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Abstract Presenilin is a central, catalytic component of the γ-
secretase complex which conducts intramembrane cleavage of
various protein substrates. Although identified and mainly stud-
ied through its role in the development of amyloid plaques in
Alzheimer disease, γ-secretase has many other important func-
tions. The complex seems to be evolutionary conserved
throughout the Metazoa, but recent findings in plants and
Dictyostelium discoideum as well as in archeons suggest that
its evolution and functions might be muchmore diversified than
previously expected. In this review, a selective survey of the
multitude of functions of presenilins and the γ-secretase com-
plex is presented. Following a brief overview of γ-secretase
structure, assembly and maturation, three functional aspects are
analyzed: (1) the role of γ-secretase in autophagy and phago-
cytosis; (2) involvement of the complex in signaling related to
endocytosis; and (3) control of calcium fluxes by presenilins.
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Introduction

Presenilin (PS), a multiple pass transmembrane protein,
forms the catalytic core of gamma-secretase — a unique
transmembrane complex with proteolytic activity. PSs were

first identified by St. George-Hyslop’s group in genetic
screens for mutations causing early onset forms of familial
Alzheimer's disease (FAD; Sherrington et al. 1995). It was
later found that γ-secretase is responsible for the cleavage of
Amyloid-β (Aβ) precursor protein (APP) in a process which
generates amyloid precursor protein intracellular domain
(AICD) and an extracellular Aβ peptide. The cleavage frag-
ments act as versatile signaling molecules both in intra- and
extracellular compartments.

Aβ peptides range from 37 to 49 residues, and in normal
brain tissue most of them is of a 40-residues type. FAD-
associated mutant forms of PS on the contrary, generate
Aβ peptides of 42-residues type. The latter are highly
amyloidogenic, and their accumulation leads to plaque forma-
tion and progressive neurodegeneration (Citron et al. 1997).
Almost at the same time the newly identified PS homologue
in Caenorhabditis elegans, sel-12, was reported to be involved
in the Notch signaling pathway (Levitan and Greenwald 1995).
This highly conserved pathway is essential for metazoan devel-
opment (Del Amo et al. 1992; Tien et al. 2009; Sethi and Kang
2011). PS has been implicated in the cleavage of the Notch
receptor. The released Notch Intracellular Domain (NICD) of
the receptor was then shown to function in the nucleus as the
transcription factor (Fortini 2002; Baulac et al. 2003; Bray
2006). Both findings gave the direction to PS research for many
years, focusing it mainly on these two aspects. However, recent
data indicate that PSs and the γ-secretase complex fulfill many
more biological functions with some of them independent of the
γ-secretase proteolytic activity. In this review, following a brief
description of the components and assembly of γ-secretase
complex, we will focus on its various functional aspects: its
potential substrates, its role in autophagy and endomembrane
trafficking, and its regulation of calcium fluxes. Other aspects of
γ-secretase/presenilin functioning have recently been covered
in several excellent reviews (see Dries and Yu 2008; Brou 2009;
De Strooper and Annaert 2010; van Tetering and Vooijs 2011;
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Crump et al. 2011; Wolfe 2012; Beckett et al. 2012; St. George-
Hyslop and Fraser 2012).

Gamma-secretase complex: a 3D puzzle

Gamma-secretase is a multisubunit intramembranous protein
complex that handles proteolysis inside the hydrophobic envi-
ronment of a lipid bilayer. Together with site 2 proteases (S2P),
signal peptide peptidases (SPP) and rhomboids, it belongs to a
unique group of so-called I-CLiPs (intramembrane-cleaving
proteases) involved in regulated intramembrane proteolysis
(RIP; Sannerud and Annaert 2009). This is an evolutionary
conserved process which was shown to be required for signal
transduction on the one hand (De Strooper et al. 1999; Lal and
Caplan 2011), and for the degradation of transmembrane pro-
tein fragments on the other (Kopan and Ilagan 2004;
Lichtenthaler et al. 2011). Gamma-secretase differs from other
members of the I-CLiP family which — besides a catalytic
core protein (PS)— has three other, non-catalytic subunits that
are required for its activity: nicastrin (NCT), presenilin
enchancer-2 (PEN-2) and anterior pharynx defective-1
(APH-1) (Rogaev et al. 1995; Sherrington et al. 1995;
Francis et al. 2002; Parks and Curtis 2007). The genes coding
for all subunits of the γ-secretase complex have been found in
genomes of metazoans and higher plants, but are missing in
fungi (Ponting et al. 2002; Lemberg 2011). There is also very
intriguing evidence that γ-secretase functions in the evolu-
tionary distinct slime mold, Dictyostelium discoideum, and in
the moss, Physcomitrella patens. This might suggest that the
complex activity might be far more ancient than was previ-
ously anticipated (Khandelwal et al. 2007; McMains et al.
2010). Indeed, some experimental data suggest that
MCMJR1, a polytopic membrane protein from the archaeon
Methanoculleus marisnigri JR1, reveals key biochemical
characteristics of eukaryotic PS (Torres-Arancivia et al.
2010).

The bits and pieces

PSs are aspartyl proteases with catalytic residues localized inside
the lipid bilayer on transmembrane domain 6 (TMD6) and
TMD7 (Fig. 1). In most genomes studied the PS family com-
prises two homologous proteins: PS1 and PS2. They share ca.
67 % of amino acid sequence identity, but are not redundant. In
mice, knockout mutation of PS1 is lethal at early embryogenesis,
while PS2 knockout shows only a mild phenotype related to
pulmonary fibrosis (Herreman et al. 1999; Dries and Yu 2008).
There are several motifs conserved evolutionary across many
species in both amino acid sequences. The most important
include: YD and GXGD motifs containing catalytic aspartyl
residues or an ER-retention sequence (Kaether et al. 2004;
Wolfe 2009; Fassler et al. 2011). For a very long time the exact

topology of PSs was under dispute with two major models
depicting PS molecules either with eight or nine transmembrane
domains (Li and Greenwald 1996; Kim and Schekman 2004;
Spasic et al. 2006). In recent years, however, evidence gathered
has established a view of PS containing nine TMDs (Fig. 1; Sato
et al. 2008; Tolia et al. 2008; Li et al. 2013; Sobhanifar et al.
2010). In metazoans, PS is synthesized as a holoprotein and then
it undergoes autocatalytic endoproteolysis between TMD6 and
TMD7. The released amino- and carboxy-terminal fragments
(NTF and CTF, respectively) are associated with conformational
changes in the complex and function together as a heterodimer
(Shirotani et al. 2003; Dries andYu 2008;McCarthy et al. 2009).

In early studies, PS was thought to be the catalytic core of
γ-secretase and the only element necessary for proteolysis.
Yet, it was realized very quickly that additional proteins are
also required for the activity of the complex (Spasic and
Annaert 2008). The first one identified was nicastrin. It was
found through co-immunoprecipitation studies (Yu et al.

Fig. 1 The active γ-secretase complex is composed of four subunits:
presenilin (PS, yellow) with catalytic aspartyl residues (Asp), highly
glycosylated nicastrin (NCT, violet), presenilin enhancer 2 (PEN-2, green),
and anterior pharynx defective 1 (APH-1, red). In a mature complex, PS is
autoendoproteolytically cleaved (stars) within a loop between TMD6 and
TMD7. Both the catalytic aspartyl residues of PS are also localized within
TMD6 and TMD7. Substrate binding site and active site are very close to
each other. PEN-2 interacts with PS NTF. NCT/APH-1 subcomplex in-
teracts with PS CTF
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2000) and, in parallel, in genetic studies on Notch signaling
in C. elegans (Levitan et al. 2001). The protein was named
after the Italian village Nicastro, reflecting the fact that
Alzheimer's disease was described after studying descen-
dants of an extended family originating from the village
(Feldman et al. 1963). Nicastrin is a large protein,
containing single transmembrane domain. NCT is itself not
catalytically active, but instead promotes the maturation and
proper trafficking of the other components of the γ-
secretase complex. It is characterized by a unique DYIGS
amino acid motif. Within the complex NCT acts probably as
the substrate recognition and binding site (Wolfe 2009).
Its immature or improperly glycosylated form is rapidly
degraded by both proteasome and lysosome pathway
(He et al. 2007).

Two additional members, APH-1 and PEN-2, were discov-
ered independently during the search for Notch and/or PS
interacting partners in C. elegans (Francis et al. 2002;
Goutte et al. 2002). PEN-2, containing 101 amino acids, is
the smallest subunit of γ-secretase complex and shares no
significant domain homology with any other known protein
family (Dries and Yu 2008). PEN-2 has two transmembrane
domains connected with a short cytoplasmic loop. Both the N
and C termini are exposed to the extracellular space (Crystal et
al. 2003). A putative ER retention signal is localized within
TMD1 (Fassler et al. 2010). PEN-2 is most likely involved in
complex stabilization and plays an important role both in PS
autoproteolysis and in the proteolytic activity of the whole
complex (Bammens et al. 2011). APH-1 protein has seven
transmembrane domains and acts potentially as a scaffold for
complex formation (Fig. 1). It was shown to contribute to
proper assembly of the complex (Gu et al. 2003). Two
APH-1 homologues, APH-1a and APH-1b, have been
identified in human, and it has also been shown that
APH-1a exists in two C-terminal splice forms, APH-1aS
and APH-1aL (Francis et al. 2002; Goutte et al. 2002).

All four components are essential for complex stability
and activity. Loss of any subunit abolishes proteolysis
(Pardossi-Piquard et al. 2009). However, some experimental
lines of evidence clearly suggest that in some cases not all
subunits are required for proteolytic activity of the complex.
Futai and colleagues (2009) demonstrated that nicastrin
might be dispensable for the formation of the active com-
plex providing that PS1 bears one out of 15 specific muta-
tions. Most prominent results were obtained when the
crucial Ser438, localized in the middle of TMD9, was re-
placed by a proline residue. It is worth remembering that
TMD9 is proposed to be an NCT binding and substrate
recognition site, and thus the introduction of Pro might lead
to serious conformational changes (Futai et al. 2009).
However, there are conflicting data with respect to the role
of PEN-2 in the complex. In one experiment, γ-secretase
activity has been reconstructed by an in vitro assay using

proteoliposomes. The ability to process the APP substrate
was accomplished by full-length wild-type PS1 alone, but
only after adding purified PEN-2 protein. No other subunit
was required. Thus, two notions have been thus suggested
that the heterodimer of PS1 is sufficient for an in vitro APP
processing, and that PEN-2 is necessary and sufficient for
endoproteolytic activation of PS1 (Ahn et al. 2010). On the
contrary, the data of Mao et al. (2012) indicate that PEN-2 is
dispensable for endoproteolysis of PS1, but together with
APH-1 and NCT it is required for the stabilization of PS's
endoproteolytic products (Mao et al. 2012). This is at least
partially confirmed by crystallographic data suggesting
PEN-2 binds to the opposite side of CTF domain of PS1
than APH-1 and nicastrin (Li et al. 2013). In general, it is
also believed that the subunit stoichiometry within the γ-
secretase complex is 1:1:1:1 for all four proteins: PS1 or
PS2, APH-1, PEN-2, NCT (Osenkowski et al. 2009;
Lichtenthaler et al. 2011).

Building up the complex

Gamma-secretase is a high-molecular-weight complex, but its
exact size has not been satisfactorily determined due to signif-
icant differences in results depending on the method used.
Reaching its final size and composition as well as subcellular
localization has also not been fully elucidated. Many experi-
mental lines of evidence show that γ-secretase subunits are
localized in almost all compartments of the endomembrane
system, including the endoplasmic reticulum (ER), various
Golgi-related elements, plasmamembrane and numerous types
of endo-, lyso- and phagosomes (Annaert and De Strooper
1999; Pasternak et al. 2003; Rechards et al. 2003; Jutras et al.
2005; Fukumori et al. 2006; Fassler et al. 2011). Moreover,
assembly of the γ-secretase complex is also closely related to
the trafficking of the maturing subunits and subcomplexes
through the endomembrane system (Fig. 2). It is now generally
accepted that all γ-secretase subunits are synthesized in ER.
During synthesis, nicastrin is N-glycosylated to form so-called
immature nicastrin (imNCT). It binds to APH-1 to assemble
the first stable subcomplex. Most probably this subcomplex is
formed within ER. The newly formed heterodimer
imNCT/APH-1 binds to PS. However, recent findings indicate
that although NCT and APH-1 can form a subcomplex in the
absence of PSs, PS1 can also be co-immunoprecipitated with
APH-1 in the absence of NCTand vice versa (Mao et al. 2012).
The final step in the formation of γ-secretase complex is the
incorporation of PEN-2 via its interaction with PS. This event
is immediately followed by PS autoproteolysis. If PEN-2 is not
present, the defective subcomplex is degraded via
proteasomes. In a next step, a small portion (up to 5 %) of
assembled γ-secretase traffics to the Golgi, where nicastrin is
further N-glycosylated to form mature nicastrin (mNCT).
Proteins that are not immediately incorporated to stable
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subcomplexes are rapidly degraded. This explains the relative-
ly short lifetime of free components compared to the long
lifetime of incorporated ones. Finally, the mature complex
moves on towards the plasma membrane and endosomes
(Fig. 2). A detailed, but still incomplete model of the complex
assembly process has been presented Dries and Yu (2008).

The intriguing observation is that although subunits of the
γ-secretase complex are found in large quantities in the ER and
Golgi apparatus, γ-secretase proteolytic activity can only be
found at and in the close vicinity to the cell surface (Kaether et
al. 2006a, b; Rajendran et al. 2006). There are suggestions that
two separable pools of γ-secretase, inactive and active, can be
distinguished in the cell. The inactive γ-secretase complexes
comprise a significant majority (up to 95 %) of the whole pool
and shuttle between the ER and Golgi. Only a small subset of
γ-secretase complexes (not bigger than 5 %) is active, and is
localized at the plasma membrane and in endosomal compart-
ments (Pasternak et al. 2003; Kaether et al. 2006b; Dries and
Yu 2008). In accordance with this notion, APP and the
Notch receptor, the two best-studied γ-secretase substrates,
are processed proteolytically in this cortical part of the
endomembrane system, somewhat earlier than at the plasma
membrane and/or in early endosomes (Kaether et al. 2006b).
These data are also consistent with the recent identification of
Rer1 protein (Retrieval to ER 1; Kaether et al. 2007), which

was shown to act as “a quality control point” enabling only
mature and properly folded complexes to exit the ER. Each γ-
secretase subunit is equipped with unique ER-retention se-
quence motifs localized probably either in cytosolic loops or
within transmembrane domains. Up to date, several novel ER-
retention signals have been identified, including sequences
localized at C terminus and TMD4 of presenilin 1 (Kaether
et al. 2004; Fassler et al. 2010), at the TMD1 of PEN-2 protein
(Kaether et al. 2007), and in the TMD of nicastrin (Spasic et al.
2007). Following successful complex assembly the retention
signals are masked, and ER export is possible (Kaether et al.
2007). Another observation worth mentioning here is that both
γ-secretase activity and PS distribution within subcellular
compartments is enriched in mitochondria-associated ER
membranes (MAMs; Area-Gomez et al. 2009). Earlier exper-
iments indicated that APP processing depends on γ-secretase
activity localized within lipid rafts. Recently, it has been dem-
onstrated that MAMs display characteristics typical for lipid
rafts. Therefore, it was suggested that the earlier identified
γ-secretase-enriched lipid rafts were in fact MAMs (Urano
et al. 2005; Kosicek et al. 2010; Area-Gomez et al. 2012).
Moreover, key functions of MAMs, such as calcium homeo-
stasis, cholesterol metabolism, synthesis and transfer of phos-
pholipids, seem to be dependent on the presence of PSs. In
accordance with this notion, an increased ER-mitochondria

Fig. 2 The four γ-secretase
components are synthesized in the
endoplasmic reticulum (ER),
where the complex is gradually
assembled. Firstly, imNCT
(violet)/APH-1 (red) subcomplex
is formed. PS holoprotein (yellow)
binds to imNCT/APH-1
subcomplex. Heterotrimeric
PS/NCT/APH-1 subcomplex is
further stabilized by incorporation
of PEN-2 (green). In the stabilized
complex, PS catalyses
autoendoproteolysis within the
loop between TMD 6 and TMD7.
In the heterotetrameric complex
retention signals within TMDs are
masked and as an ER export is
possible. Upon reaching trans-
Golgi imNCT is fully maturated
to mNCT and mature, active
γ-secretase is assembled.
Unincorporated subunits can be
retrieved to the ER, possibly via
the action of Rer1p. The mature
γ-secretase can localize in many
subcellular compartments, e.g.,
GA, TGN, plasma membrane,
endosomes, lysosomes as
well as MAMs
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apposition in cells lacking both PS1 and PS2, and in cells
expressing FAD-linked PS has been observed (Area-Gomez
et al. 2012).

To cleave or not to cleave? Substrate specificity
of the γ-secretase

As mentioned above, the two γ-secretase substrates, APP and
the Notch receptor, have been characterized in detail.
However, at present there are more than sixty different sub-
strates known, and most of them are type I transmembrane
proteins (McCarthy et al. 2009). These include ApoER2 (May
et al. 2003; Hoe and Rebeck 2005), the ligand of Notch
receptor Delta (Six et al. 2003; LeVoie and Selkoe 2003;
Ikeuchi and Sisodia 2003; Bland et al. 2003), E-cadherin
(Marambaud et al. 2002), Erb4 (Ni et al. 2001; Lee et al.
2002), insulin receptor (Kasuga et al. 2007), and Nectin-1α
(Kim et al. 2002; McCarthy et al. 2009). Many other γ-
secretase substrates also play significant roles in various cru-
cial biological processes, like development, cell–cell adhe-
sion, intracellular signaling. For example, neurexin, the
recently discovered substrate of γ-secretase, takes part in
synapse formation and functioning (Restituito et al. 2011;
Saura et al. 2011). It is worth to mention here that synaptic
dysfunction is also another major feature in early development
of Alzheimer disease (Knobloch and Mansuy 2008). On the
other hand, the distribution of known γ-secretase substrates
across species is very intriguing. Basically all of them are
proteins occurring exclusively in Metazoa, even though γ-
secretase activity has been reported in the slime mold, D.
discoideum. Similarly, genes coding for γ-secretase subunit
homologs have been recognized in plant genomes (McMains
et al. 2010; Smolarkiewicz 2012), but no substrate of
non-metazoan origin has yet been identified.

Proteolytic activity of the γ-secretase complex has been
intensively studied due to the importance of γ-secretase-
dependent APP proteolysis in pathogenesis of Alzheimer
disease. Some mutations in PSs predispose for development
of FAD and these FAD-linked PS mutants are responsible for
the elevation in ratio of pathogenic Aβ42 to Aβ40. Gamma-
secretase-dependent proteolysis requires earlier ectodomain
shedding by different proteases. In the case of APP, the
ectodomain can be cleaved by a metalloprotease from the
ADAM (a disintegrin and metalloproteinase) family or by
β-secretase (BACE; β-site APP cleaving enzyme). ADAM
and BACE are also transmembrane proteins, but their sub-
strates are cleaved within the juxtamembrane domain. For γ-
secretase cleavage there is no requirement for a specific se-
quence within the substrate, but the conformation of the sub-
strate's juxtamembrane domain, TMD or ICD itself have a
substantial influence on recognition and cleavage (Ren et al.
2007; Hemming et al. 2008). Details of γ-secretase action

come from the studies on APP processing which can be
cleaved along two distinct proteolytic pathways. Within the
amyloidogenic pathway, the ectodomain located in N-terminal
portion of AP protein is shed byBACE. Themembrane bound
APP-CTF is then cleaved by γ-secretase at several γ sites and
this results in the generation of Aβ peptides with different C
termini. In the non-amyloidogenic pathway, which is also
common for other γ-secretase substrates, the ectodomain is
shed by the ADAM enzyme, and this is followed by cleavage
of the C-terminal domain at ε site, which is located near the
cytoplasmic border of the membrane. The resulting AICD is
then released (Yu et al. 2001; Weidemann et al. 2002; Zhao et
al. 2005). Differential regulation ofγ-cleavage and ε-cleavage
has been reported (Kume and Kametani 2006). It has also
been shown that different factors, like pH, salt concentration,
FAD-linked mutations in PS, affect differentially the overall
proteolytic activity (ε-cutting) and processivity (trimming) of
γ-secretase (Quintero-Monzon et al. 2011). A detailed over-
view of proteolytic processing by γ-secretase has recently
been published by Barthet et al. (2012).

It is not completely clear how the different subunits of γ-
secretase contribute to substrate docking and cleaving. It
seems that the major obstacle here lies in the lack of structural
information related to the whole complex composed of four
subunits. Cross-linking studies showed that PS CTF lies
closely to PS NTF, PS CTF to APH-1, APH-1 to NCT, and
PS NTF to PEN-2 (Steiner et al. 2008). These results give the
basic view on interactions within the complex, and were
confirmed by other approaches (Fraering et al. 2004; Kim
and Sisodia 2005; Watanabe et al. 2005). More details can
be found with respect to PS structure. In 2006 the hydrophilic
cavity, formed by TMD6 and TMD7, and containing YD and
GXGD motifs, was discovered. This cavity or pore was
suggested as a catalytic site (Sato el al. 2006; Tolia et al.
2006). Two important points have been recently added to this
observation through crystallographic analysis of the archeal
protein MCMJR1, a PS homolog. First, it seems that the
cavity is formed in such a way that water molecules have
unrestricted access to the catalytic active. Second, the space
surrounded by TMD6 and TMD9 is most probably the entry
point for substrates (Li et al. 2013). Other TMDs and amino
acid residues, such as the PALmotif, TMD1, and TMD9 were
also reported to be involved in formation of hydrophilic cavity
(Sato et al. 2008; Tolia et al. 2008; Takagi et al. 2010). Recent
observations of γ-secretase and its trimeric pre-activation
complex composed of the PS holoprotein, APH-1 and NCT,
confirmed that the PS active site faces the hydrophilic cham-
ber. There was also an indication that incorporation of PEN-2
may contribute to the maturation of active site architecture
(Renzi et al. 2011).

For the γ-secretase complex, the substrate binding site is
considered to be distinct from the active site (Esler et al. 2002).
Nevertheless, results on the contribution of individual subunits
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to substrate binding seem not to be fully conclusive. For
example, although NCTwas reported to function as a substrate
recognition site (Shah et al. 2005; Dries et al. 2009), it was also
demonstrated that γ-secretase composed of PS1/PEN-2/APH-
1a can cleave Notch and APP in the absence of nicastrin (Zhao
et al. 2010). One should also bear in mind that in the activity
test performed in liposomes PS1 was able to cleave substrates
in the absence of NCT, APH1, PEN-2 (Ahn et al. 2010). In all
cases, however, autocatalytic endoproteolysis is an absolute
prerequisite for the activation of PS1. There are also some
indications that APH-1 might be involved in substrate recog-
nition (Chen et al. 2010). Some support for this comes from a
series of elegant co-immunoprecipitation experiments show-
ing that NCT/APH-1 subcomplex is sufficient for interactions
with CTFβ of APP, the initial substrate of γ-secretase.
However, as higher amounts of CTFβ were co-
immunoprecipitated with NCT than with other γ-secretase
components, the major role of nicastrin in substrate binding
was again supported (Mao et al. 2012).

With respect to substrate docking, the respective site within
PS is localized very close to the active site and both possibly
even overlap (Kornilova et al. 2005). The substrate’s
juxtamembrane or transmembrane domains also influence
cleavage, and ectodomain shedding is not the only prerequi-
site for the formation of an appropriate substrate structure
(Ren et al. 2007; Hemming et al. 2008). There are some
indications that extracellular and intracellular domains of the
substrates may alsoinfluence proper positioning on the PS
docking site (Lichtenthaler et al. 2011).

Strong differences in the phenotypes of PS1 and PS2 mu-
tants (Herreman et al. 1999) suggest that there will also be
variances in the activities of PS1- or PS2-containing γ-
secretase complexes. Experiments conducted by Frånberg et
al. (2011) showed that PS2 has a minor contribution to γ-
secretase activity, especially for cleavage of the most important
substrates: APP and Notch. Comparative analyses of PS1- and
PS2-containing γ-secretase complexes were done with the use
of the yeast recombinant system. Complexes with PS2 were
similarly efficient in β-amyloid production as complexes hav-
ing PS1. However, PS2 was reported less likely to form γ-
secretase complexes (Yonemura et al. 2011). It is worth men-
tioning that in these experiments an APH-1a-L splicing variant
was used, and this might suggest the promotion of alternative
complex binding patterns by APH-1a-S, e.g., with immature
nicastrin (Yonemura et al. 2011). Differences between the
functioning of PS1 and PS2 were also observed with respect
to calcium homeostasis (Zampese et al. 2011). Activity of the
whole complex could be regulated by various interacting pro-
teins, such as the transmembrane trafficking protein 21 kDa
(TMP21) or γ-secretase-activating protein (gSAP), which
modulates γ-site cleavage of APP (Chen et al. 2006; He et al.
2010; St George-Hyslop and Fraser 2012). This implies that
there might be a wealth of differently composed γ-secretase

complexes, and variable substrate specificity, activities, and
developmental distribution of different complexes might con-
tribute to the development of neurodegenerative disorders. On
the other hand, it also shows a potential for the determination of
new targets for the treatment of those diseases (Ma et al. 2005;
Chen et al. 2006; Zhou et al. 2005; He et al. 2010; Placanica
et al. 2010; St. George-Hyslop and Fraser 2011).

The role of the gamma-secretase complex:
beyond the beaten track

Gamma-secretase complex is one of the major players in
Regulated Intramembrane Proteolysis (RIP), thus contributing
greatly to the control of communication between cells and
extracellular environment (Brown et al. 2000; Urban et al.
2001; Lichtenthaler et al. 2011). Occurrence of ICDs acting as
signaling molecules, affecting gene expression was firstly
proved for Notch intracellular domain (NICD), and afterward
proposed also for others, such as the APP intracellular domain
(AICD) and ICD of CD46 (Beckett et al. 2012; Nakayama et
al. 2011; Weyand et al. 2010). Below, however, we will
concentrate on other aspects of γ-secretase action.

Lessons from ancient relatives

As mentioned earlier, homologs of PS, APH-1, PEN-2,
NCT were identified also in nonmetazoan genomes. As
there are still numerous question marks concerning the
structure and functions of γ-secretase in Metazoa, a closer
look at the evolutionary distant organisms harboring γ-
secretase components might be a starting point for a broader,
comprehensive analysis.

A moss, Physcomitrella patens which quickly became one
of the model organisms in plant sciences, was the first non-
animal organism in which the role of PS and the other γ-
secretase subunit, nicastrin, has been shown. Physcomitrella
turned out to be a convenient model for research on γ-secretase
homologues. It harbors all four components of the complex, but
the genome contains only one copy of presenilin gene (PpPS).
Moreover, no major known substrate, including Notch and
APP, has been yet identified in plants. Physcomitrella is thus
a suitable model for searching the biological functions of γ-
secretase subunits (Khandelwal et al. 2007). A null mutant of
presenilin (PpΔps) displayed pleiotropic phenotypic changes
with visible morphological and physiological abnormalities.
Mutant plants showed an uncommon growth pattern and im-
paired chloroplast movement (Khandelwal et al. 2007).
Importantly, plastid movement in plants is well-known to be
driven by the actin cytoskeleton (Anielska-Mazur et al. 2009),
and PS in animals has also been shown to interact with some
cytoskeleton-associated proteins, e.g., filamin (Zhang et al.
1998; Guo et al. 2000). The uptake of FM4-64 dye, a common
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endocytosis marker, was visibly impaired in PpΔps indicating
that PSmight be necessary for proper membrane internalization
and trafficking. The observed phenotype could be rescued by
both native PS and a mutant form lacking the aspartyl residues
crucial for PS activity. Interestingly, the phenotype could also
be rescued by two identical forms of human PS. Looking in
another direction, PpPS was unable to recognize common
Notch1-based substrates in PS-deficient mouse fibroblasts.
On the other hand, it could rescue accelerated proliferation in
PS-deficient mouse embryonic fibroblasts, a function which is
usually thought to be independent of γ-secretase proteolysis.
All this data suggests that the role of PS in P. patens is not
related to γ-secretase activity. However, this does not necessar-
ilymean that other subunits are dispensable. It was shown that a
null mutation in the P. patens homologue of nicastrin exhibits a
similar phenotype as the PS mutant, suggesting strict
interdependence between these two γ-secretase subunits
(Khandelwal et al. 2007). Although detailed function of γ-
secretase subunits in Physcomitrella still remains unclear, these
data suggest that there might be a broader, evolutionary con-
served function of the complex, or its individual subunits.

PS and other γ-secretase subunit orthologues have also
been identified in D. discoideum. Similar to the situation in
plants, this ancient eukaryote lacks any obvious equivalents of
APP, Notch or any other characterized γ-secretase substrate.
Most importantly, wild type Dictyostelium is capable of pro-
cessing ectopically expressed human APP, and APP process-
ing in null mutant strains of γ-secretase subunits is impaired
(McMains et al. 2010). PSs were also shown to be crucial for
Dictyostelium cell fate determination and regulation of phago-
cytosis. This suggests that the ancient biological role of γ-
secretase exceeds beyond frames known from animal studies.
One of the possible suggestions would be that PS/γ-secretase
activity could arise before metazoan expansion and indepen-
dently of Notch signaling. This again leads to a debate on the
original, ancient biological function of the complex.

Eat me

One of the concepts assumes that γ-secretase or PS itself
might originally be involved in the degradation and recycling
of membrane proteins (Lichtenthaler et al. 2011). In this view,
it would have to act as a “membrane proteasome” (Kopan and
Ilagan 2004), acquiring signaling functions related to γ-
secretase cleavage later in evolution (McMains et al. 2010).
This would be consistent with the observation that PSs may
regulate cell signaling by targeting membrane proteins for
degradation or endosomal recycling. Evidence has accumu-
lated indicating the possible role of γ-secretase in phagocytic
or autophagy-mediated lysosomal protein degradation in
Metazoa (Neely et al. 2011) as well as in D. discoideum
(McMains et al. 2010). Autophagy involves the degradation
of cellular components (organelles) or long-lived proteins and

aggregates in order to restore nutrition and to balance protein
synthesis and degradation during normal development,
programmed cell death or in response to starvation. It is
evolutionary conserved in all eukaryotes (Rabinowitz and
White 2010; Neely et al. 2011). Phagocytosis, on the other
hand, encompasses the internalization and degradation of
large particles, organelles or cells up taken from exterior. In
single-cell hetetrotrophic Protista it is utilized for nutrient
uptake while in multicellular Metazoa it is involved in immu-
nological homeostasis (Underhill and Ozinsky 2002). Both
pathways, phagocytosis and autophagy, meet in lysosomes
where degradation of the cargo is completed.

PS1 and nicastrin were shown to co-localize in murine
lysosomes and γ-secretase activity against APP could also
be detected in lysosomal membranes (Pasternak et al. 2003).
Moreover, lysosomal proteolysis and autophagy require PS1
(Lee et al. 2010). In PS null mutants both lysosomal proteol-
ysis and autophagosome clearance were affected. Cathepsin
activation caused by the failure of PS1-dependent targeting of
the V-ATPase V0a1 subunit to lysosomes was identified as a
molecular mechanism leading to the impairment in
autolysosome acidification (Lee et al. 2010). On the other
hand, in basal autophagy-defective mutants of HEK293 cells
(Human Embryonic Kidney 293), the expression of PS1 was
stimulated while the production of Aβ and cleavage of
Notch1 were significantly increased (Ohta et al. 2010).
Thereafter, Neely and colleagues (2011) have demonstrated
that PS is necessary for autophagy-mediated proteolysis in a
γ-secretase independent manner. Although loss of PSs in-
creased the number of lysosomes and autophagosomes in
cells, the overall efficiency of protein degradation by
autophagy was significantly reduced. On the contrary, no
differences in autophagic efficiency could be seen in cells
treated with γ-secretase inhibitors, and this suggested that
PS could have functions different than proteolytic ones
(Neely et al. 2011). Other explanations are still possible.
Impaired lysosomal fusion capacity and accumulation of
endomembranes in PS-deficient cells were recently shown to
result from alterations in lysosomal calcium storage/release
rather than changes in lysosomal acidification (Coen et al.
2012). Similarly, PS loss in PS knockout fibroblasts leads to
altered lysosomal calcium levels and changes in two-pore
channel expression and dimerization (TPC1–TPC2; Neely
Kayala et al. 2012). Other results point to the importance of
TFEB, a master transcriptional regulator of lysosomal biogen-
esis and autophagy. According to these observations PSs
regulate pathways critical for lysosomal biogenesis, but in a
TFEB mRNA independent manner (Zhang et al. 2012).
Finally, defective autophagy was shown to be involved in
the pathogenesis of Alzheimer's disease, also at the very early
stages of disease (Nixon and Yang 2011).

Gamma-secretase subunits are also indispensable for ef-
ficient phagocytosis. The activity of the complex was found
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in phagosome membranes from immune response-related
cells of two evolutionary distant organisms: murine macro-
phages and Drosophila S2 phagocytes (Jutras et al. 2005).
They were also shown to be crucial for phagocytosis of Aβ
conducted by microglia (Farfara et al. 2011), and endocy-
totic nutrient uptake by Dictyostelium (McMains et al.
2010). All these data suggest that PSs alone or in the γ-
secretase complex might play a crucial role in membrane
and protein trafficking events. Vesicle formation occurs not
only during autophagy, but also during other processes
(e.g., endocytosis).

Endocytosis: passive cargo or active player?

It seems that γ-secretase subunits specifically interact with
proteins known for their direct involvement in trafficking. A
protein-protein interaction study (Dumanchin et al. 1999)
showed that human PS1 and PS2 interact with Rab11 — a
small GTPase known to be a master regulator of protein
transport via recycling endosomes (Jing and Prekeris 2009).
Similarly, syntaxin 5 and syntaxin 1A, two SNAREs involved
in Golgi trafficking and synaptic vesicle fusion, respectively,
also bind to PS (Smith et al. 2000; Suga et al. 2005). In
addition, localization of active γ-secretase complexes in syn-
aptic vesicles has been demonstrated (Frykman et al. 2010).
PS was shown to be involved in γ-secretase-dependent pro-
cessing of nectin 1 and 3, adhesion molecules involved in
establishing cell–cell adherent junctions at synapses (Kim et
al. 2011). Moreover, there are some indications that γ-
secretase might be essential for the regulation of neurotrans-
mitter release (Pratt et al. 2011), although the underlying
mechanism — direct involvement or regulation of calcium
homeostasis — is still not fully defined (Zhang et al. 2009;
Pratt et al. 2011).

Although γ-secretase complexes could be found in many
compartments of the endomembrane system, activity of the
complex is practically restricted to the cell surface and vesicles
located at the cell cortex. However, the question on the biolog-
ical function of γ-secretase in membrane trafficking still re-
mains open. Much effort has been made to determine whether
γ-secretase itself is involved in regulation of vesicle trafficking
or whether is it just internalized from the plasma membrane to
endosomes as a “cargo” destined for degradation. The prevail-
ing view now is thatγ-secretase participates in the orchestration
of various protein trafficking events (Esselens et al. 2004;
Wilson et al. 2004; Repetto et al. 2007; Zou et al. 2008;
Nahalkova et al. 2010). Apart from the already discussed role
in autophagy and phagocytosis, new lines of evidence have
come from studies on receptor-mediated endocytosis (RME,
also known as ligand-induced endocytosis). RME is an evolu-
tionary conserved mechanism, present in all eukaryotes, in
which ligand-bound receptors become internalized and are
trafficked along various compartments of endocytotic pathway.

In animals, receptors for Notch, epidermal growth factor
(EGF), transferrin or low-density lipoprotein (LDL), for exam-
ple, are all internalized in this way (Ceresa 2006; Fürthauer and
González-Gaitán 2009; Grant and Donaldson 2009). Some of
these receptors play a role as carrier proteins, e.g., the LDL
receptor, and some act as a trigger for signaling cascades, e.g.,
EGFR. RME has also been extensively investigated in plants,
and examples include receptors for flagellin (FLS2;
FLAGELLIN-SENSING 2) and brassinosteroids (BRI1;
BRASSINOSTEROID-INSENSITIVE 1) (Geldner and
Robatzek 2008; Irani and Russinova 2009).

In early studies, ligand-induced endocytosis of signaling
receptors was considered as a negative regulator of signal
transduction. It was usually thought that receptor internaliza-
tion would act as the limiting factor simply by reducing the
number of receptors available at the cell surface. However,
more and more data indicate that there is a strong functional
link between endocytosis and signaling, restricted not only to
signal attenuation (Sorkin and Zastrow 2009). Some receptors
continue signaling until late stages in the endocytic pathway,
and some become activated only after internalization.
Therefore, recent views present endosomes as “motile signal-
ing platforms” (Šamaj et al. 2005) and intracellular trafficking
of surface receptors as an integral part of signal transduction
(Sadowski et al. 2009; Shilo and Schejter 2011). As some of
the γ-secretase interacting partners have been shown to act as
plasmamembrane receptors, and all of themwere shown to be
internalized by RME, an interesting question on the involve-
ment of γ-secretase in receptor trafficking has been posed.
Indeed, partial loss ofγ-secretase function led to the decreased
capacity of cells to internalize the LDL receptor via endocy-
tosis, and resulted in elevated levels of LDLR in the plasma
membrane (Tamboli et al. 2008). Similarly, endocytosis of the
transferrin receptor seems to be impaired in the absence of
active γ-secretase. Data from Zhang and colleagues (2006)
clearly demonstrated that γ-secretase activity is required for
normal endosomal recycling. By means of pharmacological
compounds and knock-out lines a significant delay in the
trafficking of transferrin through the recycling compartment
was detected.

The Notch receptor is one of best studied substrates for γ-
secretase. In animals, Notch signaling pathway is a highly
conserved system involved mainly in the control of multiple
cell differentiation processes during embryonic and adult life
(Nichols et al. 2007). In the absence of its ligand, the Notch
receptor is continuously internalized and degraded in lyso-
somes. However, following ligand binding, two consecutive
proteolytic events occur. First, most of the extracellular do-
main of the Notch receptor is shed by ADAM protease. Then
it becomes accessible for γ-secretase, which releases its intra-
cellular part to act as a transcription factor. Many experimental
clues indicate that γ-secretase-regulated intramembrane pro-
teolysis of the Notch receptor is conducted in endosomes
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rather than at the plasmamembrane as was previously thought
(Nichols et al. 2007; Brou 2009; Sorkin and von Zastrow
2009; Le Bras et al. 2011). One can speculate that not only
Notch cleavage but also endocytosis are somehow dependent
on γ-secretase activity, but this still requires further research
(Andersson et al. 2011; Le Bras et al. 2011). One should also
bear in mind, that contradictory evidence is also available
(Sorensen and Conner 2010).

Another example of interplay between protein trafficking
and signaling is EGFR endocytosis (Sorkin and von Zastrow
2009), and the role forγ-secretase has been already indicated. In
PS mutants, elevated levels of EGFR were detected due to its
delayed turnover. Moreover, ligand-induced signaling was no-
ticeably prolonged in PS mutants and EGFR trafficking from
early endosomes to lysosomes was critically impaired (Repetto
et al. 2007). Endocytic trafficking was shown to be required for
receptor phosphorylation and activated EGFR was localized
even to late compartments of endocytic pathway (Sadowski
et al. 2009; Zwang and Yarden 2009). To perform their func-
tions endosomes undergo dynamic movements along microtu-
bules and actin filaments. Interestingly, the signaling output of
the EGF receptor was shown to be dependent on the endosome
localization within the cell. For example, mistargeting of late
endosomes with EGFR cargo to the cell periphery resulted in
prolonged signaling (Taub et al. 2007). It is tempting to specu-
late that γ-secretase could play a dual role, both in receptor
internalization and recycling, and in the reorganization of the
cytoskeleton.

An elegant example linking: γ-secretase cleavage, signaling
and endocytosis, is the proteolytic processing of protocadherin
proteins (Pcdh; Buchanan et al. 2010). Protocadhedrins are
single-pass transmembrane proteins predominantly expressed
in the nervous system. They constitute the largest subgroup
within the cadherin superfamily and play critical roles in
intercellular adhesion and cell-to-cell communication
(Morishita and Yagi 2007). Processing of Pcdh involves the
γ-secretase-dependent release of ICD which is active both in
the cytoplasm and in the nucleus (Parks and Curtis 2007). It has
been demonstrated that the γ-secretase-dependent cleavage of
Pcdhα requires endocytosis. There were also suggestions that
in this case, endocytosis of Pcdhα, extracellular domain cleav-
age, γ-secretase cleavage, and ESCRT-dependent trafficking
maybe co-regulated during differentiation (Buchanan et al.
2010). Interestingly, the endosomal sorting complex
(ESCRT) also directs Notch-positive endosomes to the
multivesicular body pathway and the lysosome (Vaccari et al.
2008).

On guard of the calcium flux

One of the concepts on the ancient function of PSs is related to
the hypothetical formation of a calcium leak channel (Selkoe
and Wolfe 2007). Although there are many hints pointing to

the involvement of PS in calcium homeostasis, conclusive
evidence is still to be gathered. Mammalian PSs have been
reported to regulate the calcium homeostasis of intracellular
stores and to control neurotransmitter release and long-term
potentiation, which are regulated by intracellular Ca2+ release.
Interestingly, the influence of PSs on Ca2+ signaling and intra-
cellular Ca2+ flux seems to be independent from γ-secretase
activity (Zhang et al. 2010; Ho and Shen 2011). On the
contrary, control of spontaneous neurotransmission through
modulation of low-level tonic Ca2+ influx into presynaptic
axon terminals in hippocampal neurons was reported as being
γ-secretase-dependent (Ho and Shen 2011; Pratt et al. 2011).
However, if Ca2+ is released from intracellular stores the
neurotransmitter release is becoming γ-secretase-dependent
(Pratt et al. 2011). Apart fromγ-secretase activity, several other
mechanisms by which PSs affect Ca2+ homeostasis have been
proposed: (1) formation of an ER Ca2+ leak channel by PS
holoprotein (Tu et al. 2006); (2) activation of the sarco/ER
Ca2+-ATPase (SERCA) pump (Green et al. 2008); (3) increas-
ing the activity of the inositol triphosphate receptor (InsP3R)
Ca2+ release channel in response to low [InsP3] (Müller et al.
2011a); (4) increasing the number of contact sites between ER
andmitochondria, and thus favoring Ca2+ transfer between ER
and mitochondria (Zampese et al. 2011); (5) potentiation of
Ryanodine Receptor (RyR) activity by N-terminal fragment
regulation (Rybalchenko et al. 2008); and (6) PIP2-mediated
regulation of Transient Receptor Potential Melastatin Related 7
(TRPM7) channel (Oh et al. 2012).

Many of the known FAD-linked PSs turned out to enhance
Ca2+ release in response to InsP3-generating agonists (Ito et al.
1994; Hirashima et al. 1996; Etcheberrigaray et al. 1998). PSs
were suggested to play a major role in ER Ca2+ leak and the
disruption of ERCa2+ leak function of PSs results in increased
Ca2+ levels in ER in, e.g., PS knock-out fibroblasts and double
PS knock-out murine hippocampal neurons (Tu et al. 2006;
Zhang et al. 2010). Contradictory results concerning some
FAD-linked PS-derived [Ca2+]ER shifted attention to the hy-
peractivity of ER Ca2+ release channels (Cheung et al. 2008,
2010). In addition, expression of FAD-linked PS results in
constitutive InsP3R-CaMKIV-CREB signaling due to ER
Ca2+ release through InsP3R channel (Müller et al. 2011a).
This pathway alters gene expression in the brain and enhances
ROS generation and cell death as well as the cytotoxic effects
of Aβ oligomers (Müller et al. 2011a, b).

Another possible explanation as to how PSs could influ-
ence Ca2+ homeostasis centers on the regulation of TRPM7
channel by PSs. Oh et al. (2012)) found that this control was
independent from γ-secretase activity, was not dependent on a
TRPM7 protein level, and was mediated by PIP2 levels.
Earlier observations of FAD-linked PS mutations showed
the elevated activity of phospholipase C (Cowburn et al.
2007), providing a link via modulation of the PIP2 level. It
has also been suggested that this regulation of Ca2+ influx
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operates following the depletion of extracellular Ca2+ stores
(Oh et al. 2011).

Forming a leak channel by PSs and the influence of FAD-
linked PS mutations on channel conductance were first de-
scribed by Tu et al. (2006). It was hypothesized that the PS
holoprotein is responsible for the formation of ER Ca2+ leak,
contrary to the PS contribution to γ-secretase-dependent pro-
teolysis, which requires activating endoproteolysis of PS (De
Strooper and Annaert 2010). Indeed, recent data indicate that
PS’s catalytic hydrophilic cavity may constitute a Ca2+-con-
ductance pore (Nelson et al. 2011). The existence of distinct
forms of γ-secretase in different types of cells, with various
forms of PS1, could open the possibility for both structural
and functional diversity of the γ-secretase complex (Supnet
and Bezprozvanny 2011). In fact, an atypical γ-secretase
complex with significantly altered subunit stoichiometry was
already detected in hematopoietic cell line (Placanica et al.
2010). Some controversies have been raised, however, with
recently published data from Shilling et al. (2012). They have
found that PS did not form a calcium leak channel, and that
ER Ca2+ dynamics was not altered in double knock-out MEF
cells. PS holoprotein and FAD-link PS also did not affect ER
Ca2+ dynamics. Nevertheless, PS’s influence on total cellu-
lar, but not ER, ionomycin-induced Ca2+ release in fibro-
blasts has been confirmed. Moreover, the origin of this
controversy has been identified too, and the specific locali-
zation of Ca2+ indicators to the ER was shown to be required
(Shilling et al. 2012).

Interesting results were obtained on the specific role played
by PS2 in the modulation of ER-mitochondria interactions and
Ca2+ cross-talk (Zampese et al. 2011). FAD-linked PS2 mu-
tants increased physical interactions between ER and mito-
chondria and strengthened Ca2+ transfer between both
organelles. Reinforcement of ER-mitochondrial interactions
was independent from both γ-secretase activity and PS2
autoproteolysis. However, the full-length form of PS2 was
anyway necessary. It was also suggested that Mfn-2, a protein
directly bridging ER-mitochondria by homotypic interactions
was important in this process (Zampese et al. 2011; Area-
Gomez et al. 2012). Similarly, suggestions were presented that
this is the role of PS in MAMs formation, therefore providing
a link between increased ER-mitochondrial interactions, alter-
ations in calcium homeostasis, and PSs, as enrichment of
MAMs could involve proteins important for Ca2+ homeostasis
and functionally related to PS, like the ryanodine receptor
(Garcia-Perez et al. 2008), and the inositol-1,4,5-triphosphate
receptor (IP3R) (Hayashi et al. 2009).

It should also be remembered that PSs interact with many
other proteins related to Ca2+ signaling, like sorcin, calmodu-
lin, calsenilin, calmyrin, calpain (Buxbaum et al. 1998;
Shinozaki et al. 1998; Stabler et al. 1999; Pack-Chung et al.
2000). These results add to the observed close functional
relationship between PSs and calcium signaling and make

the involvement of PS in intramembrane proteolysis more
understandable. Moreover, altered Ca2+ signaling precedes
the appearance of plaques and tangles and could contribute
to neuronal cell death during AD (Bezprozvanny and Mattson
2008). This makes the issue of PSs and calcium regulation
even more interesting and important.

Conclusions

In this review, the very many faces of PSs and γ-secretase
complex have been discussed. In the last few years, many
important data have been collected and our knowledge about
PSs' and γ-secretase's versatile functions has greatly expand-
ed. Many issues related to the mechanisms of PSs and γ-
secretase influence on, e.g., calcium homeostasis and
autophagy, are still unclear with many contradictory results
have been published. On the contrary, the way of the complex
assembly is now rather well characterized, although some
important details on the role of individual subunits within
the complex and on the mechanism of PS endoproteolysis
are still missing. New substrates of γ-secretase are still being
discovered and details of the molecular mechanism of prote-
olysis and regulation are being progressively elucidated. This
issue in particular gives hope for the discovery of an efficient
drug for Alzheimer's disease. At that moment, a picture is
emerging showing much more versatile roles for both PS and
γ-secretase than anybody had expected previously. From the
discoveries made in distant groups of organisms, e.g., plants
and slime molds, new details and new functions of those
proteins are being deduced, providing also new hints of bio-
medical importance.
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