity of cathepsin G and elastase
for their physiological inhibitors, R1-antichymo-
trypsin and R1-proteinase inhibitor, respectively.60

Finally, it has been shown that syndecan-1 ecto-
domains enhance bacterial virulence in newborn
mice.61

As in the case of receptors for cytokines and growth
factors, recent evidence indicates that the shedding
of CAMs is not merely a way to produce soluble
binding partners with the ability to modulate protein-
protein interactions. The transmembrane/cytoplasmic
portion left behind after the shedding of certain cell
adhesion molecules has taken place seems to have
the ability to transduce signals. The platelet-endo-
thelial cell adhesion molecule PECAM-1, another
glycoprotein of the immunoglobulin superfamily,
prevents endothelial cell apoptosis through homo-
typic interactions.62 However, PECAM-1 is shed
during apoptosis,63 and the resulting truncated trans-
membrane/cytoplasmic domain seems to have signal-
ing abilities since it binds with higher affinity to
signal transducers such as γ-catenin and SPH-2 than
the full-length form.31 Supporting this possibility, the
transmembrane/cytoplasmic domain of PECAM-1
also decreases cell proliferation probably through
activation of caspase-8 and p38/JNK phosphoryl-
ation.31 On the other hand, as described for Notch
and HER-4, the RIP of the transmembrane/cytoplas-
mic domain of CD44 releases an intracellular frag-
ment that translocates to the nucleus and activates
transcription-potentiating transactivation mediated
by the transcriptional coactivator CBP/p300.64 Thus,
RIP seems to be a general mechanism that acts not
only on transmembrane receptors but also in cell
adhesion molecules.

D. â-Amyloid Precursor Protein
The â-amyloid (âA) peptide is the main component

of the proteinaceous filaments that form the amyloid
plaques, a type of brain lesion found in patients with
Alzheimer’s disease (AD) (recently reviewed in ref
65). The social relevance of this disease has led to
an enormous effort to understand how the â-amyloid
peptide is generated. The transmembrane domain of
the â-amyloid precursor protein, a type I membrane
protein, contains the C-terminal moiety of the â-
amyloid peptide, which spans 28 amino acids outside

the cell membrane. At least three different proteolytic
activities (collectively known as secretases) control
the production of âA. R-Secretase prevents the for-
mation of the âA peptide by cleaving within it, 12
amino acids from the transmembrane domain (Figure
4).66 The cleavage produced by R-secretase shares
many characteristics with that produced by ecto-
domain shedding in other transmembrane proteins.67

â- and γ-secretases produce the â-amyloid peptide by
cleaving at the N- and C-termini, respectively. γ-
Secretase catalyzes an unusual and heterogeneous
proteolytic event within the transmembrane domain
to produce the ∼4 kDa âA (reviewed in ref 68). This
cleavage is equivalent to the RIP recently described
for transmembrane receptors (see above). The longer
and more hydrophobic form of âA is 42 amino acids
long (âA42) and tends to form fibrils.69 In fact, the
main component of the plaques found in patients
with AD is this âA42.70 Mutations that cause a
familial form of AD are located near the â- and
γ-secretase cleavage sites and lead to an elevated
production of âA.71-73 Collectively, these results
strongly suggest that âA42 is involved in the patho-
genesis of Alzheimer’s disease and indicate that a
reasonable therapeutic approach could be to treat
patients with specific inhibitors of the â- and γ-secre-
tases74 or activators of the shedding of âAPP (R-
secretase activity).75

The metalloproteases involved in R-secretase activ-
ity will be discussed in the next section. The identity
of the protease responsible for the â-secretase activity
was recently identified and named BACE (â-site
âAPP cleaving enzyme76-78). BACE is a widely ex-
pressed transmembrane protein that belongs to the
family of aspartyl proteases. Currently, specific in-
hibitors are being developed and tested for their
potential in the prevention of cellular production of
the âA peptide.79 The identity of proteases with
γ-secretase activity is still controversial. Several lines
of evidence indicate that presenilins, two multipass
membrane proteins initially identifed as the products
of genes responsible for most cases of familial AD,80-82

tightly control the intramembranous cleavage of
âAPP in the γ-site. Furthermore, presenilins seem
to control the RIP of Notch and probably other
transmembrane proteins.74 Using a variety of bio-
chemical and pharmacological criteria, different au-
thors have suggested that presenilins are the cata-
lytic component of the γ-secretase activity (the

Figure 4. Secretase activities acting in âAPP. See the text
for a description.
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evidence supporting this conclusion has been specif-
ically reviewed recently74). However, this hypothesis
has been recently challenged by results showing that
fibroblasts from presenilin knock-out mice do not
produce the intracellular fragment of Notch but do
produce normal levels of the âA.83 In addition, the
RIP of Notch and that of the âAPP can be pharma-
cologicaly distinguished.84 Therefore, the mechanism
used by presenilins to control the RIP of âAPP is still
unclear and awaits further experiments.

Although the pathological role of âAPP seems to
be widely accepted, the normal function of the
â-amyloid precursor protein is unknown. Several
features indicate that its metabolism is strikingly
similar to that of the Notch receptor. A C-terminal
fragment, possibly representing a product of RIP
proteolysis that occurs after ectodomain shedding,
has been recently found in cells. This fragment,
known as AICD (âAPP intracellular domain), forms
a complex with Fe65 and the histone acetyl trans-
ferase Tip60 with the ability to stimulate transcrip-
tion.85,86 Although these are very recent results, they
clearly indicate that, as happens with several trans-
membrane receptors and cell adhesion molecules,
âAPP is able to transduce signals. Future reports will
surely test this interesting hypothesis.

III. Proteases Involved in Ectodomain Shedding

A. Metalloprotease Disintegrins

In 1994 three different groups simultaneously
showed that hydroxamic acid-based inhibitors of zinc-
dependent metalloproteases block the shedding of the
protumor necrosis factor-R (proTNF-R) in vitro and
in vivo.87-89 Soon after these reports appeared, and
using the same inhibitors, it became apparent that
metalloproteases also mediate the shedding of a
functional and structural variety of transmembrane
proteins.90,91 Since then, hydroxamic acid-derived
inhibitors have been routinely used to characterize
the shedding of most molecules analyzed to date, and
invariably, these inhibitors are shown to prevent
ectodomain shedding. Thus, the vast majority, if not
all, of the shedding events are mediated by zinc-
dependent metalloproteases. An independent line of
evidence indicated that relatively few components
were responsible for the shedding of most trans-
membrane proteins. Somatic Chinese hamster ovary
(CHO) cell mutants initially isolated for their lack
of the phorbol ester-induced ectodomain shedding of
proTGF-R were also unable to shed the ectodomains
of proTNF-R and other unrelated proteins such as
âAPP, L-selectin, and a variety of anonymous cell
surface proteins.67,90,92-94 Two independently isolated
mutant CHO cell lines showing the same generalized
defect in ectodomain shedding were found to belong
to the same complementation group,90 suggesting the
existence of few essential components of a general
shedding machinery regulated by phorbol esters.

The first protease shown to be responsible for a
particular shedding event to be purified and identi-
fied was the so-called tumor necrosis factor-R con-
verting enzyme (TACE).95,96 T-cells derived from mice

genetically deficient in the zinc-binding domain of
TACE (tace-/- cells) showed a 80-90% reduction in
proTNF-R shedding and a distinct increment in cell
surface proTNF-R expression compared with T-cells
obtained from wild-type animals.95 Thus, these data
strongly suggested that TACE is responsible in vivo
for the shedding of proTNF-R. TACE (also known as
ADAM17) belongs to the family of metalloprotease
disintegrins (also known as ADAM (a disintegrin and
metalloprotease) or MDC (metalloprotease disinte-
grin containing)).

Metalloprotease disintegrins are modular type I
transmembrane proteins (Figure 5) that, in addi-
tion to the catalytic domain, contain a disintegrin
and an EGF-like domain which is apparently
involved in protein-protein interactions.97 To
date 33 metalloprotease disintegrins have been
identified (a regularly updated table can be ac-
cessed at http://www.people.Virginia.EDU/∼jag6n/
Table_of_the_ADAMs.html); 18 of them are predicted
to function as proteases, while the rest do not contain
the consensus Zn-binding domain, indicating that
they are not active proteases. Considering the diver-
sity of proteins susceptible to undergoing ectodomain
shedding, an obvious hypothesis would be that sev-
eral metalloprotease disintegrins are involved in
ectodomain shedding and that each one is endowed
with a restricted specificity. According to this hy-
pothesis, TACE would be responsible for the shedding
of proTNF-R and related molecules. However, the
activated shedding of a wide variety of structurally
and functionally diverse transmembrane molecules
is severely impaired in (tace-/- cells) (see Table 1),
indicating that TACE is a common protease required
for the shedding of many more proteins than ex-
pected.

Figure 5. Domain organization of ADAM proteases: SP,
signal peptide; Prod, prodomain; Metall, metalloprotease
domain; EGF, EGF-like domain; TM, transmembrane
domain. The cleavage site for proprotein convertases is
shown.

Table 1. Proteins with a Defective Activated
Shedding in Tace-/- Cells

functional category protein ref

growth factors proTNF-R 95, 96
proTGF-R 18
proNRGa-2C 128
proHB-EGF 94
proamphiregulin 129
fractalkine 130, 131

receptors p75 TNF-R RII 18
p55 TNF-R R 18
CD30 132
IL-6 R R 133
IL-1R II 126
GHR 134
HER-4 135
Notch 112

cell adhesion molecules L-selectin 18
others âAPP 99
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In contrast with the number of reports suggesting
a prevalent role of TACE in ectodomain shedding,
comparatively few reports have suggested the in-
volvement of other metalloprotease disintegrins in
particular shedding events (see Table 2). These
substrate-protease matchings are generally based
on experiments that involved cotransfections of the
substrates with the suspected protease or a dominant
negative version of it. While overexpression of the
metalloprotease disintegrin assayed leads to an
augmented level of shedding of the corresponding
substrate, that of the dominant negative form inhib-
its it. The recent development of ADAM9 knock-out
mice98 indicates that, at least in certain instances,
this approach does not necessarily mirror the in vivo
situation in all cell types. Upon phorbol ester addi-
tion, fibroblasts isolated from these mice (adam9-/-
cells) show levels of proHB-EGF or âAPP indistin-
guishable from those observed in wild-type fibro-
blast, indicating that despite expectations, ADAM9
does not have a major role in the shedding of these
molecules, at least in these cells.98 In contrast,
tace-/- fibroblasts show an apparent defect in
the phorbol ester-activated shedding of both mol-
ecules92,94,99 (see Table 1), suggesting that, at least
in this cell line, TACE is reponsible for the activated
shedding of proHB-EGF and âAPP and MDC9 does
not play a major role. Supporting this conclusion, the
somatic CHO cell mutants defective in the activated
shedding of proTGF-R, âAPP, and several other
transmembrane proteins are also defective in the
activated shedding of proHB-EGF.94 These cells have
been recently shown to have a specific defect in the
activation of TACE that does not affect ADAM9 or
ADAM10.100 Thus, this constitutes independent evi-
dence that also suggests that TACE and not ADAM9
or ADAM10 is responsible for the phorbol ester-
activated shedding of proHB-EGF and âAPP. A
possible explanation that would reconcile the results
of cotransfection and those observed in knock-out cell
lines would be that different metalloprotease disin-
tegrins display a cell-type-specific specificity: ADAM9
could be responsible for the shedding of proHB-EGF
in Vero cells101 and âAPP in Cos cells,102 while TACE
is responsible for the shedding of these molecules in
embryonic fibroblasts and CHO cells. Alternatively,
transient overexpression of certain active metallo-
protease disintegrins or their dominant negative
versions could lead to an artifactual situation where
the overexpressed protease could act on substrates
that are not normally shed by the endogenous
counterpart, and the dominant negative version could
sequester a common component necessary for the
activity of several metalloprotease disintegrins, in-

cluding TACE. A third possibility, which does not
exclude the others, is that several ADAMs can act
on a single substrate: TACE could be responsible for
the phorbol ester-induced shedding of many proteins
(Table 1), while ADAM10 or/and other metallopro-
tease disintegrins would be responsible for basal
shedding of some of them. This last possibility seems
particularly plausible in the case of âAPP since
tace-/- cells or the somatic cell mutants show a
detectable level of basal âAPP shedding that cannot
be augmented by phorbol esters.67,99

Although a preponderant role of TACE in ecto-
domain shedding seems well documented, several
shedding events have been shown to be independent
of TACE. In addition to a normal level of basal
shedding of âAPP, tace-/- cells show a normal
shedding of the ectoenzyme ACE or the cytokine
TRANCE.103,104 Furthemore, it has been recently
shown that addition of compounds that in vitro in-
duce the autocatalytic activation of certain metallo-
proteases activate the shedding of proTGF-R, pre-
sumably by a PKC-independent mechanism, showing
the existence of metalloprotease(s) alternative to
TACE with the ability to shed proTGF-R.94 On the
other hand, mutational analysis indicates that the
basal shedding of L-selectin is mediated by a protease
different from TACE. Proline substitution mutations
around the cleavage site completely block the shed-
ding induced by phorbol esters without affecting
basal cleavage; therefore, it has been proposed that,
while TACE is responsible for the activated shedding
of L-selectin, a different protease is responsible for
its basal shedding.105 In summary, although a pre-
ponderant role of TACE in activated ectodomain
shedding seems widely accepted, other metallopro-
teases participate in ectodomain shedding. Nonethe-
less, further studies will be necessary to confirm the
protease-substrate pairs that have already been
suggested to exist.

B. Matrix Metalloproteases
MMPs are a large family of zinc-dependent met-

alloproteases with a multidomain structure including
prodomains and catalytic domains similar to those
of the ADAMs (for a recent review on MMPs see ref
106). As in the case of metalloprotease disintegrins,
several lines of evidence including experiments with
inhibitors, transient overexpression of certain MMPs
and putative substrates, and experiments with cell
lines derived from knock-out mice indicate a role of
certain MMPs in the shedding of transmembrane
proteins.

In addition to TACE, MMP7 (also known as matryl-
isin) has been proposed to participate in the basal
shedding of proTNF-R because conditioned media of
macrophages from MMP-7-/- mice generate a sub-
tantially reduced amount of TNF-R compared with
macrophages from wild-type mice, despite the fact
that the level of cell surface proTNF-R is comparable
in both types of macrophages.107 Interestingly, TACE
is active in MMP-7-/- mice since the regulated
shedding of proTNF-R seems to be intact in these
mice.107 The results reinforce the notion that certain
cell surface molecules, such as proTNF-R, are sub-

Table 2. Proposed Substrates of Different
Metalloprotease Disintegrins

metalloprotease proposed substrate ref

ADAM9 proHB-EGF 101
âAPP 102

ADAM10 âAPP 99
ephrin-A2 22
L1 55
proHB-EGF 136

ADAM12 proHB-EGF 137
ADAM19 neuregulin-â1 and -4 138
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strates of more than one protease. Perhaps MMP-7
could be responsible for a basal level of proTNF-R
shedding in certain cell lines, such as macrophages,
and TACE would cleave proTNF-R in response to
different activators.

The membrane type (MT)-MMPs is a subfamily of
the MMPs; as their name implies, MT-MMPs are
membrane anchored.106 The shedding of TRANCE,
a proTNF-R family member, is sensitive to the tissue
inhibitor of metalloproteases (Timp)-2, a hallmark of
MT-MMPs, and is dramatically augmented by over-
expression of MT1-MMP.104 Similar experiments
indicate that MT1-MMP participates in the shedding
of the cell adhesion molecules CD44.108 Since MT1-
MMP knock-out mice have been recently devel-
oped,109 the analysis of the shedding of these mol-
ecules in cells derived from them would help to
confirm the involvement of MT1-MMP in these
shedding events.

IV. Regulation of Ectodomain Shedding

A. Proteolytic Activation of Proteases Involved in
Ectodomain Shedding

Metalloprotease disintegrins are synthesized as
zymogens containing a prodomain that keeps them
in an inactive state. Proteolytic removal of the
prodomain leads to the activation of the proteolytic
activity of the metalloprotease disintegrins (first
shown for ADAM12110). Between the prodomain and
the catalytic domain, metalloprotease disintegrins
bear a typical cleavage site for furin-type proprotein
convertases (R-X-R/K-R), indicating that this type
of proteases is involved in processing of the pro-
domain.111 Proprotein convertases are a family of
serine proteases of at least seven members; four of
them (furin, PC7, PACE4, and PC6) are widely
expressed and are, therefore, candidates to process
ubiquitously expressed metalloprotease disintegrins.
To test this possibility, a variety of approaches,
including the use of specific inhibitors, cotransfection
of certain metalloprotease disintegrins with indi-
vidual proprotein convertases, and the use of cell
lines defective in furin activity, have been used. As
a result, it has been shown that ADAM10 is proc-
essed by a proprotein convertase(s) different from
furin, probably PC7.75 The processing of TACE is
blocked by R1-antitrypsin Portland, a protein inhibi-
tor of proprotein convertases,112 and is partially
inhibited in mutant cells devoid of furin activity,100

indicating that, in addition to furin, other proprotein
convertases can process the prodomain of TACE. The
processing of ADAM9 is also likely due to proprotein
convertases since furin correctly processed ADAM9
in vitro.113 Therefore, all evidence at hand strongly
suggests a decisive role of furin and other proprotein
convertases in the proteolytic activation of TACE and
other metalloprotease disintegrins possibly involved
in ectodomain shedding. Furthermore, a similar
mechanism activates MT1-MMP that, as all MMPs,
is also synthesized as a zymogen containing an
inactivating prodomain.114 MMP7 does not contain
a furin cleavage site and thus, to date, would be the

only known metalloprotease with the ability to shed
cell surface molecules that escapes the control of
proprotein convertases.

Processing by proprotein convertases takes place
in the secretory pathway and is generally considered
a constitutive process. However, several reports
indicate that it can be a regulatory step in certain
situations. Overexpression of PC7 leads to an up-
regulation of the shedding of âAPP, consistent with
the hypothesis that an enhanced removal of the
prodomain of metalloprotease disintegrins leads to
an enhanced level of ectodomain shedding.75 Con-
versely, in cells devoid of furin, the activated shed-
ding of âAPP is impaired.115 Thus, up- or down-
regulation of the proprotein convertase activity
correlates with equivalent modifications in the activi-
ties responsible for ectodomain shedding. Keeping in
mind the recent finding that aggressive tumors show
elevated furin expression,116 it is tempting to specu-
late that, in tumors, the activity of TACE and other
metalloprotease disintegrins can be up-regulated,
leading to the overproduction of soluble growth
factors of the EGF family that can contribute to the
development of tumors that overexpress EGFRs. In
agreement with this view, it has recently been shown
that expression of a furin inhibitor results in absent
or decreased invasiveness and tumorigenicity of
human cancer cells.117

B. Regulators of Ectodomain Shedding

It has long been known that shedding of the
ectodomain of certain proteins is a regulated process
that occurs slowly in unstimulated cells but can be
dramatically activated by different independent mech-
anisms, the best characterized of which involves
PKC.9 Early experiments indicated that PKC acti-
vates the shedding of many different proteins, and
confirming this notion, the shedding of all substrates
of TACE analyzed to date have been shown to be shed
in response to phorbol esters, which is the most
common way to activate ectodomain shedding in the
laboratory.

Several physiological activators of ectodomain shed-
ding such as chemotactic peptides, cytokines, and
growth factors have also been described.118-121 The
activation of receptor tyrosine kinase and G-protein-
coupled receptors induces the activation of the shed-
ding of growth factors that activate tyrosine kinase
receptors, establishing a positive feedback loop19,119

(Figure 3). Upon investigation of the intracellular
signaling pathways that up-regulate shedding, it
became apparent that although several independent
pathways seem to be involved in regulating ecto-
domain shedding, mitogen-activated protein (MAP)
kinases are common regulators of the shedding of
proHB-EGF122 and that of proTGF-R, proTNF-R,
L-selectin, L1, syndecan-1 and -4, and the tyrosine
kinase c-Met receptor.20,123-125 Furthermore, specific
inhibitors of Erk2 MAP kinase block the shedding of
proTGF-R activated by growth factors, while inhibi-
tors of the p38 MAP kinase prevent the basal
shedding of proTGF-R in unstimulated cells, indicat-
ing that several independent MAP kinase signaling
pathways are also involved.123
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How does PKC or the intracellular MAP kinase
cascade enhance the activity of TACE? Despite the
efforts in answering this question, it remains un-
solved. Transfection of TACE devoid of a cytoplasmic
tail into tace-/- cells reconstitutes the activated
shedding of proTNF-R and other proteins,126 indicat-
ing that, although TACE and other metalloprotease
disintegrins are phosphorylated soon after phorbol
ester addition,113,126 direct phosphorylation of the
cytoplasmic domain of TACE is not required for
activation. Many substrates of TACE lacking their
cytoplasmic domain are shed in response to phorbol
esters, indicating that PKC does not act directly on
the substrates either (ref 127 and references therein).
Apparently, phorbol esters do not enhance the trans-
port of TACE to the cell surface95 or the processing
of the prodomain of TACE (our unpublished ob-
servations). Thus, how the activities of TACE and
other metalloprotease disintegrins are regulated
remains one of the most challenging questions in this
field.

V. Conclusions

The recent acknowledgment of protein ectodomain
shedding as an important way to modulate the
function of all kinds of cell surface molecules has
attracted the interest of numerous scientists from
diverse fields. In the last few years, it has been well
established that metalloprotease disintegrins and
certain MMPs are involved in ectodomain shedding.
Surprisingly, a particular metalloprotease disinte-
grin, TACE, seems to play a central role in ectodomain
shedding and has been proposed as responsible for
the shedding of more than a dozen proteins with
diverse structures and functions. Many questions in
the field remain to be answered: Does the activation
of TACE lead to the simultaneous shedding of such
a wide variety of cell surface molecules? How many
metalloproteases are involved in ectodomain shed-
ding? Are they coordinately regulated with TACE?
Presumably the development of knock-out mice for
individual metalloproteases or a subset of metallo-
proteases will help to solve these questions.

Regarding the regulation of ectodomain shedding,
it is clear that MAP kinases are likely physiological
regulators of TACE and perhaps of other metallo-
proteases; however, the activation mechanism of
TACE remains a mystery. On the other hand, given
its lack of specificity, it seems reasonable to suppose
the existence of tight cellular controls of TACE activ-
ity to prevent unwanted proteolysis. Furthermore,
few factors with the ability to regulate metallo-
proteases have been found to date. Foreseeable future
reports will deal with these and related problems.

In summary, in recent years the continuously
growing number of proteins that are found to undergo
shedding has not been accompanied by significat
progress in the understanding of the mechanisms
that mediate regulated ectodomain shedding. Several
fundamental questions remain unsolved, especially
those pertaining to regulation and specifity, and
future efforts should be directed to answer them.
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