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Abstract
Presenilins (PSs) are catalytic components of the γ-secretase proteolytic complexes that produce
Aβ and cell signaling peptides. γ-Secretase substrates are mostly membrane-bound peptides
derived following proteolytic cleavage of the extracellular domain of typeI transmembrane
proteins. Recent work reveals that γ-secretase substrate processing is regulated by proteins termed
γ-Secretase Substrate Recruiting Factors (γSSRFs) that bridge substrates to γ-secretase
complexes. These factors constitute novel targets for pharmacological control of specific γ-
secretase products such as Aβ and signaling peptides. PS familial Alzheimer’s disease (FAD)
mutants cause a loss of γ-secretase cleavage function at epsilon sites of substrates thus inhibiting
production of cell signaling peptides while promoting accumulation of uncleaved toxic substrates.
Importantly, γ-secretase inhibitors may cause toxicity in vivo by similar mechanisms. Here we
review novel mechanisms that control γ-secretase substrate selection and cleavage and examine
their relevance to AD.
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1. Introduction
γ-Secretase, a proteolytic complex that contains presenilin (PS) at its catalytic core,
processes the Amyloid Precursor Protein (APP) producing Aβ peptides, the structural
components of the amyloid fibers found in amyloid plaques (AP) and cerebrovascular
amyloidoisis (CVA). Substrates of γ-secretase are mostly membrane-bound polypeptides
derived from the cleavage of the extracellular domain of transmembrane proteins usually by
members of the ADAM (A Disintegrin And Metalloproteinase) family of metalloproteinases
(MPs). γ-Secretase participates in two distinct processing pathways of APP termed non-
amyloidogenic and amyloidogenic to denote production of Aβ through the later pathway.
Amyloidogenic processing involves cleavage of extracellular APP by β-secretase (Luo et al.,
2001) resulting in the production of membrane bound peptide APP-CTFβ, the immediate
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precursor of Aβ. It is now generally accepted that APP-CTFβ is cleaved by γ-secretase at
several γ sites producing soluble Aβ peptides with different C-terminal ends (Fig 1A).
Recent data however, raise the intriguing possibility that these peptides are derived from
cleavage at the epsilon (ε) site of substrates (see below). Secreted Aβ peptides may then
aggregate to form the amyloid depositions found in Alzheimer’s disease (AD), Down’s
syndrome and to a fraction of aged non-demented individuals. In the non-amyloidogenic
processing, extracellular APP is cleaved by ADAMs within the Aβ sequence, also called α-
secretase processing (Anderson et al., 1991; Buxbaum et al., 1998), thus inhibiting
production of Aβ (Fig. 1B). Recent work revealed a large number of cell surface proteins
and receptors, including Notch1, cadherins, and Erb4 that are processed similar to the non-
amyloidogenic processing of APP. Proteins are cleaved by ADAMs to yield membrane-
bound peptides termed CTF1s (c-terminal fragments) that are then cleaved by γ-secretase at
ε sites close to membrane/cytoplasm interface to produce cytosolic peptides termed CTF2s
or APP intracellular domain (AICD) for the APP CTF2 (Fig 1B). AICD can also be
produced via the amyloidogenic cleavage of APP (Fig 1A). CTF2 peptides have been shown
to function in signal transduction and gene expression indicating that processing of cell
surface proteins along the MP/γ-secretase pathways result in the production of peptides with
important cellular functions (Robakis, 2003).

Molecular mechanisms of the extracellular and γ-secretase cleavages of proteins are now
emerging, indicating that activity and substrate selectivity of these proteolytic events are
regulated at multiple levels including ligand-receptor binding, calcium influx, NMDA
receptor activation, substrate recruitment, and enzyme trafficking. Recent efforts to reduce
Aβ involve inhibition of γ-secretase by pharmacological agents such as γ-secretase
inhibitors (GSI). In addition to decreasing Aβ however, GSIs inhibit the ε-cleavage of many
proteins including Notch1, cadherins and EphB2 thus inhibiting production of functionally
important CTF2 peptides, an outcome with potentially toxic consequences. Here we review
mechanisms that regulate γ-secretase substrate selectivity and cleavage and examine how
these mechanisms may be used to control production of Aβ and other products of γ-
secretase.

2. Core components and binding partners of the γ-secretase enzymatic
complex

γ-Secretase is a multi-subunit proteolytic enzyme that contains a functional core of at least
four proteins including presenilin (PS), anterior pharynx-defective 1 (APH-1), nicastrin
(NCT) and presenilin enhancer 2 (PEN-2) (Fig. 2). Together, the four subunits of γ-
secretase comprise 19 transmembrane domains (TMs) predicting a complicated tertiary
protein complex. PS, the catalytic component of the complex has two homologs, PS1 and
PS2. Both PSs are cleaved during maturation producing heterodimeric complexes consisting
of an N-terminal and a C-terminal fragment termed PS-NTF and PS-CTF respectively (Fig.
2). APH-1 and NCT form a sub-complex that binds the PS-CTF fragment of the PS
heterodimer while PEN-2 binds the PS-NTF fragment. This arrangement places PS-CTF at
the center of the proteolytic complex (Barthet et al., 2011; LaVoie et al., 2003; Shirotani et
al., 2004b; Steiner et al., 2008). γ-Secretase is an aspartyl protease (Wolfe et al., 1999) with
its catalytic site forming at the interface of TM domain 6 of PS-NTF and TM domain 7 of
PS-CTF each contributing one catalytic aspartate (Fig. 2). Of the remaining three partners,
PEN-2 is crucial for the endoproteolysis of full length PS into PS-NTF and PS-CTF (Ahn et
al., 2010; Prokop et al., 2004), while NCT and APH-1 are thought to be important for PS
stabilization and trafficking (LaVoie et al., 2003; Zhang et al., 2005). In addition, it has been
proposed that NCT participates in the recruitment of Notch1 and APP substrates to γ-
secretase (Chen et al., 2001; Dries et al., 2009) but this function has been challenged
(Chavez-Gutierrez et al., 2008; Futai et al., 2009; Shirotani et al., 2004a; Zhao et al., 2010)
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and recent reports indicate that APH-1 may play that role (Chen et al., 2010). APH-1 has
also been proposed to participate in the catalytic functions of γ-secretase via its conserved
histidine residues in TM sequences 5 and 6 (Pardossi-Piquard et al., 2009b; Pei et al., 2011;
Serneels et al., 2009).

In addition to the four subunits that make up the catalytic core of γ-secretase, more than 50
other proteins have been shown to associate with the γ-secretase complex, consistent with
the detection of PS-containing high molecular weight protein complexes (Chen and
Schubert, 2002; Georgakopoulos et al., 1999; Kiss et al., 2008; McCarthy et al., 2009;
Verdile et al., 2007). Many of these proteins bind to core enzyme components and may
function to regulate substrate recruitment or subcellular localization of γ-secretase complex
components. For example, catenin protein p120 (p120ctn) that binds the juxtamembrane
sequence of cytoplasmic cadherins also binds PS1-CTF (Kouchi et al., 2009) bridging γ-
secretase with the cadherin/catenin adherens junctions and forming supercomplexes of more
than 1 mega Dalton (Kiss et al., 2008) (Fig. 3). Below we discuss recent work that
illuminates mechanisms by which γ-secretase partners regulate substrate selection and
processing.

3. γ-secretase substrate recruiting factors (γSSRF)
Efforts to treat AD by inhibiting amyloid formation with GSIs have been associated with
cellular toxicity (Cummings, 2010), probably because in addition to inhibiting Aβ, GSIs
affect the γ-secretase processing of many substrates, reducing production of peptides with
useful biological functions and promoting accumulation of toxic precursors (see also below).
Thus, new strategies aim at developing agents that will selectively inhibit γ-secretase
cleavage of APP-CTFβ, the precursor of Aβ, without affecting other substrates. These
efforts received a boost by recent discoveries that cellular factors control the γ-secretase
cleavage of specific substrates by binding and recruiting them to γ-secretase for processing.

Protein p120ctn is a first example of a factor that binds both, cadherins and γ-secretase core
component PS1-CTF thus recruiting cadherin substrates to γ-secretase for processing
(Kouchi et al., 2009). This observation suggested the existence of cellular mechanisms that
select and recruit substrates to γ-secretase. A key role in these mechanisms is played by
specific proteins termed γ-secretase-substrate recruiting factors (γSSRFs) that, similar to
p120ctn, bind both, a substrate and a γ-secretase core component thus linking substrates to
the γ-secretase proteolytic complex (Fig. 3). These factors constitute new targets for the
regulation of γ-secretase processing of substrates and may be used therapeutically to inhibit
specific products of γ-secretase as inhibition of binding between a γSSRF and either γ-
secretase or its substrate will decrease substrate processing. GSAP (γ-secretase activating
protein) is a recent example of a γSSRF that binds APP-CTFs recruiting them to γ-secretase
for processing. As a result, GSAP has been proposed as a target for the specific inhibition of
Aβ (He et al., 2010). Presently, the core component of γ-secretase that binds GSAP is not
known and it is thus unclear whether GSAP binds directly or indirectly to γ-secretase.
Similarly, the APP sequence that binds to GSAP has not been determined. In vitro studies
however, show that although GSAP stimulates production of Aβ, it reduces AICD, the
product of γ-secretase cleavage of APP at the ε site (He et al., 2010). The source of this
discrepancy is unclear but suggests the unexpected possibility that GSAP may have
differential effects on the production of Aβ peptides and AICD. Protein X11/Mint has also
been shown to bind both APP and γ-secretase core component PS1-CTF (Lau et al., 2000)
but its role as γSSRF is unclear as there is no evidence that X11/Mint recruits APP to γ-
secretase and the role of X11/Mint in Aβ production is in dispute (see also below) (Borg et
al., 1998; Sano et al., 2006).
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Formation of stable complexes between enzyme and substrate is unfavorable for processing
and catalysis is more efficient under conditions of transient interactions between enzyme
and substrate. Paradoxically however, cadherins are both excellent γ-secretase substrates
and stable partners of PS1 as indicated by the detection of abundant cadherin/PS1 complexes
(Georgakopoulos et al., 1999; Serban et al., 2005). The discovery that p120ctn bridges
cadherins to PS1-CTF (Kouchi et al., 2009) resolves this paradox as it suggests a model
according to which cadherins are linked to PS/γ-secretase via p120ctn. During catalysis,
cadherins may move to the catalytic site of the PS/γ-secretase enzyme where they undergo
proteolysis. Presently, it is unclear what stimulates cadherin movement to the catalytic site
of γ-secretase. It is possible this movement is triggered by the ADAM 10 cleavage of
extracellular cadherins although this model needs experimental testing. Thus, formation of a
tripartite complex between γ-secretase, p120ctn and cadherins (Fig. 3) at the plasma
membrane (Georgakopoulos et al., 1999) may increase the efficiency of the coupled
processing of cadherins first by an ADAM at the ectodomain followed by γ-secretase
cleavage at the ε site of fragment N-Cad/CTF1 produced from the ADAM cleavage.
Importantly, δ-catenin, another member of the p120ctn family of proteins, is present at the
synapse where it binds PS1 tethering it to post synaptic densities (PSD) and positioning γ-
secretase closer to synaptic cadherin substrates (Restituito et al., 2011; Zhou et al., 1997). It
is an interesting possibility that the γSSRF GSAP may play analogous roles in the
processing of synaptic APP. Other studies however, reported that substrates bind directly to
γ-secretase core components although reports have been contradictory. Accordingly, Shah
et al. (Shah et al., 2005), concluded that NCT functions as a γ-secretase substrate receptor
recruiting APP and Notch1 to the enzyme. In contrast, Kornilova et al. (Kornilova et al.,
2005), reported that APP substrates bind initially to presenilin and Zhao et al. (Zhao et al.,
2010), reported that γ-secretase complexes lacking NCT are able to cleave both APP and
Notch. The contradictory literature may reflect the heretofore unknown role of γ-SSRFs in
recruiting substrates to γ-secretase complexes. Thus, the model that cellular γ-SSRFs are
used to recruit substrates to γ-secretase predicts that a specific γ-SSRF recruits Notch1 to
γ-secretase for processing. Identification of this putative factor will facilitate efforts to
inhibit production of Aβ without affecting processing of Notch1.

4. Distinct γ-secretase complexes process specific substrates
Although PS1 and its homolog PS2 have similar catalytic activities, no PS1-PS2 hybrids
have been found indicating that cells contain distinct γ-secretase complexes incorporating
either PS1- or PS2 fragments. It is unclear however, what determines whether a specific
substrate is processed by PS1- or PS2-containing γ-secretase. Thus, by interacting with
specific substrates and either PS1 or PS2, γSSRFs may determine not only which protein
will be processed by γ-secretase but also whether it will be processed by a PS1- or PS2-
containing enzyme or both. For example, p120ctn binds amino acids 330 to 360 of PS1-
CTF, a sequence not present in PS2 (Kouchi et al., 2009). As a result, cadherins are
processed only by PS1-containing γ-secretase complexes. In contrast, others substrates like
Notch1 (Steiner et al., 1999) and APP are processed by both, PS1- and PS2-containing γ-
secretase complexes. This observation predicts GSAP that recruits APP binds either to a
sequence common to both PS1 and PS2 or to another core component common to all γ-
secretase complexes. Answer to this important question will also indicate additional
methodologies to specifically decrease the γ-secretase processing of APP and production of
Aβ.

The above observations suggest that γSSRFs rather than the substrates themselves compete
for specific populations of γ-secretase complexes. Indeed, overexpression of p120ctn
inhibits APP processing and Aβ production (Kouchi et al., 2009) presumably by competing
with GSAP for PS1-containing γ-secretase complexes that process both cadherins and APP.
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This model also predicts that increased expression of GSAP will inhibit cadherin processing.
On the other hand, under physiological conditions where there is no p120ctn overexpression,
N-cadherin and APP do not compete for γ-secretase complexes as processing of N-cadherin
is not increased in the absence of APP (Barthet et al., 2011). This outcome is consistent with
a mechanism where substrates do not compete directly for catalysis but instead the rate
limiting step of these cleavage events is the binding of γSSRF to both enzyme and substrate
(Fig. 4). Interestingly, different cell types may use predominantly PS1- or PS2- containing
γ-secretase complexes. Accordingly, in microglia most γ-secretase complexes contain PS2
(Jayadev et al., 2010) while in fibroblasts only a minor fraction of complexes contain PS2
(Franberg et al., 2011). Whether any pathological conditions, such as AD, are associated
with modifications or expression abnormalities of γSSRFs remains to be investigated.
Finally, it is worth mentioning that protein adaptors are widespread among proteolytic
systems. Thus, in addition to γ-secretase, several other complex proteolytic systems,
including the AAA+ proteases, use enzyme-substrate binding proteins for substrate
recruitment (Sauer and Baker, 2011).

5. Effects of protein trafficking on γ-secretase substrate processing
Enzymatic reactions occur when substrates and enzymes co-localize in subcellular
compartments. Thus, factors that regulate trafficking of APP and its processing enzymes are
intensely investigated as their manipulation may reveal ways to control production of Aβ. A
fraction of APP is cleaved intracellularly in the trans-Golgi netwok and post-Golgi vesicles
as it travels to the cell surface (Sambamurti et al., 1992). It is currently thought that a portion
of APP that reaches the cell surface is then internalized and migrates to late endosomes that
contain high amounts of β-secretase, a protease that promotes the amyloidogenic processing
of APP and production of Aβ. Thus, increased APP internalization may lead to increased
production of intracellular Aβ peptides at sites where they may cause their deleterious
effects. Factors like SorLA and SNX17 may regulate this pathway (Andersen et al., 2005;
Lee et al., 2008). In contrast, it has been reported that X11/Mint suppresses Aβ by
promoting cell surface expression of APP, a localization rich in α-secretase that promotes
non-amyloidogenic processing (Rogelj et al., 2006). This role of X11/Mint however, needs
further examination as others reported that this protein increases Aβ in a transgenic mouse
model that overexpresses APP (Ho et al., 2008). Substrate cleavage is also controlled by the
subcellular localization of γ-secretase components, a process regulated at multiple levels.
Thus, glycosylated NCT may promote cell surface localization of PS (Yang et al., 2002) and
APP has also been reported to regulate trafficking of PS1 to the cell surface, a process
regulated by protein trafficking factor phospholipase D1 (PLD1) (Liu et al., 2009).
Calsenilin, a Ca2+-binding protein, has been reported to stimulate APP processing and Aβ
(Lilliehook et al., 2003). In contrast to its effects on APP however, calsenilin inhibits the ε-
cleavage of N-cadherins. The opposite effects of calsenilin on the processing of these two
substrates may be related to the inhibitory effects of calsenilin on the trafficking of PS1-CTF
and APH-1 to cell surface (Jang et al., 2011). By retaining γ-secretase components in
internal compartments such as endosomes, calsenilin may promote the amyloidogenic
processing of APP and limit cadherin processing that occurs mainly at the cell surface.

Recently, G-protein-coupled receptors (GPCRs) emerged as key regulators of γ-secretase
cleavages. Evidence suggests these receptors promote formation of complexes specific to
the amyloidogenic or non-amyloidogenic processing of APP (Teng et al., 2010). Thus, β2-
adrenergic (AR) and δ-opioid receptors increase Aβ in vitro by forming complexes with β-
and γ-secretases. This process involves the association of β2-AR with PS and requires
agonist-induced endocytosis and trafficking of the β2-AR/PS complex to late endosomes/
lysosomes that promote amyloidogenic processing of APP. Similar effects are observed with
δ-opioid receptor (Ni et al., 2006; Teng et al., 2010). Overexpression of the constitutively
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active GPR3 receptor however, increases Aβ and AICD via unknown mechanisms (Thathiah
et al., 2009). Involvement of this receptor in APP processing is also supported by a robust
reduction in Aβ upon inhibition of GPR3 expression suggesting that inhibition of GPR3 by
inverse agonists may reduce Aβ. Finally, it is important to note that some factors regulate γ-
secretase activity by interacting with enzymatic complex components in specific
compartments. For example, TMP21, a member of the p24 protein family, is expressed in
intracellular compartments where it binds PS and decreases Aβ by blocking the
amyloidogenic processing of APP-CTFβ which takes place in these compartments. Since
TMP21 is not expressed at cell surface, it does not affect cleavage of substrates that are
mainly processed at the plasma membrane such as Notch and cadherins (Chen et al., 2006;
Pardossi-Piquard et al., 2009a). For a more extensive review of factors affecting intracellular
trafficking of APP and γ-secretase components please see (Thinakaran and Koo, 2008).

6. Inhibitors and modulators of γ-secretase
Inhibitors of γ-secretase activity have been used to block production of Aβ peptides. The
first potent GSI was a peptide aldehyde (Higaki et al., 1995) followed by construction of
difluoro-ketone peptidomimetic inhibitors based on the sequence of the APP transmembrane
domain (Wolfe et al., 1998). These early attempts were followed by a second generation of
γ-secretase inhibitors including the non-transition and transition state analogs DAPT and
L-685,458 respectively. Both are widely used in research as they inhibit processing of
almost all known substrates. Their use in vivo however has been associated with toxic
effects, probably due to the inhibition of the ε-cleavage which is important to cell signaling
(see below). Interestingly, all known GSIs, including transition state analogs that bind the
catalytic site, are non-competitive inhibitors suggesting that substrates bind at sites
independent of the catalytic cleft (Esler et al., 2002; Tian et al., 2003; Tian et al., 2002). It
has been reported that instead of preventing substrate binding, these inhibitors strengthen
interactions between PS-CTF, the central component of the γ-secretase complex, and its
partners the APH-1/NCT and PS-NTF/PEN-2 sub-complexes thus stabilizing the γ-
secretase complex and inhibiting its proteolytic activity (Fig. 5). Indeed, this stabilization
effect correlates with inhibition of substrate processing including inhibition of N-cadherin
cleavage (Barthet et al., 2011). Unfortunately, these GSIs block APP γ-secretase processing
at concentrations higher than those required for the inhibition of other substrates such as
ephrinB and cadherin (Barthet et al., 2011), indicating that at useful concentrations, GSIs
will inhibit processing of important cellular substrates before Aβ is inhibited. This
observation may explain reported clinical side effects in patients treated with GSIs
(Cummings, 2010) and indicates that different pharmacological strategies may be required
to decrease cellular Aβ without causing toxicity.

More recent therapeutic efforts have been concentrating on the development of selective
allosteric γ-secretase modulators (GSMs) that modify Aβ peptides without affecting the ε-
cleavage of other substrates. One strategy aims at increasing the fraction of less
amyloidogenic peptides Aβ40 and Aβ38 at the expense of the more amyloidogenic peptide
Aβ42. To this end, efforts concentrate on the development of pharmacological agents that
stimulate a “trimming” exopeptidase activity able to remove carboxyl-terminal amino acid
residues from Aβ42 without affecting γ-secretase cleavage at the ε-site (Kounnas et al.,
2010). Interestingly, such agents tend to bind PS-NTF (Ebke et al., 2011; Ohki et al., 2011)
or PEN-2 instead of PS-CTF (Kounnas et al., 2010) where most GSI act (Morohashi et al.,
2006). These observations implicate the PS-NTF/PEN-2 heterodimer in the Aβ carboxyl-
terminal trimming activity associated with γ-secretase, a theory that needs further
experimental testing. Additional evidence suggests that Aβ peptides may be derived from a
unique γ-secretase cleavage at the ε site of APP-CTFβ. This cleavage produces a “long” Aβ
peptide comprising the 49 amino-terminal residues of APP-CTFβ. This long Aβ is then
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“trimmed” by a γ-secretase-associated carboxypeptidase activity (see above) that removes
carboxyl-terminal amino acids producing shorter Aβ peptides including those of 38, 40, and
42 residues commonly found in brain amyloid depositions (Funamoto et al., 2004). This
mechanism of Aβ production is further supported by the detection in human samples and
cell lines of almost all Aβ peptides between 38 and 49 residues long predicted by this
hypothesis (Funamoto et al., 2004; Miller et al., 1993; Qi-Takahara et al., 2005). These data
support the hypothesis that γ-secretase may cleave its APP-CTF substrates only at the
biologically relevant ε site, a suggestion supported by absence of any evidence for the
production of an AICD (APP-CTF2) peptide expected to be derived from the predicted γ-
secretase cleavage at γ sites.

Another approach for inhibiting Aβ without affecting processing of other substrates is to
develop agents that target proteins acting as γSSRFs for APP. An example is Gleevec which
binds GSAP and prevents recruitment of APP-CTFs to γ-secretase thus decreasing
production of Aβ (He et al., 2010). This approach may be used to specifically limit γ-
secretase processing of APP and production of Aβ peptides in both familial and sporadic
AD. Finally, APH-1 represents another potential target for Aβ inhibition as evidence
suggests that this protein regulates the γ-secretase activity through histidine residues located
at APH-1 TM domains 5 and 6 (Pardossi-Piquard et al., 2009b; Pei et al., 2011).
Interestingly, γ-secretase complexes containing APH-1β produce longer, more
amyloidogenic Aβ than complexes containing APH-1α (Serneels et al., 2009) suggesting
that agents that target APH-1β may reduce production of amyloidogenic peptides.

7. Stimulation of MP/γ-secretase receptor processing by ligands, calcium
influx and NMDA receptor agonists

γ-Secretase substrates are mostly membrane-bound peptides produced by the MP processing
of the extracellular domain of full length substrates. An important exception is APP which is
also cleaved at the extracellular domain by the non-MP β-secretase. The extracellular
cleavages of these substrates take place close to the plasma membrane releasing most of the
extracellular sequence to the intercellular space. The remaining membrane-bound C-
terminal fragments (CTF1s) are then cleaved by γ-secretase at ε sites producing CTF2
peptides which may function in signal transduction and gene expression (Fig. 6). The list
includes CTF2 peptides derived from the processing of Notch1 (De Strooper et al., 1999),
ErbB4 (Ni et al., 2001), N-cadherin (Marambaud et al., 2003), EphB2 (Xu et al., 2009) and
the AICD of APP (Weidemann et al., 2002).

Recent evidence shows that the MP/γ-secretase processing of cell surface receptors is
regulated by ligand binding and calcium influx (Georgakopoulos et al., 1999; Litterst et al.,
2007; Mumm et al., 2000). In addition, it has been shown that endocytosis is required for
ligand-induced MP/γ-secretase processing of EphB2 receptor (Litterst et al., 2007).
Endocytosis is followed by cleavage of the extracellular (lumenal) domain of EphB2 while
the remaining membrane-bound peptide EphB2-CTF1 is cleaved at the ε-site by γ-secretase
releasing fragment EphB2-CTF2 to the cytosol (Fig. 6). In contrast to the ligand-induced
processing however, the Ca2+ influx-stimulated processing of EphB2 takes place at the
plasma membrane and is independent of endocytosis (Litterst et al., 2007). In addition, there
is evidence that the enzyme that cleaves the extracellular sequence of EphB2 in response to
calcium influx differs from the enzyme that cleaves the extracellular receptor in response to
ligand binding. Thus, depending on stimulation conditions, cleavage of the extracellular
domain of a receptor can take place in different subcellular compartments by distinct
enzymes. It seems however, that in both pathways, γ-secretase processes the products of the
extracellular cleavage (Litterst et al., 2007). Interestingly, EphB2/CTF2, the end product of
the MP/γ-secretase processing of EphB2 receptor, promotes phosphorylation and surface
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expression of NMDAR (Xu et al., 2009), a process that may contribute to the effects of
EphB2 on the functions of NMDA receptor (Nolt et al., 2011; Takasu et al., 2002).

Similar to EphB2, processing of E- and N-cadherins along the MP/γ-secretase pathway is
also stimulated by calcium influx and NMDAR agonists (Marambaud et al., 2002;
Marambaud et al., 2003). Cadherins are first cleaved by ADAM10, a step stimulated by
calcium (Reiss et al., 2005), to produce membrane-bound Cad-CTF1 that is then cleaved by
γ-secretase. These cleavages dissociate adherens junctions from the cytoskeleton and
release α- and β-catenins to the cytosol. Since soluble β-catenin is an important regulator of
the Wnt pathway, its release via the MP/γ-secretase processing of cadherins may affect cell
signaling (Marambaud et al., 2002). Interestingly, the membrane topology of the ε-cleavage
site seems to depend on the exact amino sequence of each substrate. Accordingly, some
substrates are cleaved close to the carboxy-terminal end of the transmembrane sequence a
few residues upstream from the membrane/cytoplasm interface, while cadherins are cleaved
by γ-secretase at the membrane-cytoplasm interface rather than within the membrane
(Marambaud et al., 2002).

8. Familial AD (FAD) mutations inhibit the ε-cleavage reducing production
of signaling peptides while increasing potentially toxic precursors

Recent work reveals that many PS1 FAD mutants inhibit production of CTF2 peptides
indicating these mutants cause a loss of γ-secretase cleavage function at the ε site of
substrates such as Notch1, N-cadherin, efnB2, and EphB2 (Georgakopoulos et al., 2006;
Litterst et al., 2007; Marambaud et al., 2003; Song et al., 1999). These data support the
hypothesis that PS FAD mutations contribute to neurotoxicity by inhibiting production of
peptides with useful cellular functions (Fortini, 2003; Marambaud et al., 2003; Robakis,
2011). Furthermore, by reducing the γ-secretase-catalyzed ε-cleavage, PS FAD mutations
promote accumulation of membrane-bound CTF1 fragments, the precursors of CTF2
peptides (Litterst et al., 2007; Marambaud et al., 2003). Recent evidence suggests that
increased levels of CTF1s, including those derived from APP and netrin, cause cellular
toxicity (Bai et al., 2011; Jiang et al., 2010; Lu et al., 2000) and their accumulation may
contribute to the neurodegeneration of FAD. Presently, it is unclear why CTF1s are toxic. It
is possible that accumulation of high levels of these transmembrane peptides in the
membrane (Fig. 6) interferes with the movements of receptors and other factors on the plane
of the membrane with toxic consequences. Thus, PS FAD mutations may promote
neurotoxicity by both, reducing production of signaling CTF2 peptides and increasing
accumulation of toxic CTF1s. Both effects can result from the reduction of γ-secretase
cleavage activity at the ε site of substrates suggesting that increasing γ-secretase cleavage
activity at ε sites may be of therapeutic interest in PS FAD cases (Marambaud et al., 2003).

Importantly, in addition to reducing Aβ, GSIs inhibit the ε-cleavage of substrates, an effect
shown to result in reduced production of CTF2 peptides with a concomitant increase of their
precursors CTF1 peptides (Barthet et al., 2011; Georgakopoulos et al., 2006; Litterst et al.,
2007; Marambaud et al., 2003). These effects of GSI on the ε-cleavage may explain the
toxicity observed in AD patients participating in clinical trials of GSI (Barthet et al., 2011;
Cummings, 2010; Sambamurti et al., 2011). Thus, GSIs may act in vivo similar to PS FAD
mutations. Both may cause toxicities by a double hit, reducing production of functionally
important CTF2 peptides and increasing the levels of toxic CTF1 peptides.

9. Conclusions
γ-Secretase is a proteolytic complex whose activity is regulated by different mechanisms
including a) subunit composition b) interaction with modulator proteins c) substrate
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recruitment by γSSRFs d) subcellular localization of enzyme and its substrates and e) drugs
that modulate its activity. A common theory posits that AD is caused by Aβ and its amyloid
derivatives. Treatment of patients with GSIs that reduce Aβ however, failed to show
therapeutic benefits and patients displayed toxic side effects, thought to result from
inhibition of biologically important ε-cleavage of substrates. Thus, recent efforts concentrate
on specific modulators of γ-secretase able to inhibit Aβ without affecting other substrates.
In this respect, targeting γSSRFs such as GSAP is a promising approach. On the other hand,
it has been argued that Aβ and derivatives may not be the main causative agents of AD
(Neve and Robakis, 1998; Pimplikar et al., 2010; Robakis, 2003; Shen and Kelleher, 2007).
Recent data shows that PS FAD mutants inhibit γ-secretase cleavage at the ε site of
substrates supporting the hypothesis that these mutants promote neurodegeneration by
reducing functionally important CTF2 peptides while at the same time promoting
accumulation of toxic CTF1 precursor peptides. Importantly, GSIs may cause toxicity in
vivo by similar mechanisms. Thus, stimulators of the ε-cleavage of substrates may be of
therapeutic interest in FAD.
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Abbreviations

Aβ amyloid β peptide

AD Alzheimer’s disease

ADAM a disintegrin and metalloproteinase

AICD APP intracellular domain

AP amyloid plaque

APH-1 anterior pharynx-defective 1

APP amyloid precursor protein

BACE β-site APP cleaving enzyme

CTF C-terminal fragment

CVA cerebrovascular amyloidoisis

DS Down’s syndrome

ER endoplasmic reticulum

FAD familial Alzheimer’s disease

GSI γ-secretase inhibitor

GSAP γ-secretase activating protein

GSM γ-secretase modulator

γSSRF γ-secretase substrate recruiting factors

MP metalloproteinase

NCT nicastrin

NFT neurofibrillary tangle

NMDA N-Methyl-D-aspartate
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NTF N-terminal fragment

PEN-2 presenilin enhancer 2

PS presenilin

PSD post synaptic densities

sAPP secreted APP

TGN trans-Golgi network

TM transmembrane domain
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Highlights

• Review explores the concept that γ-secretase cleavage is regulated by γ-
Secretase Substrate Recruiting Factors (γSSRFs).

• γSSRFs are targets for drugs to inhibit specific γ-secretase products

• Review clarifies roles of gamma (γ) and epsilon (ε) γ-secretase cleavages in the
production of Aβ and signaling peptides

• Roles of epsilon (ε) γ-secretase cleavage in familial Alzheimer disease (FAD)
and neurotoxicity of γ-secretase inhibitors

• Reviews evidence that presenilin FAD mutations cause loss of γ-secretase
cleavage activity and inhibit signaling peptides
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Figure 1. Amyloidogenic and ADAM/γ-secretase signaling processing of APP and other
substrates
(A) Extracellular APP is cleaved by β-secretase (BACE) producing soluble N-terminal
fragments (sAPPβ) shed to the extracellular space. It is currently believed that the remaining
membrane-bound C-terminal fragment (APP-CTFβ) is then cleaved by γ-secretase at
several γ sites to produce Aβ peptides with variable c-terminal ends, Aβ 40 and 42 being
the most abundant. Cleavage of APP-CTFβ by γ-secretase at the ε site produces AICD
released to the cytosol. The temporal relationship of the γ-secretase cleavages however is
unclear and available data are also consistent with the suggestion that γ-secretase cleaves
only at the ε site of APP-CTFβ releasing AICD (see text). The carboxy terminus of the
remaining membrane peptide is then “trimmed” by carboxypeptidases producing Aβ
peptides of variable lengths (not shown here). Produced soluble Aβ peptides may then
aggregate to form amyloid depositions. (B) Cleavage of APP and other transmembrane
proteins by ADAMs near the extracellular face of the plasma membrane, produces a shed
ectodomain (N-terminal fragment; NTF) and a membrane bound peptide termed CTF1 (C-
Terminal Fragment 1) that is then processed by γ-secretase at the ε site to produce CTF2
peptides (C-terminal Fragment 2) released to the cytosol. CTF2 peptides have been shown to
function in cellular signaling (green arrow, see also text). This processing pathway may be
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stimulated by calcium influx through NMDA receptor and/or by ligand binding to receptors
(Fig. 6). Brown arrow indicates an APP-like ε-cleavage that occurs two or three residues
inside the membrane while the blue arrow indicates a cadherin-like cleavage that occurs on
the membrane/cytoplasm interface (see also text). The red bracket indicates the position of
Aβ sequence of APP cleaved in the non-amyloidogenic (α-secretase) processing pathway
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Figure 2. Structure of core the γ-secretase proteolytic complex
The core γ-secretase complex is composed of PS (either PS1 or PS2), anterior pharynx-
defective 1 (APH-1), nicastrin (NCT) and presenilin enhancer 2 (PEN-2). The latter protein
has been reported to stimulate the endoproteolysis of full-length PS zymogen into
catalytically active fragments PS-NTF and PS-CTF. The two catalytic aspartates on TMs VI
and VII of PS are shown as yellow-red sparks.
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Figure 3. γSSRF p120ctn recruits cadherins to γ-secretase by binding PS1-CTF
Catenin protein p120 (p120ctn) known to bind the juxtamembrane region of cadherins
(glycine repeat GGG) also binds to the 330–360 amino acid sequence of γ-secretase
component PS1-CTF thus recruiting cadherins to γ-secretase complexes for processing
(Kouchi et al., 2009). For better clarity, the other core components of γ-secretase are not
shown. The cadherin/catenin junction complex binds the actin cytoskeleton via α-catenin.
Thus the PS/γ-secretase complex may affect functions of the cellular cytoskeleton (see also
Marambaud et al., 2002).

Gael et al. Page 20

Prog Neurobiol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. γSSRFs compete for γ-secretase complexes
γSSRFs p120ctn and GSAP bound to cadherins or APP respectively, compete for limited
amounts of γ-secretase complexes promoting processing of their respective substrates and
production of Cad-CTF2 or Aβ. Thus, overexpression of p120ctn inhibits γ-secretase
processing of APP substrates and production of Aβ.
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Figure 5. Mechanism of γ-secretase inhibition
Left: γ-secretase catalyzes proteolysis of transmembrane substrates including APP-CTFβ
shown here. Processing of this substrate at the active site of the enzyme which includes two
aspartate residues shown as yellow-red sparks (one on PS-NTF and the other on PS-CTF)
generates AICD when substrate is cleaved at the ε site and Aβ when cleaved at γ sites.
Right: γ-secretase is inhibited by GSIs that bind the active site and enhance interactions
between γ-secretase subunits thus locking the enzyme in a closed conformation,
characteristic of inhibited enzymes (inactivated aspartates are shown in black) (Barthet et
al., 2011).

Gael et al. Page 22

Prog Neurobiol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. MP/γ-secretase processing of EphB2 receptor can occur at distinct subcellular
localizations and is inhibited by FAD mutations
Calcium influx and NMDA receptor agonists promote cell surface (plasma membrane)
processing of EphB2 receptor (A) while binding of ephrinB ligands promote a processing
pathway that requires endocytosis and takes place in intracellular compartments (B). Both
pathways include γ-secretase cleavage at the ε site of substrates producing biologically
active CTF2 peptides that contain the cytoplasmic sequence of substrates (Litterst et al.,
2007). Importantly, the ε-cleavage of substrates has been shown to be inhibited by PS FAD
mutants reducing the levels of biologically active CTF2 products and increasing the amounts
of potentially toxic CTF1 precursors. Questionmark indicates the unknown enzyme that
cleaves extracellular EphB2 in the endocytic pathway.
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