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Abstract The Alzheimer’s amyloid precursor protein
(APP) belongs to a conserved gene family that also
includes the mammalian APLP1 and APLP2, the Dro-
sophila APPL, and the C. elegans APL-1. The biological
function of APP is still not fully clear. However, it is
known that the APP family proteins have redundant and
partly overlapping functions, which demonstrates the
importance of studying all APP family members to gain a
more complete picture. When APP was first cloned, it was
speculated that it could function as a receptor. This theory
has been further substantiated by studies showing that APP
and its homologues bind both extracellular ligands and
intracellular adaptor proteins. The APP family proteins
undergo regulated intramembrane proteolysis (RIP), gen-
erating secreted and cytoplasmic fragments that have been
ascribed different functions. In this review, we will discuss
the APP family with focus on biological functions, binding
partners, and regulated processing.
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Introduction
More than 20 years have passed since the molecular

cloning of the human amyloid precursor protein (APP).
Soon after its discovery, APP [1] was found to be
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evolutionary highly conserved. In addition, two mamma-
lian genes encoding the homologous proteins APP-like
protein-1 and -2 (APLP1 and APLP2) were identified [2,
3]. Research on the APP family and in particular on APP
itself has led to evolvement of the concept of presenilin-
dependent regulated intramembrane proteolysis (RIP). RIP
is important not only in the proteolytic processing of the
APP family but also for the processing and function of
other proteins. This includes proteins that can be classified
as signal transduction-associated receptors and latent
transcription factors, such as Notch. The APP family pro-
teins are intriguing with many different suggested
functions. It is still not fully clear whether the proteins
function as bona fide signaling receptors and/or adhesion
molecules or whether the physiological function is pri-
marily mediated by a shedded soluble fragment. However,
it is clear that the APP family has redundant and at least
partly overlapping functions. Therefore, a comparison of
the members will give a more complete picture. Homo-
logues in other species also include the APP-like proteins
APPL [4] and APL-1 [5] in fruit fly (Drosophila melano-
gaster) and worm (Caenorhabditis elegans), respectively.
In particular, experiments conducted in fruit flies have been
of value in shedding light on possible functions of the APP
family.

APP is the most well studied member of the APP family
due to its role in Alzheimer’s disease (AD). This neuro-
degenerative disorder is characterized by the presence of
neurofibrillary tangles and senile plaques in the brain. The
major constituent of amyloid plaques is the hydrophobic
peptide amyloid f (Ap) [6, 7], that can occur in different
lengths (3943 amino acids). Af40 (40 amino acids long)
is the most abundant form. However, a slightly longer
form, A42, which is produced in much lower quantities, is
more prone to aggregate and to form amyloid fibrils [8, 9].
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Sequencing of Af subsequently led to the molecular
cloning of the longer precursor protein APP [1]. APP was
originally proposed to be a receptor, and there is increasing
evidence supporting this view, as will be discussed in more
detail below.

The accumulation of Af, which is produced through
sequential cleavage of APP (reviewed in [10]), is consid-
ered to cause AD pathology and to induce the formation of
neurofibrillary tangles, cell loss, vascular damage, and
dementia [11]. The hypothesis is supported by the fact that
the mutations causing familial early onset forms of AD
occur either in APP or in presenilin-1 or -2 (PS1 or PS2),
which are involved in the processing of APP. Most of these
mutations increase the production and/or accumulation of,
in particular, Af42. It is also known that patients with
Down’s syndrome, caused by trisomy of chromosome 21,
which contains the APP gene, develop AD-like pathology
[12].

The APP family

All APP family members are type 1 integral membrane
proteins, with a single membrane-spanning domain, a large
ectoplasmic N-terminal region and a shorter cytoplasmic
C-terminal region (cf. [1, 13]). The APP sequence can be
divided into multiple distinct domains (Fig. 1). The ecto-
plasmic region of APP, which constitutes the major part of

the protein, can be divided into the E1 and E2 domains
(reviewed in [14]). The E1 domain can be further divided
into a number of subdomains, including a heparin-binding/
growth-factor-like domain (HFBD/GFLD), a copper-bind-
ing domain (CuBD) and a zinc-binding domain (ZnBD).
The El domain is followed by an acidic region rich in
aspartic acid and glutamic acid (DE) and a Kunitz protease
inhibitor domain (KPI; not present in APP695). The E2
region consists of another HFBD/GFLD and a random coil
(RC) region. The cytoplasmic region of APP contains a
protein interaction motif, namely the YENPTY sequence
(including the NPXY internalization signal), which is
conserved in all APP homologues. The sequences of all
APP homologues can be divided into similar domain
structures as APP (Fig. 1).

There are three major isoforms of mammalian APP:
APP695, APP751, and APP770. Alternative splicing of
APLP2 also produces multiple protein isoforms, while only
one form of APLP1 has been detected. The main difference
between the APP isoforms is the presence or absence of the
KPI domain and a chondroitin sulfate glycosaminoglycan
(CS GAQG) attachment site. This is also the case for the
APLP2 isoforms. APLPI consists of 650 amino acids and
lacks both the KPI domain and the CS GAG attachment
site [2, 15]. APP and APLP2 are ubiquitously expressed.
However, the different isoforms can be preferentially
expressed in different cell types, such as the 695-amino-
acid-long isoform of APP, which is mainly found in cells of
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neuronal origin. APLP1 expression has been reported to be
restricted to the nervous system [16, 17]. The C. elegans
homologue APL-1 is expressed in multiple tissues [18],
whereas the Drosophila APPL protein is exclusively
expressed in the nervous system [19].

Proteolytic processing of APP and formation of Af

The proteolytic processing of APP can be divided into two
different pathways (Fig. 2), the amyloidogenic pathway,
which leads to generation of Af, and the nonamyloido-
genic pathway. Both pathways are mediated by at least
three cleavage events. The amyloidogenic processing of
APP is initiated through cleavage by [-secretase, which
leads to secretion of the large N-terminal ectodomain,
sAPPS. The remaining C-terminal stub of 99 amino acids
(C99) can then be further processed by 7y-secretase, gen-
erating Aff and a free APP intracellular domain (AICD).
AICD can translocate into the nucleus where it may
function as a transcription factor [20]. y-Secretase cleav-
age between Val637 (in the APP695 isoform) and
Ile638 generates AP40, and cleavage after Ala639 results
in production of Af42 (reviewed in [10]). The remaining
C-terminal fragments after y-secretase cleavage were
expected to be 57 or 59 amino acids long (C57 and C59).
However, instead a 50-amino-acid-long C-terminal frag-
ment (C50) has been identified as AICD [21]. Consequently,
the final processing step has been suggested to be a result of

Fig. 2 Schematic illustration of
APP processing. The major
cleavage of APP in the
ectoplasmic domain occurs at
the a- and f-site, resulting in the
secretion of sAPPo or sAPPf.
The remaining C-terminal
membrane-bound fragments,
C83 or C99, are subsequently
cleaved within the
transmembrane region by
y-secretase, releasing AICD
and p3 or Af Non-amyloidogenic
pathway

sAPPo

three cleavage events. The C99 fragment is first cleaved at
the e-site at the Leu646-Val647 bond [22, 23], followed
by cleavage at the (-site between Val643 and Ile644, and
finally the peptide is cut at the y-site [24].

In the nonamyloidogenic pathway, generation of Af is
precluded since APP is initially cleaved by o-secretase
within the A sequence near the ectoplasmic side of the
plasma membrane [25, 26]. The «-secretase cleavage of
APP releases the N-terminal ectodomain sAPPo from the
cell surface leaving an 8§3-amino-acid-long C-terminal
membrane-bound fragment (C83). This fragment can be
further processed by y-secretase in a similar way as in the
amyloidogenic pathway, giving rise to the small peptide p3
and AICD.

Although APP processing has been studied extensively,
there is not yet a complete picture of the processing events
and the enzymes involved. a-Secretase has been charac-
terized as a zinc metalloproteinase that cleaves APP at the
Lys613-Leu614 bond [27]. Several a-secretase candidates
exist, and they are all members of the ADAM (a disintegrin
and metalloproteinase) family. The two most likely can-
didates are ADAM10 and ADAM]17, also known as TACE
(tumor necrosis factor-o. converting enzyme), but also
ADAMO has been proposed to play a role. ADAMs are
type 1 integral membrane proteins with a multidomain
structure, including signal peptide, pro-domain, catalytic
metalloprotease domain, disintegrin/cystein-rich domain,
transmembrane domain, and a short cytoplasmic domain
[28].
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fB-Secretase is an aspartyl protease that cleaves APP at
the Met597-Asp598 bond, which constitutes the first step
towards Afi production. Two [-secretases have been
identified: BACE (f-site APP-cleaving enzyme; also
known as BACE1) and BACE2 [29-32]. BACE is more
widely expressed in the brain, and BACE knock-out ani-
mals do not produce any detectable levels of Af [33, 34].
BACE is a single domain integral protein with its active
site located on the ectoplasmic side of the membrane [29,
31]. The optimal pH of BACE activity is approximately
4.5, indicating that the fS-site cleavage of APP takes place
in more acidic cellular compartments, such as the endo-
somes [31]. BACE cleavage has also been suggested to
occur in lipid rafts [35].

y-Secretase is an aspartyl protease with low sequence
specificity that cleaves the substrate within its transmem-
brane domain. The enzyme is a protein complex that
consists of anterior pharyx defective 1 (APH-1), nicastrin,
PS1 or PS2, and presenilin enhancer-2 (PEN-2) [36-39].
PS1 is a nine transmembrane domain (TM) protein and is
considered to harbor the active site of the enzyme [40].
Two highly conserved aspartate residues (Asp257 and
Asp385 in human PS1) within TM6 and TM7 constitute the
core of the catalytic site [41]. Nicastrin has one TM and a
large ectodomain, proposed to function as a gatekeeper to
the PS1 active site [42]. Nicastrin also functions as a
substrate receptor and is important for the assembly pro-
cess of the y-secretase complex. The functions of APHI1
and PEN2 are not yet fully understood. However, APH1
has been implicated in stabilization of PS1 and plays an
important part during assembly of the complex, whereas
PEN?2 stabilizes the final complex and is involved in en-
doproteolysis of PS1 (reviewed in [43, 44]).

Proteolytic processing of APP homologues

Although the sequences in APP, where the various secre-
tases cleave, are very different in the two mammalian
homologous, both APLP1 and APLP2 are believed to be
proteolytically processed in a similar way as APP. The first
indication that APLPs were cleaved by y-secretase was the
detection of elevated levels of an APLP1 membrane-bound
C-terminal fragment in brain tissues from animals deficient
in PS1 [45]. Cleavage of APLPs by y-secretase generates
not only fragments corresponding to membrane-bound
APP C-terminal fragments, but also to AICDs, denoted
ALID1 and 2 (APP-like intracellular domains 1 and 2) [46,
47]. Substantial evidence shows that APLP2 is processed
by o- and f-secretase, while the processing events are less
certain for APLP1 [48, 49]. The exact cleavage sites have
still not been determined. The C. elegans APP homologue,
APL-1, has been shown to be cleaved within its

ectoplasmic domain, releasing a soluble form of the protein
[5, 19]. Further, APL-1 has been suggested to be cleaved
by the C. elegans PS1 homologue, SEL-12 [18]. The
Drosophila APP homologue, APPL, is also known to
release a soluble form [19]. In addition, homologues to
ADAMIO0 [50], BACE [51], and presenilin [52, 53] have
been identified in Drosophila (Kuzbanian, dBACE, and
DPS, respectively). In a recent study, the processing of
APPL was further studied [51]. APPL was found to be
cleaved by Kuzbanian and Dps. Even though the Ap
sequence in APP is not conserved in APPL, both dBACE
and human BACE were able to cleave APPL. Interestingly,
co-expression of APPL and dBACE resulted in generation
of Drosophila A (dApP) aggregates, which caused spon-
giform lesions, neuronal cell death, and behavioral deficits.

Posttranslational modifications of the APP family

The APP family proteins are posttranslationally modified
in several different ways (Fig. 3). All three mammalian
members, as well as APPL and APL-1, undergo N-glyco-
sylation [5, 13, 19, 48, 54]. Both APP and APLP2 have
been shown to be O-linked glycosylated [55, 56], sialylated
[56], and CS GAG modified [57, 58]. N-glycosylation of
APLP1 was shown to be regulated by factors affecting
neuronal differentiation [47]. In addition, in a study by
Eggert et al. N-glycosylation was shown to affect the
processing of APLP1 [48]. Treatment with tunicamycin,
which blocks N-glycosylation generated additional APLP1
fragments, whereas the processing of APLP2 and APP was
unaffected. However, APP processing was observed to be
affected by sialylation, since overexpression of sialyl-
transferase enhanced secretion of Af [59]. APP can also
undergo sumoylation at lysines 587 and 595 [60].

APP family members have also been shown to be
phosphorylated. APP has several sites in its intracellular
domain that can be phosphorylated in vitro [61-63].
Among these, Thr654, Ser655, and Thr668 (Fig. 3) have
been demonstrated to be phosphorylated in adult rat brain
[63] [64], and Tyr653, Ser655, Thr668, Ser675, Tyr682,
Thr686 and Tyr687 (Fig. 3) were found to be phosphory-
lated in postmortem brain tissue of patients with AD [65].
In addition, Thr668 phosphorylated APP has been found to
be enriched in endocytic compartments and to colocalize
with BACE in AD brains [65]. The Thr668 phosphoryla-
tion of APP has been suggested to be mediated by different
enzymes. Cdkl/cdc2 kinase was shown to phosphorylate
APP at Thr668 in dividing cells [63], whereas c-Jun N-
terminal kinase 3 (JNK3) seems to be responsible for
Thr668 phosphorylation during neuronal differentiation
[66]. In postmitotic neurons, both cyclin-dependent kinase
5 (cdk5) and glycogen synthase kinase-3f (GSK-3p) have
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Fig. 3 Posttranslational
modification sites in APP and its
homologues. Schematic
illustration of posttranslational
modification sites in APP. Note,
APP also undergoes O-
glycosylation, but the site has
still not been determined.
Alignment of the APP
modification sequences with its
homologues. The APP N*¢
N-glycosylation site is
conserved in all homologues,
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been implicated to phosphorylate APP at Thr668 [67, 68].
Thr668-phosphorylated APP has been demonstrated to
form complexes with JNK-interacting protein-1 (JIP-1)
which are then transported to neurites [69]. Furthermore,
Thr668 phosphorylation has been proposed to affect the
processing of APP. In a study by Lee et al., it was shown
that Af production was reduced in rat embryonic cortical
neurons when treated with a cdk5 inhibitor, which reduced
Thr668 phosphorylation, or when transfected with
Thr668Ala mutant APP [65]. However, a similar study
with Thr668Ala mutant APP mice showed identical levels
and distribution of all APP metabolic products as in wild-
type mice [70]. In yet another study, Thr668 phosphory-
lation of APP was reported to induce increased f-cleavage,
but decreased y-cleavage, resulting in decreased Af pro-
duction [71]. Other phosphorylation sites than Thr668 have
also been implicated in the regulation of APP processing.
In a recent study, phosphorylation of APP at Tyr687
was suggested to regulate o-cleavage of APP since

overexpression of the mutant Tyr687Ala decreased the
level of the C83 fragment [72].

Synthetic peptides corresponding to the cytoplasmic
domain of APLP1 and APLP2 have been shown to be
phosphorylated by protein kinase C (PKC) [73], as previ-
ously shown for APP [61]. APLP2, but not APLP1, was
further demonstrated to be phosphorylated by cdc2 kinase
[73]. Alignment of the APP family members shows that the
APP Thr668 phosphorylation site is conserved in all APP
homologues; APLP1 (Thr624), APLP2 (Thr636), APPL
(Thr855), and APL-1 (Thr660) (Fig. 3). APLP2 as well as
APP was observed in a study by Taru and Suzuki to be
phosphorylated at this site by JNK1 and JNK2 in response
to cellular stress [74]. Three other in vivo phosphorylated
sites in APP, Tyr682, Thr686, and Tyr687 (which are part
of the YENPTY motif), are also conserved in all APP
homologues. Tyr653, another in vivo phosphorylated site
in APP, is conserved in both mammalian homologues, but
not in APPL or APL-1.
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Phosphorylation of APP has also been shown to regulate
intracellular signaling via adaptor proteins, which will be
discussed later. Thr668 phosphorylation was shown to
induce large conformational changes of the intracellular
domain [75]. It was later shown that the peptidyl-, prolyl
cis/trans isomerase Pinl binds to Thr668-phosphorylated
APP both in vitro and in vivo and thereby accelerates the
production of the trans conformation of Pro669 [76]. This
proline residue is conserved in APLP2 (Pro737) and APL-1
(Pro662), but not in APLP1 or APPL. It was further
demonstrated that the Pinl-catalyzed isomerization of APP
regulated its processing, since overexpression or knockout
of Pinl reduced or increased the secretion of Ap, respec-
tively. It has further been shown that Pinl knockout in
mice resulted in age-dependent neuropathy [77].

Function of the APP family

The exact biological function of APP and its homologues is
still unknown. However, several in vitro and in vivo
studies have yielded strong evidence for roles of APP, both
in the developing and adult nervous system, in cell adhe-
sion, neuronal survival, neurite outgrowth, synaptogenesis,
vesicular transport, neuronal migration, modulation of
synaptic plasticity, and insulin and glucose homeostasis.
Whether these functions are mediated through receptor- or
ligand-like properties of APP is in most cases still not
known. However, there is evidence suggesting that APP
may function as both a ligand and a receptor. Studies with
knockout mice have shown that single disruptions of APP,
APLPI, or APLP2 only caused minor abnormalities [78—
80]. In contrast, APLP2~'"/APP™'~ mice and APLP2™/"/
APLP1 ™'~ both showed a lethal phenotype, whereas
APLP1~/7/APP™'~ mice were viable [80]. Triple knock-
out mice showed a 100% lethal phenotype [81]. These
results suggest that APLP2 has a key physiological role
among the mammalian family members and that there
seems to be functional redundancy among the homologues.
Little is known about the function of APLP1 and APLP2,
as well as the nonmammalian homologues. However, the
functional overlap with APP has been demonstrated in
several studies, providing evidence for roles of the
homologues in neurite outgrowth, cell adhesion, and neu-
ronal migration.

Cell adhesion, neurite outgrowth, and synaptogenesis

Many studies have indicated that APP participates in cell
adhesion. Schubert et al. observed that APP can modulate
the adhesion of PC12 cells to the substrata [82]. APP has
also been shown to bind to several extracellular matrix

molecules, such as laminin and heparin sulphate proteo-
glycans [83]. In addition, X-ray crystallography analysis
has shown that the ectodomain of APP can form antipar-
allel dimers [84]. It was later shown that APP was able to
form both homodimers and heterodimers with APLP1 and
APLP2, which in cell culture studies were able to induce
cell-cell adhesion [85]. The study further showed that
endogenous APLP2 was required for cell-cell adhesion in
mouse embryonic fibroblasts. However, in a recent study it
was observed that although all mammalian homologues
could form cis interactions, trans interactions could only be
formed by APLP1 [86]. Thus, this latter study suggests a
specific role of APLP1 in cell adhesion.

The binding of APP to heparin sulphate proteoglycans
was reported by Small et al. to stimulate neurite outgrowth
in cultured chick sympathetic and mouse hippocampal
neurons [87]. APP and the secreted fragment SAPPx have
in several studies been shown to regulate neurite elongation
and branching. Milward et al. showed that an 18-h treat-
ment of both soluble and membrane-associated APP
increased neurite length and branching in PC12 cells
without affecting the number of neurites per cell [88]. It
was also suggested that APP could mediate NGF-induced
neurite outgrowth, since antibodies against APP specifi-
cally diminished the NGF effect on neurite length and
branching. In a study by Perez et al., hippocampal neurons
from APP knock-out mice displayed shorter axonal out-
growth after 1 day in culture, compared to their wild-type
counterparts [89]. These results are in agreement with the
Milward study. However, Perez et al. also showed that after
3 days in culture, the APP knock-out neurons displayed
longer axons, suggesting that APP initially stimulates
neurite outgrowth but over time inhibits it. The effect of
secreted APP was also determined by growing hippocam-
pal neurons with astrocytes from wild-type and APP
knock-out mice. Surprisingly, it was found that co-culture
with APP knock-out astrocytes increased neurite out-
growth of both wild-type and APP knock-out neurons.
The mechanism of APP-regulated neurite outgrowth was
further elucidated by a study by Young-Pearse and col-
laborators in which antibodies directed against integrin f1
were shown to inhibit the neurite elongation stimulated by
sAPPo [90]. Interestingly, it was also shown that the
secreted fragment sAPPo was unable to induce neurite
outgrowth in the absence of cellular APP expression and
that sAPPo interfered with the interaction between APP
and integrin 51. The findings suggest that sAPPo enhances
neurite outgrowth by inhibiting the function of full-length
APP. The secreted forms of APLP1 and APLP2 were both
also shown to induce neurite outgrowth through similar
interaction with integrin 1 as sAPPa, further illustrating
the functional overlap of the mammalian APP family
proteins. The Drosophila homologue APPL has also been
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shown to be involved in neurite outgrowth. In contrast to
APP, deletion of APPL resulted in shorter neurites after
6 days in culture, while overexpressing APPL increased
the neurite length [91].

Roch and collaborators demonstrated that a 17-mer SAPP
peptide (amino acids 319-335) was able to induce cellular
and behavioral changes when infused into adult rat brains
[92]. A 2-week period of peptide infusion resulted in an
18% increase of synaptic density in the frontoparietal cortex,
as well as enhanced memory retention. Moya et al. showed
that APP is developmentally regulated and that an increased
expression was observed at the time of synaptogenesis [93].
Further evidence for a role of APP during neuronal devel-
opment was demonstrated in a study by Young-Pearse and
collaborators, in which in utero electroporation of shRNAs
into the developing cortex was used to knock-down APP in
rodents. The study showed that APP was required for correct
migration of neuronal precursor cells into the cortical plate
[94]. In addition, overexpression of APLP1 or APLP2 was
shown to rescue the neuronal migration defect caused by the
APP knock-out. The mechanism involved in APP modula-
tion of neurogenesis was further described in a recent paper
by Ma et al. [95]. In this study it was demonstrated that APP
was able to interact with the GPI-linked recognition mole-
cule TAGI, which increased AICD production. Neuronal
precursor cells from APP~'"/TAG1 ™~ mice had enhanced
neurogenesis, indicating that a TAG1-APP signaling path-
way negatively modulates neurogenesis.

APP has also been suggested to have a role in axonal
outgrowth after traumatic brain injury. In a study by
Leyssen et al., it was shown that overexpression of APP or
the Drosophila homologue APPL in adult Drosophila brain
neurons promoted post-developmental axonal arborization
[96]. APPL was further shown to be up-regulated as a
response to brain injury in adult flies.

Neuronal survival and apoptosis

The secreted APP fragment sAPPo has also been shown to
enhance long-term neuronal survival when added to the
medium of rat cortical cell cultures [97] and to prevent
neuronal death in human cortical cell cultures deprived of
glucose or exposed to excitotoxins [98]. Further, sAPP«
has even been shown to protect against Af toxicity [99].
Survival of rat hippocampal neurons was reduced to 40%
after a 4-day exposure to Af}, whereas 75% of the neurons
survived the same exposure when co-treated with sAPPa.

While sAPPa has been shown to have neuroprotective
properties, AICD has been suggested to be involved in
apoptosis. Apoptosis was induced by overexpression of
AICD in human neuroglioma cells and was shown to be
dependent on AICD nuclear translocation and interaction

with the histone acetyltransferase Tip60 (Tat-interacting
protein 60 kDa) [100]. In a recent study, AICD-induced
apoptosis was proposed to be neuron-specific, since over-
expression of AICD induced apoptosis in P19 cells
differentiated into a neuronal phenotype, while it had no
effect on undifferentiated P19 cells and P19 cells differ-
entiated into muscle cells [101]. The mechanism behind
AICD-induced apoptosis is still not known, but has been
suggested to involve AICD-dependent upregulation of
glycogen synthase kinase-3f [102]. In another study, the
apoptosis triggering mechanism of AICD was shown to
involve enhancement of p53-mediated apoptosis [103].
Recently, a study by Tang et al. demonstrated that the
APLP1 gene is a direct transcriptional target of p53 [104].
It was further shown that knock-down of APLP1 reduced
stress-induced apoptosis in neuroblastoma cells, whereas
overexpression of APLP1 enhanced it. The authors spec-
ulated that induction of APLP1 expression by p53, which is
activated in acute neuronal injury as well as chronic neu-
rodegenerative disorders, may enhance neuronal apoptosis.

Modulation of synaptic plasticity and axonal transport

Several studies in both cell culture and in vivo systems
have demonstrated a role of APP, and especially sAPPu, in
neuronal excitability and synaptic plasticity. Studies in
cultured hippocampal neurons showed that sAPPx had a
suppressive effect on whole cell currents induced by
NMDA (N-methyl-p-aspartate) [105]. This effect was rapid
and reversible and was also shown to involve activation of
receptors linked to cGMP production and K* channels
[105, 106]. The Drosophila APPL protein has also been
shown to affect the neural excitability, possibly through
activation of K* channels by secreted APPL [91]. The
involvement of APP in memory formation was demon-
strated by injecting antibodies directed against APP into
the brains of adult rats, which impaired behavioral per-
formance on different learning and memory tasks [107,
108]. sAPP« has also been shown to increase in an NMDA
receptor-dependent manner in adult rats after induction of
long-term potentiation (LTP) [109]. Af may also affect
learning and memory. This was demonstrated in a study by
Nabeshima and Nitta in which Af was continuously
injected into the lateral ventricles of adult rats for 2 weeks
[110]. The Ap treatment impaired the performance of the
rats in the water maze task as well as in the passive
avoidance task. In addition, Aff has been shown to signif-
icantly impair LTP [111]. A recent study by Puzzo et al.
proposed that Af has detrimental effects only at high
concentrations (nM range), whereas low concentrations
(pM range) positively modulate synaptic plasticity and
memory [112].
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Full-length APP was shown early on to undergo fast
axonal transport to synaptic sites of human and rat brain,
implying a role of APP in synaptic activity [113, 114]. It
was later shown by co-immunoprecipitation, fractionation
by sucrose gradient, and through direct in vitro binding that
APP interacted with kinesin-1 by binding to the kinesin
light chain subunit [115]. The suggestion that APP func-
tions as a vesicular receptor for kinesin-1 was further
supported by in vivo studies in Drosophila, demonstrating
disruption of axonal transport caused by APPL mutations
[116]. Despite these extensive and convincing studies by
the Goldstein group, several independent groups were
unable to reproduce these results [117], making the
hypothesis that APP serves as a kinesin-1 receptor still
somewhat controversial.

Additional functions

In addition to the effects on neuronal function and survival,
APP and its homologues have been implicated in other
physiological functions not restricted to the nervous sys-
tem. Of particular interest is a recent study by Needham
et al. that revealed a possible new function of the APP
family, namely as modulators of insulin and glucose
homeostasis [118]. The study correlated the postnatal
lethality in the APP~/"/APLP2™'~ knock-out mice to
hyperinsulinemia and low glucose levels. In addition,
another study suggested that APP may be involved in
obesity-related insulin resistance, since the expression
levels of APP in adipocytes increased in obesity and cor-
related with insulin resistance [119].

Interactions with intracellular adaptor proteins

The intracellular domain of APP contains the YENPTY
motif, which has been shown to interact with several
adaptor proteins, including FE65, X11, JIP, Shc, Grb2,
Dabl, and Numb (Fig. 4). The interaction of adaptor pro-
teins with the APP homologues is not as well studied.
However, since the intracellular domain of APP is highly
conserved in all APP homologues, and they all contain the
YENPTY motif (Fig. 3), it is likely that all APP homo-
logues signal through similar adaptor proteins. In fact,
some of the APP-interacting proteins have also been
demonstrated to interact with APP homologues. The
interaction between APP and most adaptor proteins is
dependent on phosphorylation of the intracellular domain
of APP, either at Thr668 or Tyr682. This suggests that the
phosphorylation status of APP regulates downstream signal
transduction and could result in altered APP trafficking and
processing.

FE65

The first protein identified as an APP adaptor protein was
FEG65 [120]. The interaction between the two proteins was
detected using the phosphotyrosine interaction/phosphoty-
rosine binding (PID/PTB) domain of FE65 as bait to screen
a human brain cDNA library in yeast using the two-hybrid
system. FE65 belongs to a protein family that also includes
FE65-like 1 (FE65L1) and FE65-like 2 (FE65L2), all of
which bind to APP [121, 122]. FE65 has also been shown
to bind to APLP1 and APLP2 [75, 123]. FEH-1 is a FE65
homologue in C. elegans that has been found to bind to the
APP homologue APL-1 [124]. A role of FE65 family
proteins for the function of APP family proteins is indi-
cated by the fact that mice deficient in APP, APLPI1, and
APLP2 share developmental abnormalities with mice
deficient in FE65 and FE65L1 [81, 125].

FE65 was shown to bind to the YENPTY motif of APP
[120, 126]. The interaction was further shown to affect
APP trafficking and metabolism, since overexpression of
FEG65 increased the amount of APP at the plasma mem-
brane and enhanced both Aff and SAPPu secretion [127]. In
contrast, the Suzuki group demonstrated that overexpres-
sion of FE65 suppressed the secretion of Af [75]. In a
study by Hu et al., it was shown that FE65 can be cleaved
from a 97-kDa protein into a 65-kDa fragment. Co-
expression of the 65-kDa FE65 fragment and APP695 in
HEK?293 cells strongly reduced the secretion of sAPPo
compared to cells transfected with only APP695, whereas
the 97-kDa fragment had little effect [128]. This suggests
that the cleavage of FE65 into the 65-kDa fragment regu-
lates sAPPo production. In a study by Cao and Siidhof, it
was found that FE65 formed a complex with AICD and the
histone acetyl transferase Tip60, and together induced gene
transactivation [20]. The mechanism of FE65 and AICD
nuclear translocation seems to be regulated by phosphor-
ylation of APP at Thr668, but there are contradictory
reports. In a study by Chang et al. it was suggested that
APP Thr668 phosphorylation was essential for binding to
FE65 and for nuclear localization of AICD [129]. In con-
trast, several studies by the Suzuki group have
demonstrated that FE65 binds to APP and is released upon
APP Thr668 phosphorylation, whereby it translocates into
the nucleus [75, 130]. Further, they also showed that AICD
was predominantly found in a nonphosphorylated state in
the nucleus in vivo, and that it seemed to translocate into
the nucleus independently of FE65 [131]. Their results
were confirmed by a study by Radzimanowski et al. in
which phosphorylated AICD was found to have a sevenfold
reduced binding to FE65, compared to nonphosphorylated
AICD [132]. Circular dichroism (CD) spectra analysis of
the cytoplasmic domain of APP revealed that the percent-
age of the o-helix of the Thr668 phosphorylated peptide



The amyloid precursor protein family

2307

Increased
o-secretase
processing

] 2
2 =

Increased Ap
production

Fig. 4 Schematic illustration of proposed interactions between APP
and adaptor proteins. APP interacts with several adaptor proteins
through the YENPTY motif in its intracellular domain. The interac-
tions between APP and the adaptor proteins affect the metabolism of
APP. Dab]1 interaction increases a-secretase processing, while Grb2
and Numb increase f-secretase processing. JIP, X11, and Shc stabilize
full-length APP. Note that f-secretase cleavage of APP is considered
to take place in endosomes or lipid rafts, as illustrated by the different

was significantly reduced compared to nonphosphorylated
peptide. It was concluded that Thr668 phosphorylation
induces large conformational changes, affecting the con-
formation of the YENPTY motif and thereby suppressing
the interaction with FE65 [75].

X11/Mint

Members of the X11, also called munc-18-interacting
protein (Mint), family are also known to interact with the
cytosolic domain of APP [126, 133]. X11/Mints, as FE65,
bind to the YENPTY motif via their PID/PTB domain
[126]. The interaction seems to stabilize APP and inhibit
A production in cultured cells [134, 135]. These results
were confirmed in an in vivo study by Lee et al. that
showed that transgenic mice overexpressing APP with a

MAPK
CASCADE

appearance of the membrane. JIP and X11 both regulate the
phosphorylation at Thr668 through JNK, thereby regulating the
interaction with other adaptor proteins. Grb2 interaction with APP
results in activation of the MAPK cascade, similar to Grb2 interaction
with tyrosine kinase receptors. The y-secretase generated fragment
AICD has been demonstrated to translocate into the nucleus where it
forms a complex with FE65 and Tip60. The complex has been
suggested to regulate gene transcription (see the text for references)

familial AD-linked mutation (APPswe, i.e., APP with the
Swedish mutation; Lys670Asn and Met671Leu) displayed
decreased Af production and plaque formation when X11/
X11e/Mintl (referred to as X11) or X11L/X115/Mint2
(referred to as X11L), the two neuronal X11s, were over-
expressed [136, 137]. The mechanism involved in XI11
regulation of APP metabolism was further elucidated in a
recent study by Saito et al. in which an accumulation of
APP and C99 was detected in lipid rafts of X117/7/
X11L™"~ knock-out mice [138]. This suggests that X11s
interact with APP and inhibit its translocation into lipid
rafts, where it would be processed by BACE, and thereby
lowering Af production.

APP and APLP2 are phosphorylated at Thr668 and
Thr736, respectively, by JNK in response to cellular stress
[74]. X11L was found to enhance the stress-induced
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phosphorylation of both APP and APLP2. Since the Thr668
phosphorylation of APP has been found to influence the
interaction with several adaptor proteins, these results
suggests that X11L can regulate the interaction of APP
with other proteins. X11L has been shown to bind to the
type 1 transmembrane protein Alcadein (Alzheimer-related
cadherin-like protein) through its PTB domain [139]. X11L
was further demonstrated to join APP and Alcadein toge-
ther, forming a tripartite complex. The presence of
Alcadein enhanced the X11L-mediated stabilization of
APP. X11 family members also contain at least one PDZ
domain through which X11 has been shown to interact with
several proteins involved in synaptic functions (reviewed
in [140]). A Drosophila homologue to X11, dX11, has
been shown to interact with APPL [141].

JIP

Another family of PTB-containing proteins, which was dis-
covered to interact with APP using the yeast two-hybrid
system, is the JNK-interacting protein (JIP) family [142,
143]. The JIP family includes JIP-1a, JIP-1b [also known as
Islet-Brainl (IB1)] and JIP-2. The interaction between JIP
proteins and APP is dependent on the YENPTY motif.
However, the JIP interaction with APLP1 and APLP2 was
shown to be much weaker, indicating that other structural
elements might affect the interaction [142]. It has further
been demonstrated that JIP-1b regulates the metabolism of
APP [144]. Pulse-chase studies of metabolically radio-
labeled N2a cells co-expressing APP and JIP-1b showed that
JIP-1b stabilized immature APP and decreased sAPPa and
Af secretion. JIP-1a (which is a splice variant lacking a
complete PTB domain) and JIP-2 bound only weakly to APP
and did not influence the processing of APP. JIP-1b is known
to scaffold APP into complex with JNK [142, 144], and the
association induces phosphorylation of APP at Thr668 [144,
145]. However, the regulation of APP metabolism was sug-
gested to be independent of JNK activation [144]. Although
the APP interaction to the kinesin light chain (KLC) is con-
sidered somewhat controversial [115, 117], Inomata et al.
demonstrated that a small amount of APP was co-immuno-
precipitated with KLC, and this interaction was strongly
increased by co-expression of JIP-1b [145]. The Drosophila
APPL protein has been shown to interact with APLIP1 (APP-
like protein interacting protein 1), which is highly homolo-
gous to JIP-1b [144]. Recent reports further support that JIP-
1b/APLIP1 is involved in axonal transport of APP/APPL-
containing vesicles [146, 147].

Shc and Grb2

She (Src homology collagen-like) A, a member of the
cytoplasmic adaptor protein family also including Shec C,

was initially reported by Borg et al. not to interact with
APP [126]. However, in a study by Tarr et al., it was
demonstrated that both Shc A and Shc C could in fact
interact with APP, but only when APP was phosphorylated
at Tyr682 [148]. Phosphorylation at Thr668 was proposed
to modulate the interaction, since the APP Thr668Glu/Ala
mutations reduced APP and Shc A co-immunoprecipita-
tion. It was further established that the interaction
modulates APP processing, since RNAi against Shc C
decreased the levels of secreted Af [149]. In a study by
Russo et al., tyrosine-phosphorylated f-secretase-derived
C99 in human brain extracts was found in complexes with
Shc A and growth factor receptor-bound protein 2 (Grb2)
[150]. In contrast, a-secretase-derived C83 was not tyrosine
phosphorylated and did not interact with Shc A or Grb2.
Interestingly, both Grb2 and ShcA have been shown to be
enriched in AD brains [150]. It was later demonstrated that
Grb2, through its Src homology 2 (SH2) domain, binds to
the YENPTY motif, only when Tyr682 is phosphorylated
[151]. Grb2, like Shc A and Shc C, has also been dem-
onstrated to affect APP metabolism, since overexpression
of Grb2 increased the generation of Af in HEK293 cells
overexpressing APP [151]. Grb2 has also been shown to
interact with PS1 [152]. It was further shown that the
interaction among Grb2, APP, and PS1 could activate the
mitogen-activated protein kinase (MAPK) pathway [150,
152].

Dabl

All members of the mammalian APP family and especially
APLP1 interact with the Disabled-1 (Dabl) protein, which
is important for nervous-system development [153, 154].
Overexpression of APP, APLP1, and APLP2 was also
shown to increase serine phosphorylation of Dabl. Dabl,
as other adaptor proteins, can also affect the metabolism of
APP. Hoe and collaborators found that expression of Dabl
increased o-secretase cleavage of APP and decreased Afi
levels [155]. This could be a result of altered APP traf-
ficking since the APP levels increased at the surface, where
a-secretase cleavage preferentially occurs. This was later
suggested to be due to a synergistic effect of Dabl and the
Src family tyrosine kinase Fyn [156]. Fyn was suggested to
phosphorylate the YENPTY motif of APP at Tyr682,
which may increase the interaction between Dabl and
APP.

Numb

APP has been shown to interact with Numb, a cytosolic
protein that regulates the endocytosis and degradation of
Notch [157]. Numb was shown to interact with the YE-
NPTY motif of APP through its PTB domain. The function
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of the Numb-APP interaction was further analyzed by
Kyriazis et al. who discovered that Numb could regulate
APP metabolism and transport [158]. Different isoforms of
Numb, differing in the length of the PTB domain, were
shown to have opposite effects on APP. Stable expression
of short-PTB (SPTB) Numb increased APP accumulation
in early endosomes and enhanced Af secretion, whereas
long-PTB (LPTB) Numb reduced the amount of APP and
Ap secretion. The effect of Numb on APP metabolism was
suggested to be a result of altered APP trafficking.

PATI1

Another adaptor protein that regulates APP transport is
PAT1 (protein interacting with APP tail 1), which was
identified and characterized by Zheng et al. as a microtu-
bule-binding protein that interacts with the basolateral
sorting signal (BaSS) in the cytoplasmic domain of APP
[159]. The PAT1 homologue, PAT1a, was later shown to
interact with all mammalian APP family members in vivo,
with the highest affinity to APLP2 [160]. The interaction
between APP/APLPs and PAT1/PAT1a was further shown
to influence the intracellular transport and promote pro-
cessing of APP/APLPs [159, 160].

Regulated intramembrane proteolysis

As described above, the APP family proteins undergo
sequential processing. They are initially cleaved in the
extracellular domain, either by o- or f-secretase, followed
by PS1-dependent cleavage in the plane of the membrane,
liberating a cytosolic fragment (AICD or AICD-like frag-
ments). Another PS1 substrate is the Notch receptor. Notch
is a plasma membrane receptor that signals through RIP.
Notch, like the APP family, is processed by a two-step
cleavage mechanism, resulting in PS1-dependent release of
a cytosolic fragment (Notch intracellular domain; NICD).
NICD translocates to the nucleus where it controls tran-
scription of genes involved in cell-fate decisions (reviewed
in [161]). Due to the similarities in the processing of Notch,
it has been suggested that the processing of APP family
proteins is also a part of a signaling pathway, making them
cell-signaling receptors.

Effects on gene transcription

The first suggestion that AICD, like NICD, was involved in
gene transcription came from a study by Cao and Siidhof.
They used an APP-Gal4 fusion protein, which induced
luciferase expression in cells co-transfected with a Gal4-
dependent reporter plasmid [20]. The transactivation was

very low. However, when co-transfected with FE65 the
activity was greatly increased. It was further shown that the
mechanism involved activation of the histone acetyl
transferase Tip60, possibly through direct interaction with
FE65 and AICD. APLP1 and APLP2 also undergo prese-
nilin-dependent RIP, generating the AICD-like fragments
ALID1 and ALID2, respectively [123]. ALID1 and 2, like
AICD, are stabilized by FE65 and are suggested to regulate
gene transcription.

Several possible AICD target genes have been sug-
gested, for example, KAIl, GSK-3f5, APP, FE65, Tip60,
Neprilysin, p53, and EGFR (reviewed in [162]). In a study
by Baek and collaborators, it was shown that when FE65,
APP, and Tip60 were co-transfected, they formed a tri-
meric complex that was recruited to the KAIl promoter
and induced expression [163]. Treatment with a y-secretase
inhibitor blocked the induced expression. Furthermore,
both protein and mRNA levels of KAIl were shown to
increase in APP-overexpressing mice. Kim et al. showed
that overexpression of APP770, C99, or APPswe all caused
increased AICD levels in the nucleus as well as increased
expression of GSK-3f [102]. The expression of neprilysin,
a putative Af-degrading enzyme was reduced in PS1~//
PS27/~ double-knockout mice, and the neprilysin gene
promoters were shown to be transactivated by the intra-
cellular domains from all three mammalian APP family
proteins [164]. Even though several putative AICD target
genes have been identified, these data are still somewhat
controversial due to conflicting results. For example, a
study by Hébert et al. showed that the protein levels of
APP, KAIl, GSK-3, and neprilysin were unaffected in PS
double-knockout fibroblasts, and that AICD, even in the
presence of FE65, only induced a very weak activation of
the KAIl promoter [165].

Proteolysis-dependent signaling

APP is often compared to Notch since they both undergo PS-
dependent RIP that could result in effects on gene tran-
scription. Notch signaling is initiated through interaction
with the transmembrane proteins Delta, Jagged, or Serrate
(reviewed in [161]). It is tempting to speculate that signaling
by APP and its homologues also can be regulated through a
similar mechanism. In fact, a recent study by Ma et al.
identified the glycophosphatidylinositol (GPI)-linked rec-
ognition molecule TAG-1 as an extracellular binding partner
[95]. The interaction between TAG-1 and APP increased the
PS-dependent release of AICD, suggesting that TAG-1 is a
functional APP ligand. The mammalian APP family proteins
have also been shown to form cis- and trans-, homo- and
heterocomplexes through their E1 domains [85]. The APP
dimerization was further investigated in a study by Kaden
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et al. [86]. They showed that APP dimerization affected its
processing, since a 21-amino-acid-long peptide corre-
sponding to the E1 sequence between the GFLD and CuBD
domains selectively increased f-secretase cleavage. In
addition, the extracellular matrix protein F-spondin has
previously been proposed to function as an APP ligand [166,
167]. F-spondin was shown to induce processing and sig-
naling of APP, strengthening the theory that APP can act as a
receptor.

In addition to ligand interactions, several other factors
are known to induce APP processing. Early studies dem-
onstrated that PKC phosphorylation regulated the APP
metabolism by increasing o-site cleavage of APP while Af§
generation was decreased [168—170]. In these studies PKC
was activated by phorbol esters, but activation of G-pro-
tein-coupled receptors activating phospholipase C [171,
172] and activation of growth factor receptors [173, 174]
could also increase o-site cleavage of APP in a PKC-
dependent manner. Studies with synthetic peptides corre-
sponding to the cytoplasmic domain of APP suggested that
PKC could phosphorylate APP [61]. However, activation
of PKC induced APP processing even in the absence of the
phosphorylation sites [175]. Furthermore, in a later in vivo

Fig. 5 Schematic illustration of /GF-I-induced signaling resulting in
increased processing of the mammalian APP family proteins. IGF-1-
induced processing of APP and APLPI is almost completely
dependent on activation of PI3K, but is also affected by PKC
activation. This indicates that PKC acts downstream of PI3K. In
contrast, IGF-1-induced processing of APLP?2 is independent of PI3K
activation but dependent on PKC activation, indicating that PKC also

study, PKC activation failed to increase APP phosphory-
lation [176], indicating that the effect of PKC on APP
metabolism is not mediated through direct phosphorylation
of APP, but perhaps through regulation of APP-cleaving
enzymes. This theory was also supported by studies in our
laboratory [177] showing that TACE was upregulated in a
PKC-dependent manner in response to retinoic acid, which
induces neuronal differentiation of human neuroblastoma
cells concomitant with increased APP «-site cleavage.
Insulin-like growth factor (IGF-1) is a member of the
insulin family of hormones and is gaining increasing
attention for its role in brain function (e.g., cognition) and
disease (reviewed in [178]). IGF-1 has been suggested to
play a part in Af clearance, and serum levels have been
shown to decrease with age. IGF-1 is also known to induce
a-secretase processing of APP [179]. We have further
investigated the intracellular signaling pathways involved
in IGF-1-increased wa-secretase processing of APP. How-
ever, these studies showed that PKC-inhibition only partly
inhibited IGF-1-induced sAPP« production, indicating that
several signaling pathways could be involved in regulating
a-secretase cleavage of APP (Jacobsen et al., unpublished
data). Phosphatidylinositol 3-kinase (PI3K) has previously

is activated independently of PI3K during IGF-1 stimulation. Note
that different PKC isoforms could be involved. Only the IGF-1-
induced processing of APLP1 was shown to be dependent on MAPK
activation. A model is proposed where IGF-1 binds and activates
membrane-bound IGF-1 receptors, resulting in activation of PI3K and
PKC, independently of each other
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been suggested also to be involved in regulating APP
processing [180]. In fact, PI3K inhibition completely
blocked IGF-1-induced sAPP« secretion [179].

We have also observed that APLP1 and APLP2 process-
ing is induced by IGF-1. However, the signaling pathways
involved in the regulation of the proteolysis of the three
homologous proteins seem to differ (Fig. 5). In contrast to
APP, IGF-1-induced APLP1 processing was shown to be

dependent on MAPK in addition to PI3K and PKC
[179] (Jacobsen et al., unpublished data). Furthermore,
IGF-1-induced APLP2 processing was independent of PI3K
and MAPK but was completely blocked by PKC inhibitors
(Jacobsen et al., unpublished data). It still remains to be
determined how these kinases regulate the processing of the
APP family proteins. The effect could be mediated by
phosphorylation of the APP family of proteins or the
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Fig. 6 Proposed model of regulated processing of APP family
proteins. In this model, processing is induced either (/) by an
extracellular stimuli (e.g., growth factors) or (2) through direct
interaction with a soluble ligand (e.g., sSAPP«), an extracellular matrix
protein (e.g., F-spondin; not shown) or a membrane-bound ligand
(e.g., TAG-1, APP, APLPI, or APLP2). The extracellular stimuli
activate membrane-bound receptors, resulting in activation of cyto-
plasmic protein kinases. One possible effect of the activated protein
kinases is phosphorylation of proteins involved in cleavage of APP
family proteins (/A). This could result in altered activity or
intracellular localization of the enzymes, thereby affecting the
processing of APP family proteins. Alternatively, the activated
protein kinases could phosphorylate APP family proteins (/B).

Phosphorylation/activation of

processing enzymes

Effects on processing

of APP family protein

Phosphorylation of the cytosolic domain of APP family proteins
would most likely affect the affinity for interacting proteins. These
interacting proteins could be adaptor proteins, which regulate APP
family protein localization, resulting in altered proximity of APP
family proteins to processing enzymes. The phosphorylation of the
intracellular domain could also turn APP family proteins into better
substrates for enzymatic cleavage. It is likely that the interaction of
APP family proteins with soluble or membrane-bound ligands would
affect the conformation of the intracellular domain of APP family
proteins. In this model, the conformational change, like the extracel-
lular stimuli-induced phosphorylation of APP family proteins is
thought to alter the affinity for interacting proteins, thereby affecting
the processing of APP family proteins
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processing enzymes, making the protein a better substrate,
altering the enzyme activity, or affecting the localization of
the substrate or enzyme. From these studies, we conclude
that there are clear differences in the regulated processing of
the three mammalian homologues, which opens the possi-
bility to selectively modulate APP processing.

Although APP processing has been extensively studied, it
is not yet clear how different stimuli result in altered pro-
cessing. Here we propose a model of how the processing of
APP or APP family members may be regulated (Fig. 6). The
signal transduction in this model is initiated either by direct
interaction with a ligand or by extracellular stimuli. The
extracellular stimuli can, via membrane-bound receptors,
activate downstream protein kinases. In turn, this can lead
to phosphorylation of the cytoplasmic domain of the APP
family proteins or of proteins involved in their proteolytic
processing. We speculate that the ligand interaction induces a
conformation change of the intracellular domain of the APP
family protein. Conformational change and phosphorylation
status may affect the processing of the APP family protein
due to altered affinity for interacting proteins.

Conclusion

Ever since the molecular cloning of APP, the proposal that it
may function as a receptor has been debated. Increasing
evidence indicates that all members of the APP family can
transduce a signal from the outside of the cell. This proposed
signaling seems to be dependent on proteolysis. In addition
to ligand-induced processing, there clearly is a cross-talk
with signaling pathways induced by other cell-surface
receptors. It is likely that this indirect regulation of the
proteolytic processing of APP family proteins will also affect
signaling mediated by secreted and/or cytoplasmic frag-
ments. It can be speculated that signaling induced by ligand
binding to APP family proteins and signaling induced by
other types of receptors converge by means of effects on
APP/APP-like protein processing and interactions with
adaptor proteins. It is still not fully clear whether the phys-
iological functions of the APP family are mediated mainly
through ectodomain shedding or if transactivation involving
AICD or AICD-like fragments play a more important role.
One important issue that also remains to be clarified is how
the alternative proteolytic pathways (that exist at least for
APP) are linked to effects on cell signaling.
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