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A primary mode of regulating receptor tyrosine kinase (RTK) signaling is to control access of
ligand to its receptor. Many RTK ligands are synthesized as transmembrane proteins.
Frequently, the active ligand must be released from the membrane by proteolysis before
signaling can occur. Here, we discuss RTK ligand shedding and describe the proteases
that catalyze it in flies and mammals. We focus principally on the control of EGF receptor
ligand shedding, but also refer to ligands of other RTKs. Two prominent themes emerge. First,
control by regulated trafficking and cellular compartmentalization of the proteases and their
ligand substrates plays a key role in shedding. Second, many external signals converge on the
shedding proteases and their control machinery. Proteases therefore act as regulatory hubs
that integrate information that the cell receives and translate it into precise outgoing signals.
The activation of signaling by proteases is therefore an essential element of the cellular

communication machinery.

ells must talk to one another. This principle
Capplies throughout the tree of life: from
unicellular bacteria, to the trillions of cells that
coordinate to make a mammal. Communica-
tion between cells requires dedicated machinery,
capable of relaying information across mem-
branes. Transmembrane proteins are therefore
essential for signaling. Understanding how this
is regulated is paramount. In mammals, recep-
tor tyrosine kinases (RTKs) and their ligands
are important examples of such machinery
(Schlessinger 2000), controlling many biologi-
cal processes including development, immunity,
tissue repair, and metabolic homeostasis (Ull-

rich and Schlessinger 1990). They are trans-
membrane proteins with an extracellular li-
gand-binding motif and an intracellular kinase
domain. As discussed in other chapters, a com-
mon mode of RTK activation involves receptor
dimerization induced by ligand binding (Lem-
mon and Schlessinger 2010).

Regulated access of ligand to receptor, over
distance and time, is key to controlling signal-
ing. Ligands are frequently synthesized as trans-
membrane forms; when they remain mem-
brane-tethered and cannot diffuse, the range
over which they can operate islimited to adjacent
cells (Massague and Pandiella 1993; Singh and
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Harris 2005). Other ligands are soluble secretory
proteins. This enables paracrine and endocrine
signaling—communication between nonadja-
cent cells. A more complex mode of signaling
exploits the characteristics of both of the above.
Ligand is synthesized as a transmembrane pre-
cursor, which is then shed from the cell sur-
face by proteolysis. This adds an additional and
stringent regulatory step to a signaling network
(Massague and Pandiella 1993).

This chapter will focus on RTK ligand cleav-
age and its regulation. We shall highlight how
shedding is often critical for signaling, and de-
scribe the protease families that catalyze ligand
release in flies and mammals. An emergent
theme is that regulated trafficking and compart-
mentalization of ligand and protease modulate
signaling. Another theme will be the range of
stimuli that impinge on shedding.

The epidermal growth factor receptor
(EGFR) is an excellent model RTK to illustrate
the regulation of ligand proteolysis because the
requirement for ligand cleavage in signaling is
well established, and the major physiological
sheddases have been identified (Blobel 2005).
Where warranted, physiological evidence for
the role of ligand shedding in the regulation of
other RTKs will also be discussed. Whereas we
shall deal mostly with ADAM proteases (“a dis-
integrin and metalloprotease”), which represent
the canonical mammalian RTK ligand shed-
ding machinery, the rhomboid family of intra-
membrane proteases will also be discussed.

THE EGFR—A PARADIGM FOR RTK
REGULATION BY LIGAND CLEAVAGE

EGER signaling has many developmental and
physiological roles in flies and mammals (Shilo
2003; Sibilia et al. 2007). EGFR ligands in both
species have the same domain organization and
topology (Fig. 1) (Schneider and Wolf 2009).
They are usually type I transmembrane pro-
teins with an amino-terminal extracellular do-
main (ectodomain); therein lies a conserved
motif called the EGF domain that is responsible
for receptor binding. The EGF domain occurs
in all EGFR ligands, but also in other contexts
(Davis 1990). For cleavage to occur, the trans-

membrane ligand precursor must be trafficked
into the same membranous compartment as
its shedding protease, allowing proteolytic acti-
vation into a secreted ligand. We will now com-
pare and contrast ligand shedding in flies and
mammals.

REGULATION OF EGFR SIGNALING IN
DROSOPHILA BY LIGAND PROTEOLYSIS

Flies have a relatively simple EGFR pathway:
they have a single receptor and only four ligands
(Shilo, 2003). As in mammals, most of the li-
gands (Spitz, Gurken, and Keren) are synthe-
sized as transmembrane precursors, whereas
Vein, which resembles neuregulins, is soluble
(Freeman 1998). Spitz, a TGF-a-like molecule,
is the most important EGFR-activating ligand;
the others play subsidiary or tissue-specific roles
(for example, Brown et al. 2007). For all three
membrane-tethered ligands, their activation re-
quires cleavage by rhomboid proteases (Urban
et al. 2002).

Rhomboids are integral membrane proteins
that contain six or seven transmembrane do-
mains (Fig. 2) (Freeman 2009). First identified
in flies, genetic analysis showed that rhomboid-
1 was involved in EGFR signaling but its precise
role was obscure (Ruohola-Baker et al. 1993;
Sturtevant et al. 1993; Freeman 1994). Genetic
mosaic experiments indicated that it acted in
the signal-emitting cell, rather than the EGFR-
expressing cell, implying a role in signal gener-
ation (Wasserman et al. 2000). This enigma was
resolved when rhomboids were shown to be
serine proteases (Urban et al. 2001) controlled
bya catalytic dyad (Lemberg et al. 2005). Rhom-
boids cleave their substrates within or close to
the upper part of the transmembrane domain
(Urban et al. 2003; Strisovsky et al. 2009), but
this raises the question of water accessibility for
a proteolytic reaction in a membrane environ-
ment. This was resolved by high-resolution
crystal structures of bacterial rhomboids. The
catalytic site lies in a hydrophilic depression,
just inside the lipid bilayer (Wang et al. 2006;
reviewed in Lieberman and Wolfe 2007). In ad-
dition to regulating EGFR signaling in flies,
rhomboids exist in all kingdoms of life. They
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Figure 1. Topology of epidermal growth factor receptor (EGFR) ligands. EGFR ligands are type I transmembrane
proteins with an extracellular (luminal) amino-terminus and a cytoplasmic carboxyl terminus. The domain
structure of various EGFR ligands is indicated. (A) Drosophila Spitz, and the mammalian EGFR ligands TGF-a,,
Betacellulin, Epiregulin, and Epigen have a basic structure containing an amino-terminal prodomain and a
bioactive EGF domain (indicated in blue). (B) Amphiregulin and HB-EGF contain a heparin binding motif
amino terminal to the EGF domain (indicated in green); this facilitates binding to extracellular proteoglycans.
Proteolytic cleavage occurs within the juxtamembrane domain between the EGF domain and the TMD; pro-
teolytic removal of the amino-terminal prodomain also occurs (A,B). (C) Epidermal growth factor (EGF)
contains additional EGF domains. The EGF domain closest to the membrane can activate the EGFR, whereas
the remaining eight EGF domains cannot. The role of these is unclear, although they may play a role in regulating
cell—cell adhesion. Cleavage liberates the bioactive EGF domain from the transmembrane precursor; depending
on the tissue/context, the other EGF modules may either remain on the soluble molecule, or are cleaved off.

regulate processes as diverse as quorum sensing ~ Regulation of Drosophila EGF Ligand

in bacteria, host invasion in Plasmodium, and  Cleavage by Trafficking

mitochondrial homeostasis in eukaryotes (Ur-

ban and Dickey 2011), but their roles in mam-  Transcription is a primary regulator of rhom-
mals are less well understood. boid in flies (Bier et al. 1990). Superimposed on

Cytoplasm

Figure 2. Domain structure of a rhomboid protease. Secretase rhomboids are polytopic transmembrane proteins
with a cytoplasmic amino terminus and six or seven transmembrane domains. The catalytic serine and histidine
residues are positioned within the upper third of transmembrane helices 4 and 6, respectively.
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this, ligand cleavage in Drosophila is controlled
by the compartmentalization of the growth fac-
tor and rhomboid (Fig. 3) (Lee et al. 2001). As
for all proteins that enter the secretory path-
way, Drosophila Spitz is synthesized in the endo-
plasmic reticulum (ER). Spitz is retained in the
ER by a mechanism that depends on phospho-
lipase C-y (Schlesinger et al. 2004). Thus, Spitz
is spatially separated from its shedding prote-
ase, rhomboid-1, which is Golgi-resident. This
segregation is overcome by a trafficking part-
ner called Star, whose role is to escort Spitz to
the Golgi, where Spitz is cleaved by rhomboid-1
(Fig. 3) (Lee et al. 2001).

Recent evidence suggests the potential for
even more intricate trafficking regulation. An-
other rhomboid, rhomboid-3, can cleave Spitz
in both the ER and the later secretory pathway
(Yogev et al. 2008). Spitz cleavage in different
compartments exerts a radically different out-
come on signaling. In the late secretory pathway,
rhomboid-3 cleavage of Spitz is analogous to
rhomboid-1: it is Star-dependent and leads to
EGEFR activation (Yogev et al. 2008). In contrast,
ER cleavage of Spitz is an inactivating step be-
cause it leads to ER retention. In addition, it has
been reported that proteolysis of Star by rhom-
boid-3 inhibits ER exit of Spitz, thereby attenu-
ating EGFR activation (Tsruya et al. 2007).

In summary, the basis for maintaining con-
trol over EGFR activation in the fly involves

keeping growth factor and enzyme apart, until
signaling is required.

REGULATION OF EGFR SIGNALING
IN MAMMALS

Mammalian EGFR Ligands

Although the mechanisms of regulation are
different in mammals, the logic of regulated
trafficking and compartmentalization is con-
served. Regulation of shedding is more complex
in mammals and includes posttranslational reg-
ulation of the shedding protease (Blobel 2005;
Murphy 2008). Mammals have four members
of the EGF receptor family: ErbB1-B4. Of
these, only ErbB1 and ErbB4 are truly analo-
gous to fly EGFR in that they bind ligand and
are active RTKs; ErbB2 cannot bind ligand,
whereas ErbB3 lacks kinase activity (Yarden
and Sliwkowski 2001). Although ErbB2 and
ErbB3 cannot therefore signal autonomously,
they can form productive heterodimers with
ErbB1 and ErbB4, thereby diversifying signaling
properties (Citri et al. 2003).

For convenience, mammalian EGFR ligands
can be separated into two classes, based on re-
ceptor-binding preferences (Harris et al. 2003).
The first class, comprising ligands that bind to
ErbB1, are amphiregulin (AREG), betacellulin
(BTC), epidermal growth factor (EGF), epigen,

-/
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Figure 3. Regulated Spitz trafficking controls EGFR activation in Drosophila. Spitz is synthesized in the endo-
plasmic reticulum (ER) as a transmembrane precursor. Exit of Spitz from the ER to the Golgi requires the
chaperone protein, Star (illustrated in red). On entry to the Golgi, Spitz encounters rhomboid (illustrated in
blue) and undergoes proteolysis within the transmembrane domain. Spitz can now be secreted, thereby facil-

itating EGFR activation on a nearby cell.
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epiregulin (EPR), heparin-binding EGF (HB-
EGF), and transforming growth factor o (TGF-
a) (Massague and Pandiella 1993; Schneider
and Wolf 2009). Members of the neuregulin
family (Nrgl-4) form the second group of li-
gands. These can bind to ErbB3/ErbB4 and in-
clude the multiple and complex splice variants
of Nrgl (Falls 2003). In addition, some mem-
bers of the first class also show activity on ErbB4:
BTC, HB-EGE and EPR (Harris et al. 2003).
As shown in Figure 1, with the exception of
EGE most ligands have a domain structure re-
sembling Drosophila Spitz. They are type I trans-
membrane proteins (their amino termini are
on the luminal side of the membrane) and con-
tain an amino-terminal prodomain, followed
by a single EGF domain, a transmembrane do-
main, and cytoplasmic tail. Amphiregulin and
HB-EGF have a heparin-binding motif located
amino terminal to the EGF domain (Fig. 1)
(Cook et al. 1991; Higashiyama et al. 1991).
This allows binding to proteoglycans in the ex-

Propeptide

Disintegrin

Cysteine-rich

RTK Ligand Processing

tracellular matrix and provides an extra mech-
anism to control ligand diffusion after cleavage
(Piepkorn et al. 1998). EGF itself is somewhat
unusual, because it contains eight EGF repeats
amino terminal to the actual bioactive EGF do-
main (the module closest to the TMD) (Fig. 1).

ADAM PROTEASES
ADAM Protease Domain Structure

Mammalian EGFR ligand cleavage requires
ADAM proteases instead of rhomboids. These
are single-pass transmembrane proteins and
their active sites are located on the extracellular
side of the membrane, not within it (Fig. 4).
Substrate cleavage typically occurs on the cell
surface or within the late secretory pathway
(Murphy 2008). Mammalian genomes contain
multiple ADAM genes, a total of 21 in humans,
of which 13 are predicted to be catalytically ac-
tive (Blobel 2005). Rodent genomes have addi-

Cytoplasm

Figure 4. Domain structure and activation of ADAM metalloproteases. ADAMs are type I transmembrane
proteins containing extracellular (luminal) amino termini and cytoplasmic carboxyl termini. (A) ADAMs are
synthesized as a zymogen proform that lacks proteolytic activity, because the prodomain binds within the active
site cleft. Removal of the prodomain by autocatalysis or by the proportein convertase, furin, is required before
the enzyme can be active. (B) After processing, the prodomain may remain bound to the active site, and may
require displacement before the ADAM can be active. When activated by signals, ADAMs cleave their substrates
with a region just outside the membrane (within the juxtamembrane region).
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tional ADAMs, many of which are testes-specif-
ic (Puente and Lopez-Otin 2004).

ADAMs contain a complicated domain
structure (Fig. 4). Beyond the amino-terminal
signal peptide, they contain a bifunctional pro-
domain. During biogenesis, it acts as a chap-
erone (Leonard et al. 2005) and subsequently
maintains the enzyme in a zymogen (inactive)
form during transit through the secretory path-
way (Gonzales et al. 2008). Before ADAMs reach
the cell surface, the inhibitory prodomain must
be removed. Some ADAMs remove their prodo-
main autocatalytically (Murphy 2009), whereas
for others (including ADAMs 10 and 17), it is
removed in the late Golgi by the proprotein
convertase furin (Peiretti et al. 2003a).

Adjacent to the prodomain is the catalytic
heart of the enzyme, the metalloprotease do-
main, which contains the zinc-coordinating
HEXHH catalytic motif (Blobel 2005). Next to
this lies a disintegrin domain that derives its
name from a similarity to an integrin-binding
protein secreted in snake venom (Blobel and
White 1992). In some ADAMs, extracellular ma-
trix interactions with this domain may influ-
ence cell—cell adhesion (White 2003). The cys-
teine-rich region, which may influence substrate
recognition (Smith et al. 2002), is located fur-
ther toward the carboxyl terminus, followed by
an EGF domain and transmembrane domain.
On the other side of the membrane lies the cy-
toplasmic tail, which may be important for sens-
ing cytoplasmic signals that regulate traffick-
ing and control enzyme activity. Regulation of
ADAM trafficking and activity is discussed later.

Physiological Importance of ADAMs
in EGFR Ligand Shedding

It has been proposed that the membrane-teth-
ered versions of some ligands can initiate juxta-
membrane activation of the EGFR (Singh and
Harris 2005). However, as in Drosophila, the im-
portance of ligand shedding is very clear. First,
as described below, ADAM mutant mice essen-
tially phenocopy the EGFR ligand knockouts;
second, pharmacological inhibition of metallo-
proteases blocks EGFR activation (Dong et al.
1999).

Although several ADAMs can cleave EGF
ligands, physiological evidence suggests that
TACE (tumor necrosis factor a-converting en-
zyme) also known as ADAM17, and ADAM10
are the major mammalian EGFR ligand shed-
dases. ADAM10 and TACE orthologs also exist
in Drosophila, although they do not appear to be
involved in EGFR ligand processing (Delwig and
Rand 2008). In mammals, robust genetic and
biochemical data suggest that TACE is most im-
portant: TACE knockout mice phenocopy many
aspects of individual EGFR ligand knockouts,
particularly TGF-o and HB-EGF knockouts.
This includes defects in epithelial maturation,
premature eyelid opening, hair follicle defects,
lung branching morphogenesis defects, and
heart valve malformations (Luetteke et al. 1993;
Mann et al. 1993; Peschon et al. 1998). The im-
portance of shedding is further highlighted by
experiments in mice expressing a noncleavable
version of HB-EGE These animals show severe
heart failure and enlarged heart valves: a pheno-
copy of the HB-EGF knockouts (Iwamoto et al.
2003; Yamazaki et al. 2003). Experiments using
primary and immortalized cells (embryonic fi-
broblasts and keratinocytes) from TACE-null
mice confirm that it sheds TGF-o, HB-EGE am-
phiregulin, and epiregulin (Merlos-Suarez et al.
2001; Sunnarborg et al. 2002; Sahin et al. 2004).

ADAMI10 knockout mice die in utero, be-
cause of Notch-related defects (on ligand bind-
ing, the receptor Notch is cleaved sequentially
by ADAM10, then vy secretase; this triggers tran-
scription of Notch target genes) (Hartmann
etal. 2002). Because of this lethality, ADAM10’s
contribution to ligand shedding in individual
tissues has not been examined. However, exper-
iments using immortalized embryonic fibro-
blasts show that it is required for EGF and BTC
cleavage (Sahin et al. 2004).

A number of other ADAMs can also cleave
EGEFR ligands (Edwards et al. 2008). For exam-
ple, ADAMs 8, 9, 12, and 15 can process HB-
EGF; EGF can be shed by ADAMs 8, 9, 12, and
19 and betacellulin by ADAMs 8, 12 and 19
(Izumi et al. 1998; Asakura et al. 2002; Schafer
et al. 2004). Although these ADAMs are not
major physiological EGFR ligand sheddases,
there may be pathological contexts in which
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their deregulated expression or activity contrib-
utes to cleavage (Sahin et al. 2004; Horiuchi et
al. 2007a). Related to this, ADAM10 can cleave
TACE substrates when the activity of the latter is
inhibited (Le Gall et al. 2009).

REGULATION OF ADAMS

EGEFR ligand cleavage is not the only biological
role of ADAM proteases. ADAM10 and TACE
also regulate processes as diverse as inflamma-
tion, Notch signaling, cell adhesion, amyloid
precursor protein processing, neuronal migra-
tion, and angiogenesis (Blobel 2005; Edwards
et al. 2008). TACE itself was identified as the
physiological sheddase for TNF (tumor necrosis
factor) (Black et al. 1997); when secreted, this
cytokine is the primary regulator of inflamma-
tory responses (Palladino et al. 2003). For TACE
alone, more than 50 substrates have been iden-
tified (Edwards et al. 2008). This raises an
important question: How can a seemingly pro-
miscuous sheddase control a given signaling
pathway with the necessary precision?

Stimuli that Trigger ADAM Shedding

ADAMI10 and TACE are controlled by distinct
signaling circuits. TACE can be activated rapidly

GPCR

ligands Phorbol

esters

messengers

"> Kinases

RTK Ligand Processing

and powerfully by multiple signals including
pharmacological stimuli like phorbol esters,
which operate via protein kinase C (Fig. 5) (Ro-
vida et al. 2001; Doedens et al. 2003). TACE is
also activated by a more physiological but com-
plex process known as transactivation (Fig. 5)
(Gschwind et al. 2001; discussed by Ullrich and
colleagues). Transactivation occurs when G-
protein coupled receptor (GPCR) stimulation
indirectly triggers activation of the EGFR. In
outline, GPCR agonists (e.g., bombesin, angio-
tensin II, serotonin, hormones) trigger a rather
poorly defined signaling cascade that activates
TACE, resulting in ligand processing ( principal-
ly HB-EGF) and consequent EGFR activation
(Fig. 5). Itis now clear that EGFR transactivation
plays critical physiological roles in angiogenesis,
heart development, and neurogenesis (Gsch-
wind etal. 2001). Itis also implicated extensively
in tumor growth, invasion and metastasis (Lap-
pano and Maggiolini 2011). TACE activity can
also be induced by many other pathways includ-
ing toll receptors, multiple kinases, and even
cleaved TACE substrates (Diaz-Rodriguez et al.
2002; Soond et al. 2005). In summary, TACE lies
at the heart of a complex regulatory network,
responsible for multiple potent signaling events.

ADAMIO is also regulated by a different
complement of signals. Itis not affected by phor-

Signaling
cascade

\Z

Figure 5. Transctivation of the EGFR by G protein-coupled receptors (GPCRs). Activation of GPCRs by agonists
triggers a signaling cascade involving second messengers including Ca*" and protein kinase C (PKC). This
induces TACE cleavage of EGFR ligands (including HB-EGF), culminating in EGFR activation. How these
signals trigger TACE activation remains unclear (see text). Phorbol esters such as PMA can also trigger TACE

via a mechanism that involves PKC.
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bol esters, but can be activated by calcium ion-
ophores, calmodulin inhibition, and the metal-
loprotease-activating drug p-aminophenylmer-
curic acetate (Sanderson et al. 2005; Horiuchi
et al. 2007a). More physiologically, activation
of purinergic receptors can also trigger ADAM
10 activity (Le Gall et al. 2009), as can GPCRs
(Lemjabbar and Basbaum 2002). For both TACE
and ADAM10, the cytoplasmic tail may be re-
quired for receiving input stimuli, although the
mechanism remains unclear (Horiuchi et al.
2007a).

How do these diverse stimuli activate TACE?
Despite extensive study, this is still disappoint-
ingly unclear. Proposed mechanistic effects on
TACE can be divided into three classes: regula-
tion of enzyme activity on the plasma mem-
brane, regulated access of enzyme to substrate,
and control of TACE trafficking. Given the diver-
sity of signals that can control TACE, it is quite
possible that different mechanisms are used in
different contexts.

Impact of Stimuli on TACE Activity
on the Plasma Membrane

Signals may impinge directly on the activity of
mature TACE on the plasma membrane. A re-
cent study from Blobel and colleagues has sug-
gested that phorbol esters can trigger a confor-
mational change in the TACE active site, thereby
enhancing proteolytic activity (Le Gall et al.
2010). This suggests a model whereby prodo-
main removal from TACE is not sufficient to
render it fully active—an additional conforma-
tional rearrangement of the active site architec-
ture is also required. It will be interesting to
establish how signals trigger these potential ac-
tive site conformational changes, whether this
impacts directly on TACE or on a cofactor, and
how this class of mechanism integrates with
other forms of control.

The Timps (tissue inhibitors of metallo-
proteases) are another class of ADAM regula-
tors that impact directly on enzymatic activity.
These soluble proteins inhibit matrix metallo-
proteases and ADAMs by inserting their amino-
terminal wedge-shaped cleft into the active site
of the enzyme (Wisniewska et al. 2008). There

are four Timps in mammals; of these, ADAM10
can be inhibited by Timp1 and Timp3, whereas
TACE is inhibited only by Timp3 (Murphy
2011). The impact of Timp on TACE shedding
of EGF ligands is unclear; although some evi-
dence suggests that loss of Timp3 affects EGFR
ligand shedding in vivo (Murthy et al. 2010), a
recent study suggests that loss of Timp3 in
mouse embryonic fibroblasts has little impact
on phorbol ester-triggered TACE shedding (Le
Gall et al. 2010). Interestingly, the biggest phys-
iological impact of loss of Timp3 is its effect on
TNF shedding. As described above, as well as
regulating EGFR signaling, TACE controls in-
flammation and apoptosis via cleavage of TNE
Reflecting this, deletion of Timp3 in mice caus-
es uncontrolled TNF shedding by TACE, result-
ing in excessive inflammation caused by TNF
perturbation (Mohammed et al. 2004; Guin-
ea-Viniegra et al. 2009). Perhaps control by
Timps of TACE activity is a means of regulating
specificity in the face of multiple stimuli.

Tetraspanins: Spatial Control of
ADAM Shedding

Another way of controlling TACE activity on
the plasma membrane is by modulating access
to substrates or regulators. This can be achieved
by tetraspanins, which form a large family of
proteins with four transmembrane domains in
mammals (Yanez-Mo et al. 2011). The function
of tetraspanins is diverse and not well under-
stood in many cases but a common theme is
the organization of membrane proteins into de-
fined microdomains (Hemler 2005). They have
been found in association not only with ADAMs
(particularly ADAM10), but also EGF ligands
and the EGFR itself, suggesting that they may
have complex influences on signaling (Imhof
et al. 2008; Murayama et al. 2008).
Tetraspanins can inhibit or promote ligand
proteolysis, depending on the context. For in-
stance, binding of tetraspanins, including CD9,
CD81, and CD82, to ADAMI0 promotes li-
gand shedding (Arduise et al. 2008). How this
promotes cleavage is unclear, although an obvi-
ous possibility is regulating access of enzyme
to substrate. In the case of tetraspanin-12, oth-
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er possibilities include enhanced prodomain re-
moval, or stabilizing the active enzyme (Xu et al.
2009).

In contrast, the tetraspanin CD9, which can
bind to TACE and also to EGFR ligands, reduces
shedding (Higashiyama et al. 1995; Imhof et al.
2008). By inhibiting ligand cleavage, tetraspa-
nins may regulate switching from shedding to
juxtamembrane signaling. In addition to corral-
ling membrane proteins on the cell surface, CD9
may also influence ligand biogenesis /trafficking
through the secretory pathway (Berditchevski
and Odintsova 2007). Overall, it appears that
rather than behaving as specific regulators of
shedding, tetraspanins may represent a spatial
anchoring network for many membrane pro-
teins. They may control access of enzyme to
substrate within membrane microdomains, or
by coordinating access of signaling proteins that
regulate ADAM activity.

Impact of Stimuli on TACE Trafficking

Clearly, before TACE can reach the cell surface as
an active protease, it must first transit through
the secretory pathway. Significant fractions of
endogenous TACE are found within intracel-
lular compartments (Schlondorff et al. 2000;
Soond et al. 2005). This suggests that TACE bio-
genesis or trafficking is rate-limiting and may
require chaperones or cofactors. Indeed, where-
as many glycoproteins transit through the secre-
tory pathway quite rapidly (within minutes to
hours) (Ward and Kopito 1994; Jansens et al.
2002), TACE trafficking is considerably slower
(Schlondorff et al. 2000). Consistent with this,
enhanced trafficking and furin cleavage has
been suggested as a mechanism whereby signals
activate TACE (Soond et al. 2005).

TACE Trafficking Regulators

A controversy concerns the role of the TACE cy-
toplasmic tail. In response to signals, the TACE
cytoplasmic tail is phosphorylated by kinases,
including extracellular-signal-regulated kinase
(ERK), and this has been suggested to enhance
TACE trafficking (Fan et al. 2003; Soond et al.
2005; Xu and Derynck 2010). Some studies,

RTK Ligand Processing

however, have reported that the TACE tail is dis-
pensable for signaling (Horiuchi et al. 2007a).
In other approaches, it has been shown that
the tails of many ADAMs possess SH3-binding
sites; this has encouraged the search for binding
partners (Seals and Courtneidge 2003). Yeast
two-hybrid screens have identified TACE tail-
interacting proteins, several of which contain
SH3 domains and/or PDZ domains (Zheng
et al. 2002; Peiretti et al. 2003b; Tanaka et al.
2004). Disappointingly, however, the physiolog-
ical importance of these interactions remains to
be shown. Overall, there is probably insufficient
evidence to make a definitive judgment about
the significance of the cytoplasmic tail of TACE;
perhaps its role is different in different cellular
contexts.

MAMMALIAN RHOMBOIDS AND RTKS

iRhoms: Pseudoprotease Regulation
of RTK Ligand Shedding

As mentioned above, although TACE activity
and trafficking is highly controlled, physiologi-
cally important regulators are lacking. However,
we and others have recently shown that a pro-
tein called iRhom is essential for TACE traffick-
ing (Adrain et al. 2012; Mcllwain et al. 2012;
Siggs et al. 2012). iRhoms are a metazoan sub-
family of rhomboid-like proteins that lack key
catalytic residues, rendering them proteolytical-
ly inactive (Fig. 6) (Adrain and Freeman 2012).

There are two mammalian iRhoms (also
called RHBDF1 and RHBDF2). iRhom1/RHB
DF1 has been broadly implicated in growth con-
trol of cancer cells and EGFR signaling, al-
though the mechanistic basis for this is unclear
(Nakagawa et al. 2005; Yan et al. 2008). Recently,
however, the cellular function of mammalian
iRhoms has been revealed: iRhom?2 is essential
for the export of TACE from the ER, and thereby
for the shedding of TACE substrates (Adrain
etal. 2012; Mcllwain et al. 2012). In macrophag-
es the primary role of TACE is TNF release, and
accordingly iRhom2 mutant mice do not secrete
TNF in response to immune challenge. Process-
ing of the TACE substrate HB-EGE is also defec-
tive in iRhom2-null cells, suggesting that mam-
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Figure 6. Regulation of RTK signaling by iRhoms. (A) Comparison of an active rhomboid and an iRhom. In
comparison with an active rhomboid (left), iRhoms (right) contain an extended cytoplasmic amino terminus
and a globular cysteine-rich domain called the iRhom homology domain (iRHD) within the lumen of the ER.
All iRhoms have a conserved proline residue immediately amino terminal to the serine in TMD 4; this renders
iRhoms proteolytically inactive. (B) Drosophila iRhom regulates ER-associated degradation of EGFR ligands.
Spitz is normally trafficked out of the ER by Star and encounters rhomboid in the Golgi (Fig. 3). (Legend
continues on following page.)
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malian iRhom can act as a positive regulator of
the EGFR. Therefore iRhom is an important
trafficking regulator required for the ER exit of
TACE. How signals impact on the ability of
iRhom to control TACE activation remains to
be established.

In Drosophila, iRhom is also implicated in
trafficking regulation, but in a different manner.
It controls EGFR signaling, but unlike its effects
on TACE, it is an inhibitor rather than an acti-
vator of trafficking. Flies null for iRhom show a
severe activity phenotype (Zettl et al. 2011),
which phenocopies the effect of rhomboid over-
expression in the central nervous system (Fol-
tenyi et al. 2007). At the cellular level, iRhom
binds to EGFR ligands in the ER, and directs
them into ERAD (ER-associated degradation);
this blocks their onward trafficking and pre-
vents them from activating EGFR signaling
(Zettl et al. 2011). ERAD is a fundamental cel-
lular quality control process, whereby misfolded
proteins in the ER are retrotranslocated into the
cytoplasm and degraded by the proteasome
(Smith et al. 2011). In Drosophila, iRhoms ex-
ploit this mechanism to regulate signaling.

Rather confusingly, therefore, the Drosoph-
ila and mammalian results imply that in differ-
ent contexts, iRhoms can either inhibit or pro-
mote signaling. The mechanism underlying this
dual function remains to be determined, but it
is clear that iRhoms are ER-localized trafficking
regulators that impact on, among other path-
ways, EGFR signaling (Fig. 6). More generally,
they add another example of compartmentali-
zation as a way of controlling of RTK signaling.

Active Mammalian Rhomboids

We have highlighted that ADAMs are the prin-
cipal mammalian EGFR ligand sheddases. But

RTK Ligand Processing

whether they are the only sheddases remains
to be proven. There are suggestions of other
ligand-shedding activities, including serine
proteases (Pandiella et al. 1992; Le Gall et al.
2004). Tissue-specific heterogeneity in the mo-
lecular weight forms of cleaved ligands also
suggests that different sheddases exist (Demp-
sey et al. 1997). Furthermore, given that many
signaling components are conserved between
flies and mammals, a role for rhomboids in
mammalian EGFR ligand cleavage is also pos-
sible.

Four mammalian rhomboid proteases lo-
calize to the secretory pathway, although phys-
iological substrates have yet to be identified for
most (Lohi et al. 2004). Of these, RHBDL2 is
the best characterized. RHBDL2 shows a re-
stricted expression pattern in the mouse includ-
ing intestine, stomach, prostate, bladder, and
skin. These are tissues where ErbB1 and one of
its ligands, EGE are expressed. Consistent with
this, EGF is an efficient substrate of RHBDL2
(but not other rhomboids) in cell culture as-
says (Adrain et al. 2011). Although the physio-
logical significance of RHBDL2 cleavage of EGF
is unknown, RHBDL2 contributes to the shed-
ding of EGF in some tumor cells (Adrain et al.
2011). In these cases, ADAM inhibition alone
cannot block shedding, suggesting that there
may be some therapeutic contexts where block-
ing ADAMs may not necessarily inhibit EGF
cleavage. Despite the possible relationship be-
tween RHBDL2 and EGE most mammalian
EGF family ligands appear not to be cleaved by
rhomboids, implying other, as yet unknown
functions for these intramembrane proteases.
Notably, atleast two other substrates of RHBDL2
have been reported, although, again, their bio-
logical relevance remains obscure (Lohi et al.
2004; Pascall and Brown 2004).

Figure 6. (Continued) However in the presence of iRhom, Spitz is retained in the ER and instead, shunted into
the ER-associated degradation (ERAD). This results in its dislocation from the ER membrane and degradation
by the proteasome. As a result, no Spitz enters the Golgi for cleavage and EGFR signaling is attenuated. (C)
Regulation of TACE trafficking by mammalian iRhom?2. TACE is synthesized in the ER as an inactive zymogen
containing the prodomain (the TACE prodomain is indicated in orange). iRhom is required for trafficking of
TACE into the Golgi, where it undergoes prodomain cleavage by furin. Active TACE can then cleave its substrates

in the late Golgi or on the cell surface.
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OTHER RTKS REGULATED BY LIGAND
PROTEOLYSIS

Cleavage of Ephrins

Although the importance for ligand cleavage is
most studied in the EGFR, shedding also regu-
lates other RTKs. The regulation of Eph signal-
ing is particularly interesting because it is atyp-
ical. Rather than being an activating step, ADAM
cleavage is required to switch off signaling. Reg-
ulation of axonal guidance requires cell—cell re-
pulsion, driven by the interaction between Eph
receptors on one cell and membrane-tethered
ephrin ligand on an adjacent cell (Pitulescu
and Adams 2010). As the Eph:ephrin interac-
tion is multivalent and high affinity, receptor:
ligand complexes favor cell—cell adhesion. But
successful repulsion requires signal termina-
tion, which necessitates breaking Eph:ephrin
complexes. One way in which this is achieved
is via proteolysis.

ADAMIO is the ephrin protease (Hattori et
al. 2000; Janes et al. 2005). To terminate signal-
ing, ADAM10 recognizes assembled Eph:ephrin
complexes and severs them by cleaving the li-
gand in trans on the adjacent cell; unbound li-
gands are ignored (Davis et al. 1994). Failure to
cleave ephrins delays axon withdrawal (Hattori
et al. 2000). The role of ADAM proteolysis in
Eph signaling may be conserved in flies, as mu-
tants in the ADAM10 homolog, Kuzbanian,
show an axonal extension defect (Fambrough et
al. 1996). Although the physiological context is
yet unclear, the mammalian rhomboid protease
RHBDL2, can also cleave ephrinB3, leading to
the possibility of analogous rhomboid regula-
tion of Eph signaling (Pascall and Brown 2004).

In some contexts, Eph:ephrin signaling is bi-
directional in nature. As well as triggering RTK
activity in the receptor-bearing cells, a signal is
triggered in the ligand-expressing cell (Georga-
kopoulos et al. 2006). This is important for the
role of ephrinB2 in cardiac valve maturation
and axon path finding (Cowan et al. 2004). On
ADAMIO0 cleavage of receptor-bound ephrin,
the transmembrane stub is further cleaved by
y-secretase and the carboxy-terminal fragment
thus generated drives an Src-associated signal-
ing cascade (Georgakopoulos et al. 2006).

Shedding of Ligands of the PDGF Family

Some members of the PDGF (platelet-derived
growth factor) receptor subfamily are regu-
lated by ligand shedding, including cKit/SCFR
(Huang et al. 1992), FLT3/Flk2 (Horiuchi et
al. 2009), and CSFIR/Ems (Horiuchi et al.
2007b). These RTK pathways play important im-
mune roles including regulating haematopoie-
sis (cKit and FIT3) (Ashman 1999; Naoe and
Kiyoi 2004) or macrophage and osteoclast de-
velopment (CSF1R) (Cecchini et al. 1997). The
ligand for cKit is expressed in two alternative
splice forms: Kit ligand 1 (KL-1) contains an
extra exon upstream of the juxtamembrane re-
gion that renders it readily susceptible to pro-
teolytic shedding, whereas KL-2 lacks this exon
and is cleaved less efficiently (Huang et al. 1992).
As for many other RTK ligands, the principal
Kitligand sheddase is unknown, and several en-
zymes including ADAMs have been suggested
(Huangetal. 1992). Atleast in mouse embryonic
fibroblasts, TACE is essential for phorbol ester-
induced shedding of KL-1 and KL-2, as well as
for the constitutive shedding of KL-2 (Kawagu-
chi et al. 2007). However, constitutive shedding
of KL-1 is not impaired in TACE null fibroblasts
and cannot be inhibited by the metalloprotease
inhibitor BB94, implicating another sheddase.
Despite the importance of ligand shedding to
activate Kit signaling, it is important to note
that expression of soluble Kit ligand in mice can-
not fully rescue the KitL knockout phenotype,
illustrating that juxtamembrane signaling is also
important (Brannan et al. 1991).

DEREGULATED LIGAND SHEDDING
AND CANCER

A common theme for all RTK families is that
once activated, the receptors can drive tumor
growth, promote cell survival, migration, and
resistance to chemotherapy (Lemmon and Sch-
lessinger 2010; Sastry and Elferink 2011). Be-
cause proteolysis is irreversible, shedding can
be the commitment point for unleashing potent
signals. Amplification or mutation of RTKs can
render them more sensitive to growth factors.
When combined with excessive ligand shedding,
this establishes an autocrine loop that enables
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cells to proliferate independently of the require-
ment for external cues (Di Marco et al. 1989).
This is one route to malignant transformation
(Sporn and Roberts 1985). EGFR amplification
combined with increased growth factor shed-
ding has been observed in diverse human can-
cers including gliomas and malignancies of the
lung, bladder, gastric tract, esophagus, breast,
ovaries, and head and neck tumors (Gullick
1991; Salomon et al. 1995). Other deregulated
feedback loops can also drive cancer. Activa-
tion of the EGFR drives Ras activity, which can
promote increased ligand transcription (Baselga
et al. 1996), and kinases downstream of Ras
can regulate TACE; this in turn amplifies EGFR
signaling (Diaz-Rodriguez et al. 2002; Soond
et al. 2005).

Increased expression of sheddases, includ-
ing TACE, occurs in many tumors, contributing
to metastasis and correlating with reduced pa-
tient survival rates (Murphy 2008). Increased
crosstalk between many GPCRs and the EGFR
also plays a significant role in cancer develop-
ment and metastasis (Lappano and Maggiolini
2011). Another important factor is the interplay
in signals between tumor and stromal cells. Re-
cruitment of inflammatory cells to the tumor
microenvironment is known to result in secre-
tion of RTK ligands that enhance tumor growth
(Wyckoft et al. 2004). These examples all high-
light the medical importance of the control
mechanisms discussed in this chapter and imp-
ly the therapeutic rationale of targeting the pro-
teases that lie at the heart of much RTK activa-
tion. The ADAM proteases, for example, with
their central position in both growth factor and
cytokine activation, have been the focus of much
pharmaceutical interest (Saftig and Reiss 2011).
Attempts to inhibit them, however, have so far
been disappointing, possibly because metallo-
proteases share a common active site architec-
ture, resulting in off-target effects and toxicity
(Coussens et al. 2002; DasGupta et al. 2009).

CONCLUDING REMARKS

It is clear that ligand shedding is a pivotal step
for RTK activation in many contexts, particu-
larly for the EGFR, but also for other RTKs.

RTK Ligand Processing

Whereas there has been progress in identifying
the major physiological ligand proteases, much
remains to be understood about the diverse
mechanisms that trigger and regulate shedding.
The primary mechanistic theme that we have
emphasized is the role of regulated traffick-
ing and compartmentalization of ligands and
shedding proteases as a powerful and versatile
mode of control. This regulatory logic, which
exploits the exquisite regulation of cellular mem-
brane trafficking systems, occurs repeatedly,
even when specific components differ. Particu-
lar challenges for the future include understand-
ing how the multiple overlapping signals and
their regulators are integrated in vivo, and how
pathological stimuli, including those emanating
from GPCRs, control protease activity. Clearly
sheddases are important drug targets; however,
the ability to inhibit them specifically and po-
tently still eludes us. Understanding more about
control of proteolysis and the requirement for
trafficking regulators and cofactors will no
doubt identify new drugs targets for the many
important pathways they control.
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