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Abstract

Amyloid Precursor Protein (APP) and its metabolites play a critical role in Alzheimer’s disease 

pathogenesis. The idea that APP may function as a receptor has gained momentum based on its 

structural similarities to type I transmembrane receptors, and the identification of putative APP 

ligands. Here we review the recent experimental evidence in support of this notion and discuss 

how this concept is viewed in the field. Specifically, we focus on the structural and functional 

characteristics of APP as a cell surface receptor, and its interaction with adaptors and signaling 

proteins. We also address the importance of APP's function as a receptor in Alzheimer’s disease 

etiology and discuss how this function might be potentially important for the development of novel 

therapeutic approaches.
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The amyloid precursor protein

The amyloid precursor protein (APP) is a type-1 transmembrane protein that plays an 

essential role in Alzheimer’s disease (AD). It is the source of cerebral accumulation of β– 

amyloid peptides (Aβ), which accumulate in brain senile plaques. Cleavage of full-length 

APP by α- and β-secretases releases the large soluble ectodomain (sAPPα and sAPPβ, 

respectively), leaving behind membrane-bound C-terminal fragments (CTF), comprised of 

the transmembrane and short cytoplasmic domain (named C83 and C99, respectively) [1, 2]. 

Subsequent cleavage of APP-CTF by γ-secretase releases the APP intracellular domain 

(AICD) from the membrane and generates extracellular p3 or Aβ peptides (of 38–43 amino 

acids length) through α-secretase-mediated non-amyloidogenic pathway or β-secretase-

mediated amyloidogenic pathway, respectively (Figure 1). In addition to the processing 

pathways described above, APP ectodomain can be cleaved by other secretases as recently 

described [3, 4]. Caspase cleavages of APP-CTF could also contribute to accumulating 
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various APP intracellular fragments [5–8]. Because of its multiple cleavage sites and the 

production of several metabolites, numerous roles in the nervous system have been ascribed 

to APP, making it difficult to understand its true function(s) [2, 9–14].

Indisputably, Aβ peptide production and accumulation have been a focus of intense research 

in the field of AD [15–17]. The neurotoxic effects of Aβ have been well-documented using in 
vitro and in vivo model systems [18–20]. The “amyloid cascade hypothesis” was formulated 

to propose that excessive production of Aβ activates the neurodegenerative sequela of 

synaptic dysfunction, synapse loss and ultimately neuronal death [21]. The higher Aβ42/

Aβ40 ratio is associated with familial AD-linked point mutations in the genes encoding APP 

and presenilin proteins. Considering, some have proposed that it is not Aβ peptide 

accumulation per se that causes AD [22]. But others debate that Aβ peptide appears to be 

necessary, but not sufficient, to cause AD [23]. Accordingly, it has been proposed that 

elevated Aβ levels may act as a trigger of other downstream pathogenic processes. Moreover, 

it appears that accumulation of AICD is detrimental to cellular function [24–26]. In contrast, 

low levels of Aβ have been reported to enhance neurotransmission and memory [27–29]; 

likewise membrane-targeted AICD favors neurite outgrowth [30, 31], supporting physiologic 

functions for Aβ and AICD. Finally, non-amyloidogenic p3 fragments have been shown to 

form calcium permeable channels at the plasma membrane and cause neurite 

degeneration [32]. Accordingly, physiological levels of APP contributes to overall cellular 

health, whereas excess APP levels lead to overproduction of extracellular Aβ and 

intracellular AICD, and consequently it becomes detrimental to cellular function (see 

schematic in Figure 1).

It has been proposed in the literature that APP can modulate synaptic function and neurite 

outgrowth throughout its cell-adhesion properties or through putative receptor-like 

intracellular signaling mechanism [2, 9, 33–38]. The idea that APP may act as a cell surface 

receptor was proposed several years ago, based mainly on structural similarities to type I 

membrane receptors [39]. Since then, it has been shown that APP may act as a receptor entity 

through functional similarities with growth factors and cell-adhesion molecules. This review 

will focus on several of these aspects, and discuss how the current evidence supports the idea 

that APP may indeed fall in the category of receptor-like molecules.

Proteolytic processing of APP

APP shares similarities in membrane topology and proteolytic processing with several γ-

secretase substrates (including Notch and deleted in colorectal carcinomas / DCC) that 

function as cell surface receptors (Figure 2) [2, 40–42]. The majority of γ-secretase substrates 

are type-I transmembrane proteins, harboring a large ectodomain, a single-pass 

transmembrane domain, and a cytoplasmic C-terminal domain capable of mediating 

intracellular signaling. In addition, these substrates are well known for their diverse 

functions in neuronal outgrowth, synaptogenesis and axon guidance [41, 42]. As an example, 

following maturation through the secretory pathway, the Notch1 receptor is constitutively 

cleaved by a convertase of the furin family generating an extracellular and a transmembrane 

fragment, which remain associated with each other at the cell surface. Upon interaction with 

a ligand, Notch becomes susceptible to a second extracellular cleavage by A Disintegrin And 
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Metalloprotease/TNF-α-Converting Enzyme (ADAM/TACE), which releases the large 

extracellular domain. The ectodomain shedding is followed by the intramembrane cleavage 

mediated by γ–secretase, which releases the Notch intracellular domain (NICD). This 

fragment rapidly translocates to the nucleus and modulates transcription [43, 44] (Figure 2a). 

In a similar way, DCC is exposed to metalloprotease-dependent proteolytic processing after 

ligand binding that results in the shedding of its ectodomain. The resulting membrane-

tethered DCC-CTF is subject to γ-secretase processing. Following inhibition of γ-secretase 

cleavage, membrane-tethered DCC-CTF accumulates and induces signaling cascade that 

regulates neurite outgrowth and axon guidance [45, 46] (Figure 2b). The similarities between 

the processing of Notch, DCC and APP have prompted the speculation that membrane-

tethered APP-CTF and AICD may play analogous signaling roles as described for 

membrane-tethered DCC-CTF and NICD, respectively (Figure 2c). Indeed, as discussed 

below, accumulation of membrane-associated APP-CTF could initiate an intracellular 

signaling cascade, whereas AICD released from the membrane would reach the nucleus to 

engage in transcription activities [30, 47–53]. Owing to the similarity with Notch and DCC 

processing, we propose a model in which APP’s (or APP-CTF’s) sojourn at the plasma 

membrane would facilitate membrane signaling associated with its CTF tail, until a time 

when γ-secretase cleavage will release the cytosolic tail for potential nuclear translocation. 

However, unlike the case of Notch or DCC receptors, specific ligand-induced α-secretase 

cleavage prior of APP-like receptor has not been well characterized. One would also 

consider that perhaps a variety of ligands could interact with APP to achieve “constitutive” 

ectodomain shedding of APP.

Structural properties of APP as a receptor-like entity

APP is expressed as three isoforms attributable to tissue-specific alternative splicing (Figure 

3a) (reviewed in ref [13]). The APP695 isoform is predominantly expressed in neurons, 

whereas the APP751 and APP770 isoforms are expressed in non-neuronal populations. Two 

mammalian APP homologues, named amyloid precursor-like protein 1 and 2 (APLP-1 and 

APLP-2), share primary amino acid sequence, structure and conserved domains with APP 

(reviewed in refs. [38, 54]) (Figure 3a). Although APLP1 and APLP2 undergo proteolytic 

processing similar to APP, they do not contribute directly to AD neuropathology, as their 

sequences considerably diverge in the first half of Aβ domain. The extension domain, 

located at the end of the extracellular E1 domain, is also exclusive to APP. All APP 

members comprise E1 and E2 domains in the extracellular region that contains heparin-

binding domains (HBD). The HBD exhibits an extremely positively charged surface, which 

would allow the binding of negatively charged molecules, such as heparin. The first HBD 

(also named growth factor-like domain, GFLD) at the N-terminus of APP contains three 

disulfide bridges that form between β-sheets; the structure of this domain resembles ligand 

recognition sites found in growth factors and receptor-like proteins [38, 55]. This high-affinity 

HBD was identified within the E1 HBD (Lys99-His110) using synthetic peptides, and 

mutagenesis of three charged residues within this APP domain reduced heparin-binding 

capacity [56]. Formation of disulfide bridges appears to stabilize APP structure at the cell 

surface [57–59], thus potentially favoring ligand induction of signaling cascade. APP also 

contains a second HBD within the membrane-proximal E2 domain, which can bind albeit 
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with lower affinity to membrane-anchored heparan sulfate proteoglycans (HSPGs) [60]. It is 

known that HSPGs could regulate low-affinity binding sites to allow putative ligand(s) to 

bind with higher affinity to receptors [61, 62]. Accordingly, it has been suggested that 

membrane-anchored HSPGs may function as low-affinity co-receptors for soluble APP, and 

perhaps enhance its affinity to the putative sAPP receptor(s) including APP [60, 63–65]. 

Accordingly, an interaction of membrane-bound APP with HSPG may allow the formation 

of a more stable tertiary signaling complex that promotes growth or cell-adhesion properties 

of APP, as it is the case for many growth factors or cell-adhesion receptor-like 

proteins [66, 67]. Indeed, it has been shown that the HSPG interaction with the E1 HBD of 

APP is required to induce neurite outgrowth [56]. In addition, the penta-peptide sequence 

RERMS in the E2 domain was identified as an active site that promotes cell growth and 

neurite extension [68]. The presence of two HBD with different binding affinities is 

fascinating because many receptors possess high and low affinity ligand binding sites within 

the molecule to allow the receptor to initiate more rapid and sustained intracellular signaling 

cascade. This dual affinity HBD of APP might be critical for tight temporal regulation of its 

receptor-like properties, especially at the synapse. Therefore, APP structure may include a 

high-affinity ligand binding domain (the GFLD within E1 domain) and a low-affinity 

interaction site domain (the HSPG binding domain within the E2 domain). Altogether, APP 

structural properties support the idea that APP may act in several aspects as a receptor-like 

entity.

The role of APP subdomains in dimerization process

In a manner similar to many type-1 transmembrane domain receptors [44, 69–71], APP can 

form homodimers as well as heterodimers by interacting with its homologues or putative 

ligands. Dimerization of APP is mediated by motifs present in the extracellular and the 

transmembrane domains of the protein. The extracellular E1 domain at the N-terminal 

region of APP has been characterized as the major interacting interface for homo- as well as 

heterodimerization of APP and APLPs at the cell surface [34, 37, 72]. According to structural 

analysis, dimerization of APP could be initiated first through dimerization of the E1 domain, 

the putative ligand recognition domain (see above; Figure 3a). The E2 domain is also 

capable of dimerizing, but with lower affinity. Nevertheless, heparin-induced dimerization of 

the E1 domain will lead to a local increase of APP concentration and the proximity of E2 

domains at the plasma membrane, which will promote dimerization of this domain as well. 

However, changes in APP conformation is thought to prevent dimerization (summarized 

in [72]).

Further structural analysis of the extracellular E2 domain of APP supports the idea that APP 

can reversibly dimerize in an antiparallel orientation at least in vitro [73]. This very important 

concept may indeed account for the described cell-cell-adhesion properties of APP and 

subsequent signaling through homophilic interactions (reviewed in ref [37]). This effect can 

be exacerbated in a dose-dependent manner during initiation of axonal growth 

pathfinding [74, 75]. More recent studies showed clear indication that APP dimerization 

would facilitate synapse formation [58, 76, 77]. This structural feature may enable membrane-

tethered APP to interact directly with soluble APP ectodomain (or the ectodomains of APP 

homologues) [60, 65]. As reported for lingo-1, a type-1 transmembrane protein, APP could 
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function both as a ligand and a receptor through trans self-dimerization [78, 79]. Indeed, it has 

been shown that the disulfide bond in the E1 domain might be the main contributor for trans-

dimerization between APP molecules and its homologues [34, 58, 59, 72], although the E2 

domain could still account partially to enhance synaptic connections in the absence of 

E1 [77]. The importance of E1 and E2 domain interactions with APP and APP homologues 

has been confirmed [80, 81]. Based on the findings that endogenous APP and APLPs are 

rapidly processed by γ-secretase [82] and also the APP homologues differ in their extent to 

which they are cleaved by β-site APP cleaving enzyme 1 (BACE1) at the steady state in 

neurons (APLP1 is more readily cleaved relative to APP [83]), only a subset of neuronal APP 

or APLPs may be available to transdimerize with adjacent cells or form cell surface 

receptor-like complexes.

The transmembrane domain of APP also harbors three consecutive GxxxG motifs, which are 

known to mediate helix-helix association of transmembrane domains by direct glycine-

glycine contacts [80, 84]. Despite the high degree of homology between APP and its 

homologues, the GxxxG motifs are not conserved. Only one GxxxG motif is found in 

APLP1, and this motif is absent in APLP2. Thus, it is unlikely that the GxxxG motifs could 

contribute to heterodimerization between APP and APLP2. The British dementia protein-2 

(BRI2 or integral membrane protein 2B/ITM2B), a protein associated with familial Danish 

and British dementia, possesses a GxxxG motif that could form dimerization complexes 

through helix-helix interactions with APP [85, 86]. In addition, the GxxxG motifs in APP 

transmembrane domain could serve as signals for guided intracellular transport from 

endoplasmic reticulum compartment to cell surface [86–88]. Upon interaction with mature 

BRI2 polypeptide at the plasma membrane and in endocytic compartments, APP could no 

longer be cleaved efficiently by secretases, as a consequence APP processing and Aβ 

production are reduced [86, 89–91]. In addition, ErbB family of growth factor receptor 

tyrosine kinases possesses two conserved GxxxG dimerization motifs that are perhaps 

important for association with soluble APPα [92–94] (see below).

The APP ectodomain has also the property to adopt different conformations depending on 

the cellular pH [95]. A pH-dependent interaction between the GFLD subdomain interaction 

with the copper binding domain (CuBD) within the E1 domain will allow APP to adopt a 

closed conformation in more acidic compartment, whereas it will adopt a more opened 

conformation at neutral pH. Consequently, APP at the cell surface (pH ~7.4) – in its open 

conformation - would be poised to expose the E1 domain and favor association with other 

proteins or putative ligands, which is consistent with noticeable higher molecular weight 

complex formation and its dimerization pattern [95] (see Figure 4b). Thus, the pH-dependent 

molecular conformation switch may provide APP the ability to fulfill different physiological 

functions in different cellular localizations.

Regulation of APP cell surface localization

Cell surface localization of APP would be a requisite for APP to fall under the category of 

receptor-like proteins and molecules involved in cell-cell trans-dimerization interaction 

across the membrane. Indeed, a subset of full-length APP (APP-FL) in all cells, including 

neurons, can be found at the cell surface, where it can interact with putative ligands (below). 
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APP cell surface localization is regulated by a balance between the efficiency of APP 

secretory trafficking and internalization, and the efficiency of secretase processing [96]. 

Indeed, reduced ectodomain shedding increases surface residence, and there is evidence in 

the literature that APP family members may have different propensity for residence at the 

cell surface, at least in transfected non-neuronal cells [58, 59, 97]. Surface localization of APP 

family members correlates with higher stability of the proteins and their potential to 

dimerize at the cell surface, which appear to facilitate synapse formation [58, 76, 77, 97]. 

Residence of APP at the cell surface seems to be a common denominator of non-

amyloidogenic α-secretase cleavage of APP. Accumulation of APP at the cell surface, 

following inhibition of its endocytic transit, favors α-secretase cleavage leading to a 

reduction of Aβ production while diminution of APP at the cell surface will increase 

BACE1-dependent amyloidogenic processing and secretion of Aβ [2, 96]. In support of this 

concept, it has been shown that APP interaction with the Nogo receptor (NgR) via a core 

region spanning residues 558 to 599 (APP695 numbering) prevents accumulation of APP at 

the cell surface and regulates Aβ production and amyloid deposition [98, 99].

Inhibition of γ-secretase activity causes an increase of cell surface accumulation of APP, 

although the underlying mechanism(s) are poorly understood [58, 100]. Moreover, it has been 

demonstrated that APP-CTF interaction with Dab1 results in an increase of cell surface 

APP [101]. Extracellular application of reelin, a cell surface matrix glycoprotein, promotes 

this effect, suggesting that extracellular factors could facilitate APP association with 

intracellular partners [101, 102] Other intracellular partners have been shown as well to 

regulate cell surface APP trafficking [96]. As an example, it has been shown that adaptor 

protein Mint interaction with APP favors endocytosis of APP, whereas deletion of Mint 

promotes cell surface accumulation of APP [103]. Increased interaction of APP with 

microtubule interacting proteins PAT1 and PAT1a has been reported to favor surface 

expression of APP in transfected cell lines, while PAT1a knockdown reduces the levels of 

APP at the plasma membrane [104, 105]. However, a recent study reported an inverse 

correlation between PAT1 expression and accumulation of endogenous cell surface APP in 

primary neurons, suggesting that PAT 1-APP interaction and APP trafficking might involve 

additional neuron-specific mechanisms [106].

APP plasma membrane localization can be regulated by post-translational glycosylation. 

Alteration in the expression of type I transmembrane protein 59 (TMEM59), a brain-specific 

membrane-associated protein, inhibited complex glycosylation of APP, reduced secretory 

APP trafficking to the cell surface, and reduced APP cleavage by both α- and β-

secretase [107]. In contrast, knockdown of p23, a member of the p24 family protein that 

regulates vesicular trafficking in the early secretory pathway, promoted efficient 

glycosylation and surface accumulation of APP [108]. Both APP-FL and APP-CTF have 

been reported to undergo ubiquitination. The C-terminus Hsp70 interacting protein 

CHIP [109] and the F-box and leucine-rich repeat protein 2 (FBL2), a component of the E3 

ubiquitin ligase complex [110], have been shown to promote APP ubiquitination and 

stabilization. In the case of FBL2 overexpression, there is an increase of APP at the cell 

surface due to a reduction of endocytosis [110].
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Naturally, the presence of APP or APP homologues at the cell surface would facilitate the 

cell-adhesion properties of the molecule, especially in synaptic structures [58]. In addition, 

accumulation of APP at the cell surface will facilitate cis / trans-interactions with cell 

surface signaling molecules (including APP itself and its homologues) and putative soluble 

ligands to initiate co-receptor complex formation and subsequent signaling (Figure 4). It is 

appealing to think that these latter interactions may regulate secretase-dependent shedding of 

APP ectodomain as suggested for epidermal growth factor / epidermal growth factor 

receptors (EGFR) [111, 112]. EGFR family possesses more than a dozen of interacting ligands 

that could provide bidirectional signaling, with a forward signal mediated by the receptors 

and a reverse signal mediated by the ectodomain of membrane-anchor ligands. Likewise, 

shedding of the APP ectodomain by α-secretase at the cell surface might allow soluble APP 

to participate in paracrine signaling.

APP-mediated intracellular signaling

Cell surface receptors initiate intracellular signal transduction in response to extracellular 

signaling molecules. The idea that APP may behave as a receptor is supported by evidence 

of signaling associated with APP-CTF or membrane-tethered APP. APP and especially APP-

CTF reside in membrane microdomains enriched in cholesterol and sphingolipids (called 

lipid rafts) [49, 113, 114], populated by several cell surface receptors and signaling 

molecules [115, 116]. Raft association of APP would position it in an ideal environment for 

interaction with signaling molecules. Data from our lab illustrated this point by revealing 

enhanced APP-induced signaling when γ-secretase cleavage of the APP-CTF was inhibited 

or when AICD was tethered to the membrane via raft-targeting lipid modifications [30]. 

Specifically, membrane-tethered AICD activates adenylate cyclase/cAMP/PKA-dependent 

intracellular signaling cascade. This signaling involves an interaction between AICD and the 

heterotrimeric G-protein subunit Gαs via the APP cytoplasmic sequence 672RHLSK676, 

which is a characteristic BBxxB motif found in G-protein binding segments of G-protein-

coupled receptors (GPCR) and type-1 receptor proteins [117, 118]. Mutating this motif in 

AICD abolishes the interaction with Gαs and associated signaling [30]. Moreover, APP-CTF 

colocalizes and interacts with the Gαo subunit at the plasma membrane in insect and 

mammalian neurons [47–50]. Physical interaction with the Gαo subunit appears to involve a 

histidine doublet in the cytoplasmic tail of APP [49]. These studies provide clear evidence 

that APP could function analogous to a GPCR, where membrane-bound or -tethered AICD 

facilitates interactions and recruitment of cytosolic adaptors/effectors to exacerbate 

intracellular signaling.

APP contains at least eight conserved serine/threonine residues that undergo potential 

phosphorylation within its cytoplasmic domain. It is clear that phosphorylation on these 

residues can modulate APP trafficking and signal transduction (Figure 3b) [119–121]. In vitro 
studies showed that Ser655 on the APP cytosolic domain can be phosphorylated by protein 

kinase C (PKC) or Thr654 can be phosphorylated by calcium/calmodulin-dependent protein 

kinase II (CaMKII) [122]. In addition, APP-Thr668 (located within the motif 667VTPEER672) 

can be phosphorylated by c-Jun N-terminal kinases (JNK1/2/3), cyclin-dependent protein 

kinases (Cdk1 and Cdk5) and GSK3β. The phosphorylation of Thr668 residue emerges as the 

most critical phosphorylation site that may determine AICD subcellular compartment 
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localization and impact its functions. Phosphorylation of Thr668 induces a significant 

conformational change in 682YENPTY687 endocytic motif, therefore affecting the binding 

specificity and affinity of APP cytoplasmic domain to other cytosolic partners [119, 121, 123].

Phosphorylation of APP at Thr668 renders AICD less vulnerable to degradation and cleavage 

by caspases, and interaction with Fe65 protects AICD from proteasome 

degradation [119, 123]. Indeed, APP phosphorylation at Thr668 site induces a conformational 

change that regulates interaction with Fe65 and subsequent translocation of AICD to the 

nucleus [51]. Binding of adaptor protein 14-3-3γ on the 667VTPEER672 motif further 

stabilizes AICD/Fe65 interaction. Consequently, this will contribute to enhance Fe65-

dependent gene transactivation [124] as it has been described as well for JIP1 interaction, a 

scaffolding protein for the JNK kinase cascade [125]. JIP1 can facilitate JNK-dependent 

phosphorylation of Thr668 although its interaction is not necessary [125]. Down-regulation of 

JIP1 expression selectively impairs the trafficking of APP phosphorylated at the Thr668 

residue [126]. APP-Thr668Glu, which mimics phosphorylated APP, was found to reside 

predominantly in neuritic tips/growth cones and promotes neurite outgrowth through a JIP1-

dependent pathway in a neuronal cell line [126], whereas APP-Thr668Ala, a non-

phosphorylatable mutant, failed to be efficiently transported [127]. Interestingly, JIP1 has 

been shown to mediate anterograde axonal transport of APP through the molecular motor 

kinesin-1 [128]. As a consequence of JIP1 phosphorylation states and association with APP, 

phosphorylated JIP1 could favor anterograde transported of APP while retrograde transport 

of APP is prominent in nonphosphorylated JIP1 expressing neurons [128] or neurons lacking 

JIP1 expression or interaction with APP [127] (but see [129]). Altogether, these findings 

emphasis the importance of the APP phosphorylation state in mediating axonal transport 

through protein interactions. As a consequence, these phosphorylation events would 

facilitate the delivery of APP receptor to its cellular targets and allow receptor signaling and 

function to occur in a spatially and temporally regulated manner.

APP cytosolic domain possesses additional conserved sequence motifs responsible for a 

complex network of protein-protein interactions that regulate APP 

trafficking [25, 119–121, 123] (Figure 3b). Selective phosphorylation of APP-CTF regulates the 

interaction with several cytosolic adaptor proteins. A number of these protein interactions 

are known to regulate APP trafficking and processing, as well as APP-mediated intracellular 

signaling cascades. As an example, APP-CTF contains two highly conserved motifs 

responsible for clathrin-mediated internalization, 682YENPTY687 and 653YTSI656 

motifs [130] The 682YENPTY687 motif has been described to serve as a docking site for 

adaptor proteins that possess a phosphotyrosine-binding (PTB) domain, such as Dab1, Fe65, 

X11/MINT, JIP1b and Numb. Such adaptor proteins play critical roles in tyrosine kinase-

mediated signal transduction, APP trafficking and localization [120, 121] Tyr682 

phosphorylation of APP-CTF has been reported to be necessary for the binding adaptor 

proteins ShcA (Src and collagen homologue) and Grb2 (Growth factor receptor bound) 

leading to an activation of MAP kinase transduction pathways [131–133]. These membrane 

events could contribute to regulating proliferation, differentiation, mitosis, cell survival, 

apoptosis, as well as APP processing [120].
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In addition to the adaptor protein interactions described above, the APP intracellular domain 

appears to initiate intricate crosstalk with several transmembrane receptor proteins (see 

below). Of interest, Bradykinin receptor-induced phosphoinositide-mediated Ca2+ signaling 

was diminished in cells lacking APP expression [134]. Although a direct site of interaction 

between bradykinin and APP was not determined, this inhibition was reversed by selective 

expression of APP-CTF. APP interaction with TrkA/NGF receptor can induce 

phosphorylation of APP-CTF Tyr682 residue [135, 136]. APP can interact as well with 

alcadein/calsyntenin, a type-1 transmembrane protein that contains cadherin repeat 

motifs [137]. Following sequential α-secretase and γ-secretase cleavages of alcadein, 

alcadein-ICD interacts with X11 and forms a ternary complex with APP-CTF [138]. 

Tripartite interaction of Dab1 and DISC1 (disrupted-in-schizophrenia-1, a protein with 

multiple coiled coil motifs) with APP through distinct binding sites in APP-CTF has been 

described [139]. APP-CTF also interacts with the type-1 transmembrane BRI2 protein, which 

is mutated in patients with familial British dementia [89]. Accordingly, APP is capable of 

initiating intricate crosstalk with other proteins through its cytosolic domain.

AICD has a short half-life and is rapidly degraded, making it an APP proteolytic fragment 

that is present at extremely low levels at the steady state [52, 97]. Despite being subject to 

efficient degradation, small amounts of AICD could translocate to the nucleus, which is 

similar to the fate of the Notch intracellular domain released from the Notch receptor by γ-

secretase cleavage. Analogous to Notch receptor signaling, AICD engages in the regulation 

of gene expression (Figure 2a). AICD interaction with transcription factors, such as 

CP2/LSF/LBP1, Tip60 and the nucleosome assembly factor SET, is consistent with AICD’s 

participation in gene expression [24, 25, 120, 121]. Following intramembranous γ-secretase 

cleavage, phosphorylated AICD-Fe65 complex could be released in the cytosol and 

translocate to the nucleus [51]. Although, APP/Fe65 interaction is very important for AICD-

mediated transcription, it does not appear to be necessary for its nuclear translocation [140]. 

AICD could enter the nucleus through mechanisms that are independent of Fe65 interaction, 

such as by interacting with JIP1 [125]. In addition, JIP1 has been reported to promote the 

transcriptional activity of the AICD [141]. Together with Fe65 and Tip60, AICD forms a 

transcriptionally active protein complex that has been reported to promote glycogen synthase 

kinase 3beta (GSK3β) gene expression [51, 53, 142]. On the other hand, interaction with X11/

Mint would favor AICD cytoplasmic localization, therefore inhibiting AICD-mediated gene 

transactivation [143]. Interestingly, while signaling associated with AICD transcription 

appears to favor GSK3β activation [51, 144, 145], retaining AICD at the membrane would 

favor inhibition of GSK3β cascade [30]. It has been proposed that AICD generated through 

preferential endosomal BACE1 cleavage can be translocated to the nucleus to induce 

signaling, while production of AICD through sequential cleavage by α-secretase at the 

plasma membrane would favor perhaps membrane-induced signaling [30], and subsequent 

proteasomal degradation [97, 146]. Notably, comprehensive proteomic studies have revealed 

evidence of interactions of APP intracellular domain with the exocytic machinery at the 

synapse as well [147–151]. Clearly, these findings indicate that subcellular localization of 

AICD could have differing effects on cellular signaling and its potential involvement in AD 

pathogenicity.
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Secreted APP and putative ligand-induced signaling

As described above, the N-terminal ectodomain of APP has the structural features and 

molecular domains that enable it to interact with a variety of receptor proteins (Figure 4a). 

Thus, soluble APP could initiate subsequent signaling upon binding with receptor 

molecules [2, 12, 65] (Table 1). This concept has emerged from several studies, which 

demonstrated that accumulation or overexpression of APP-NTF (and in some instances Aβ 

itself [17]) induced or exacerbated signaling associated with several classes of receptors as 

described above (see also Table 1). Recently, it has been shown that soluble APP and the 

APP-E1 domain could activate the Akt survival pathway following trophic factor depletion 

and that this activation involves an interaction of APP or APP-E1 domain with APP-FL [152]. 

In a similar fashion, Aβ interaction with APP induces G-protein-dependent enhancement of 

synaptic activity that involves the APP-E1 domain [153]. As previously discussed in section 

1, APP-FL possesses the structural ability to bind ligand to its own E1 domain. This 

association could initiate subsequent G-protein coupled signaling events by engaging motifs 

within the cytosolic C-terminal tail of APP [152, 153]. This scenario is reminiscent of a 

complex formation between a ligand and an autoreceptor. Soluble APP can modulate several 

signaling pathways involved in neuroprotection and axonal outgrowth, including the 

PI3K/Akt pathway [154–156], the NF-kB pathway [154, 157], and the MAPK /Erk/Egr1 

pathway [154, 158–161]. However, it has been shown that Aβ could repress CaMKII, Erk/

MAPK and PI3K/Akt pathways through an interaction with insulin receptor tyrosine kinase 

autophosphorylation process [162], suggesting that soluble APP and Aβ might differentially 

influence signaling cascades.

A more complex effect on APP-induced signaling has been described for the GSK3β 

signaling cascade. Aβ can inhibit canonical Wnt/β-catenin signaling, which is linked to the 

inhibition of GSK3β activity, through a dose-dependent interaction with Frizzled family 

receptors and in competition with Wnt ligand [163]. Similarly, Aβ oligomers could prevent 

inhibition of GSK3β activity preferentially through competition with various neurotrophic 

factors albeit at different magnitudes (NGF > IGF1 = insulin > soluble APPa > 

BDNF) [156, 164]. Studies in cultured cells indicate that soluble APPα (with no apparent 

effect of soluble APPβ) leads to increased Ser-9 GSK3β phosphorylation, and concurrent 

loss of GSK3β activity, through signaling mechanisms involving IGF-1 and insulin 

receptors [156]. In addition, it was observed that an accumulation of soluble APPα parallels 

an Akt-dependent decrease of GSK3β activity whereas accumulation of Aβ parallels an 

increase of GSK3β activity in brains of young as compared to aged PS1/APP transgenic 

mice, respectively [156]. We have previously shown that APP-CTF targeted in the membrane 

could account for an adenylate cyclase-dependent inhibition of GSK3β [30]. In this latter 

case, we speculate that inhibition of GSK3β activity might occur through activation of APP 

receptor although this remains to be experimentally tested. The convergence of signaling 

events mediated by soluble APP and Aβ fragments highlight the fact that APP ectodomain 

may serve as a ligand for a range of receptor molecules that share similar intracellular 

signaling cascades, in the nervous system and peripheral tissue. This notion is exemplified 

by the involvement of soluble APP in the thyrotropin-mediated proliferation of thyroid 
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follicle cells and a potential role for soluble APP in signaling associated with thyroid 

carcinogenesis [165, 166].

Interestingly, E1 and/or E2 domains in the extracellular region of APP have been reported to 

mediate substrate-specific interaction between neurons and extracellular matrix components 

that include collagen I [167], heparin [56], laminin [168], glypican [169], F-spondin [170], and β1 

integrin [64]. Based on these interactions, some of these matrix proteins have been 

considered as candidate ligands for APP including soluble APP [65] and Aβ per 

se [153, 171, 172], F-spondin [170], reelin [173], lingo-1 [151], contactins [151, 174, 175], β1 

integrin [64, 173], and pancortin [175, 176]. Among these, reelin, lingo-1, and pancortin-1 were 

found to significantly inhibit APP ectodomain shedding, suggesting their roles as 

physiological modulators of APP processing or APP secretase activity per se [175]. 

Interestingly, it has been shown that cell surface interaction with soluble reelin with APP 

resides within the E1 domain of APP - the putative ligand domain [173]. This association 

favors the accumulation of cell surface APP and further increases of neurite outgrowth in 

cell culture system, which is consistent with ligand/receptor-mediated signaling.

A recent study reported that two cysteine residues (Cys186 and Cys187) within the APP-E1 

domain could be modified by S-palmitoylation and that palmitoylated APP was 

preferentially targeted to the lipid raft microdomains [177]. How APP undergoes 

palmitoylation within the luminal domain, and how palmitoylation of APP ectodomain 

contributes to lipid raft targeting are not clearly understood. Nevertheless, by analogy to Wnt 

and particularly Hedgehog proteins [178, 179], palmitoylated secreted APP may serve as an 

anchor to recruit additional proteins to engage in signaling. Further studies are needed to 

understand the role of ectodomain palmitoylation in APP’s function as a ligand in cellular 

processes.

Cross-interactions of APP and APP metabolites with receptor-like proteins

APP has been reported to interact with a variety of receptor-like proteins (see Table 1). The 

structural features of APP, which confer its adhesive properties, support the notion that APP 

and its proteolytic products are capable of initiating molecular interactions that could affect 

its own signaling or signaling through its interacting partners. Notably, APP (especially its 

extracellular domain that contains the Aβ sequence) has a preference for interaction with 

type-1 transmembrane molecules including well-described cell-adhesion and growth factor 

receptors (Figure 4). The following interactions with cell-adhesion receptor molecules have 

been described: EphB2 [180, 181], netrin-1 [182], DCC [183], Notch [184, 185], N-cadherin [186], 

NCAM1 [151], L1/NgCAM [174] and immunoglobulin G Fcγ receptor II-b / FcγRIIb [187]. 

APP and its metabolites can interact with many growth factor receptors including leukocyte 

immunoglobulin-like receptor B2 / LilrB2 / PirB [188], epidermal growth factor / EGF 

receptor [94], p75 / TrkA / NGF receptor [189–192], insulin growth factor / IGF [156], and 

insulin receptor [156, 162, 193]. Insulin receptor subunits, which are enriched in lipid rafts, 

were found to act together with Aβ and soluble APP and consequently perturb insulin-

dependent phosphorylation signaling cascade in neurons [156, 162, 193] (for review on GSK3β 

see [164, 194]). It has been shown as well that interaction of Aβ with PiRB receptor enhances 

phosphatase / cofilin cascade signaling events [188].
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Another commonality among the group of receptors discussed above is that 

intramembranous cleavage by γ-secretase regulates several of these molecules. Interestingly, 

it has been shown that soluble APPα has also the ability to bind BACE1, a type-1 membrane 

protein [195]. This contributed to restraining subsequent interaction with holo-APP that 

would normally favor amyloidogenic pathway. This finding demonstrates the possibility of 

APP N-terminal fragment to attenuate excess secretase activity and offer neuroprotection. 

Conversely, an interaction of APP ectodomain with death receptor 6 / DR6 (also named 

tumor necrosis factor receptor family member 21 and a BACE1 substrate [196]) has been 

described to induce axonal degeneration through caspase-6 activation [190, 197]. This 

exemplifies again the capacity of soluble APP to exert a ligand-receptor like interaction 

(Figure 4a). The divergence in APP function strengthens the idea that cellular localization of 

APP and its selective interaction with protein partners may impact in various ways the 

cellular destiny. How soluble APP could interplay with BACE1 and be influential on other 

receptor signaling such as DR6 or putative APP receptor remains to be determined.

In addition to cell-adhesion receptor molecules and growth factor receptors, the soluble APP 

fragment and Aβ have been described to interact as well with cell surface glycosyl 

phosphatidylinositol / GPI-anchor proteins and GPCRs (Figure 4c). The interaction of APP 

N-terminal fragment with a variety of GPI-anchor protein family has been described for 

glypican [60, 169], syndecan [60], Nogo receptor / NgR [98, 99], transient axonal glycoprotein 

1 / TAG-1 [198], and prion protein / PrP [151, 199]. The interest of a complex formation with 

GPI molecules resides in the ability of GPI-anchored proteins to act as co-receptor for 

extracellular ligands as described in other systems [116, 200]. Per their preferential 

localization in lipid rafts, GPI-APP association would promote complex formation with 

signaling molecules and mediate signal transduction. Moreover, ligands captured by readily-

diffusible GPI-anchored protein (perhaps in this scenario, the soluble APP) could be 

efficiently presented to less mobile signaling receptors, thus increasing the sensitivity of the 

ligand recognition and signaling [200].

PrP interaction with Aβ has received a lot of attention because of the propensity of PrP to 

induce neurodegeneration and associated memory-like dysfunction [201]. It has been 

proposed that cell surface PrP can act as a receptor for Aβ [202]. Through a series of studies, 

Stephen Strittmatter’s research team reported that Aβ could function as a link between 

multiple cellular components to alter synaptic function and cognition. More specifically, 

they found that mGluR5 could facilitate PrP-bound Aβ oligomers to activate Fyn kinase 

cascade that leads to dendritic spine retraction [199, 203, 204]. The presence of Aβ might 

stabilize mGluR5 receptor at the synapse in a manner that interferes with receptor mobility 

and clustering. This succession of events enables mGluR5 receptor to induce signaling 

cascade [205]. Moreover, Aβ peptide has been reported to facilitate endocytosis of other 

receptors including ionotropic N-methyl-D-aspartic acid (NMDA) and alpha-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors that will affect greatly 

spine formation and synaptic efficacy [206–208] (reviewed in ref [16])

An interaction of APP with GPCRs seems more elusive. The molecular structure of the 

GPCR renders them less likely to physically interact with type-1 transmembrane proteins 

like APP. However, the small, soluble Aβ peptides with charged residues might possess this 
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property (Figure 4d). Indeed, it has been reported that Aβ associates with a variety of 

GPCRs including metabotropic glutamate receptor/mGluR5 [204], beta-2 adrenergic 

receptor/β2-ADR [209], amylin-3 [210, 211], frizzled [163], G-protein coupled receptor 3/

GPR3 [212], and protaglandin2 receptor/PTGER2 [212]. Interestingly, association with Aβ 

mediates internalization of β2-ADR, GPR3, and PTGER2 through β-arrestin [212, 213]. 

Strikingly, β-arrestin is a common denominator for GPCR endocytosis, as well as 

internalization of a variety of type-1 transmembrane receptors [214, 215] Thus, APP and its 

ectodomain (including soluble APP and Aβ fragments) are capable of mediating signaling 

through crosstalk with other cell surface receptors and perhaps their endocytic molecular 

components. A similar complexity of receptor cross-interactions has been described for a 

variety of growth factor receptors and receptor tyrosine kinases [71, 216].

Functional consequence of APP internalization on Aβ clearance

Receptors are internalized upon ligand binding, which allows the ligand-activated receptor to 

recruit signaling molecules and efficiently transduce intracellular signaling. In addition, 

receptor internalization is fundamental to initiate receptor down-regulation and 

desensitization, to promote its clearance from the cell surface, and to further target its own 

degradation [216–218]. It is a common understanding that GPCRs (and non-GPCRs as well) 

are rapidly desensitized through receptor phosphorylation and β-arrestin coupling, which 

promote receptor internalization from the plasma membrane [219]. Binding with β-arrestin 

results in a partial uncoupling of G-proteins, and subsequent receptor targeting to clathrin 

coated pits for endocytosis. As discussed above, the APP cytoplasmic tail can complex with 

trimeric G-proteins [30, 47–50], as well as bind to clathrin-dependent sorting 

molecules [14, 96, 220]. Although the consequential partnerships associated with both 

occurrences have not been truly investigated, it is tempting to speculate that APP may go 

through these regulatory steps to sustain its receptorlike function. What is clear at present is 

that an association between APP and clathrin partners (such as AP-2, PICALM, AP-4) could 

profoundly influence APP internalization from the surface as well as its journey through the 

intracellular compartments [1, 221, 222]. Interestingly, Aβ interaction with β2-adrenergic 

receptor through β-arrestin has been reported to facilitate internalization of Aβ - adrenergic 

receptor complex, leading to receptor degradation [213]. Similarly, Aβ interaction with 

several other GPCRs has been documented [163, 165, 204, 210–212] (see below and Figure 4d). 

Whether in these instances Aβ is co-internalized with the receptors in a manner that 

contributes to Aβ clearance remains to be determined.

The extent to which APP undergoes internalization and clearance has direct consequences 

on the efficiency on proteolytic processing of APP. In this regard, interaction of APP with 

very low-density lipoprotein receptor (VLDLR) [223] and low-density lipoprotein receptor-

related proteins (LRPs) [224, 225], including megalin (also named LRP2) [226], apolipoprotein 

E receptor 2 (ApoER2, also named LRP8) [227, 228], or sortilin-related receptor containing 

LDLR class-A repeats (SORLA, also named LRP9) [229–232] are notable. It has been shown 

that the interaction of APP with LRP1 at the cell surface accelerates APP endocytosis, and 

enhances Aβ production [233]. This process involves the cytoplasmic adaptor protein Fe65, 

which simultaneously binds to NPxY (682YENPTY687) motif in the cytoplasmic tails of 

APP and LRP1 (or LRP family members) forming a trimeric complex [223, 234]. In contrast, 
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a trimeric association of APP with F-spondin and ApoER2 favors cell surface accumulation 

of APP and consequential processing through α-secretase and a decrease of Aβ 

production [227, 228]. Thus, APP interaction with endocytic binding partners has significant 

effects on APP trafficking, amyloidogenic processing of APP and Aβ 

clearance [96, 220, 229, 233] (Figure 4d).

LRP family members can also influence APP metabolism through complex formation with 

other transmembrane receptor partners. For example, in cultured cells and in mouse brain 

LRP6-mediated Wnt signaling protects against Aβ production, perhaps by promoting a 

longer residence of APP at the cell surface and consequently reducing the extent of 

amyloidogenic processing in endocytic organelles [235]. LRP family members can interact 

with HSPG and serve as a co-receptor for Wnt and sonic hedgehog signaling [236]. As 

highlighted in previous studies, receptor-protein complex formation with HSPGs is 

necessary for receptor internalization and receptor clearance [61, 62, 237]. Indeed, it has been 

proposed that HSPG may serve as a critical cellular component to promote Aβ 

clearance [233, 238]. The association of LRP with APP through HSPG has been 

described [239]. More recently, it has been shown that the close interaction of APP with 

syndecan [60], a transmembrane cell surface HSPG known to be associated with 

internalization of several receptors including LRP and VLDL [61, 62, 237], might promote the 

internalization of APP or APP-CTF. Complex formation with LRP, BACE1 and Ran-binding 

protein 9 (RanBP9), a scaffolding protein involved in trafficking of membrane 

receptors [240], reduces APP cell surface localization, and favors internalization of APP and 

generate Aβ [241, 242]. Similar functional outcome has been proposed for the interaction of 

APP with lingo proteins [151, 243], which can form a complex with NgR and p75 [244, 245]. 

Lingo family of proteins has been associated with growth factor receptor internalization and 

subsequent proteasomal degradation in other systems [245, 246]. Knockdown of lingo 

expression reduces Aβ production, apparently by favoring α-secretase processing of APP. 

However, overexpression of lingo results in increased lysosomal degradation of APP [243].

In general, receptor function and associated signaling would be determined through 

desensitization and receptor endocytosis, mediated by phosphorylation and β-arrestin 

binding. In addition, ubiquitination is emerging as an important post-translational 

modification that regulates trafficking and signaling processes to govern receptor 

functions [247]. More recently, APP ubiquitination has been proposed as a regulatory 

mechanism to influence APP internalization, and possibly clearance of its CTF. It has been 

shown that ubiquitination of APP at the juxtamembrane lysine residues is important for 

PIP3-dependent endosomal sorting of APP, and interfering with this process can lead to 

increase Aβ generation [248]. APP ubiquitination by FBL2 promotes proteasome-mediated 

degradation of APP and affects cerebral amyloid burden in transgenic mice [110] (see above).

Concluding Remarks

Accumulating evidence strongly supports the idea that APP is not only a molecule that 

produces the toxic Aβ peptides, but is also a cell-adhesion molecule and a growth factor 

ligand that can (i) interact with various binding protein partners; (ii) result in activation of 

signaling pathways; and (iii) elicit physiological responses. Thus, secretase-dependent 
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processing of holo-APP is an excellent way to modulate the levels of cell surface APP 

receptor and also confer additional cellular roles for APP through the generation of APP 

metabolites. In agreement with this concept, soluble APP can modulate several signaling 

pathways involved in neuroprotection and axonal outgrowth whereas Aβ could repress the 

same signaling pathways, suggesting that soluble APP and Aβ possess antagonistic roles. 

The diverse APP interactions with a variety of proteins make it a target for tight regulation. 

Dysregulation of APP interactions certainly would shift the balance in its proteolytic 

processing from non-amyloidogenic to amyloidogenic processing, with an outcome that 

contributes to the cerebral amyloid burden. Consequentially, loss of APP homeostatic 

regulation could shift the balance toward more pathological outcomes. Aberrant modulation 

of its signaling partners, its protein interaction network, its cell surface receptor connectivity, 

could influence drastically APP’s innate physiological functions as a signaling growth factor 

or as a cell-adhesion molecule in the central nervous system and peripheral tissue. Despite 

the identification of numerous APP-interacting proteins, the quest for the discovery of 

credible ligand(s) for putative APP receptor remains unfulfilled (see Outstanding Questions). 

On the other hand, it is plausible that the APP ectodomain itself might serve as a ligand for 

APP and possibly other receptors as it has been proposed for lingo-1 [78, 79]. In all, cell 

surface recycling of putative APP receptor, either through endocytic trafficking, 

glycosylation, ubiquitination or kinase-dependent processes, would modulate Aβ production. 

Portraying APP as a receptor entity may provide us a different or even more meaningful 

understanding of how APP could play an important role in health and disease.
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Trends

□ The difficulty in defining the precise physiological and pathological 

function(s) of APP lies primarily in its complex proteolytic processing that 

generates various metabolites.

□ Based on its structural properties and its diverse functions, APP is not only a 

molecule that serves as the substrate for Alzheimer’s disease-associated Aβ 

peptides, but is also a receptor, a cell-adhesion molecule, and a growth factor 

ligand capable of activating signaling pathways that elicit physiological 

responses.

□ Portraying APP and its metabolites as ligand/receptor entity may provide us a 

more meaningful understanding of how APP could play an important role in 

health and disease.
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Outstanding Questions

□ Does highly regulated APP processing account for homeostatic responses of 

APP receptor and consequently its functions?

□ Would wild-type and pathogenic APP adopt different pH-dependent 

conformations in a manner that prevents or facilitates protein dimerization or 

putative ligand interactions?

□ What would be the purpose of having APP and its metabolites in different 

subcellular compartments?

□ How would APP's multiple interactions with extracellular and intracellular 

binding partners regulate the activation of signaling cascades to influence 

pathophysiological outcomes?

□ Would APP dimerization or complex formation with other receptors affect 

their function and vice versa?

□ Rigorous research on APP over the past decades, stimulated by APP’s central 

role in AD pathogenesis, has led to the identification of a large number of 

APP interaction partners. The sheer number of APP interacting proteins gives 

the impression that APP is a major hub in cellular protein-protein interaction 

network. Nevertheless, it is a daunting task to determine which of these 

diverse interactions contributes to the multiple functions of APP under 

physiological or pathological conditions. Could the knowledge on APP 

interactors lead to a better understanding of those critical for the pathological 

outcome, and thus contribute to the disease process? Would it be possible to 

target APP interactions to modulate disease pathogenesis?

□ Dysregulation of APP interactions with endocytic partners is known to affect 

APP internalization and consequently APP processing and Aβ accumulation. 

Would it be possible to therapeutically modulate APP processing by targeting 

APP interactions with endocytic partners?
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Figure 1. Variation on a theme – APP functions in health and disease
APP is a versatile biologically active protein, with its N-terminal domains as well as its 

shorter C-terminal fragments involved in a variety of cellular functions [2, 9–14]. APP-FL 

possesses cell-adhesive properties and can modulate neurite outgrowth. Non-amyloidogenic 

soluble APPα fragment (sAPPα), resulting from α-secretase cleavage, displays 

neuroprotective and trophic properties. Several studies suggest that soluble APPβ (sAPPβ) 

has a role in neuronal development. Amyloidogenic Aβ deposition in senile plaques 

correlates with pathological AD-related neuronal dysfunction. Accumulation of APP-CTF at 

the membrane as C99 (β-CTF) or C83 (α-CTF) stimulates neurite outgrowth. Processing of 

APP by γ-secretase releases the intracellular AICD fragment from the membrane, which 
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could interact with JNK to activate cell death, X11/JIP to stimulate cell differentiation, or 

with Fe65 to modulate gene transcription. Proper accumulation of APP and its fragments 

lead to healthy biological outcomes (depicted as yellow zone), whereas over accumulation of 

APP fragments (including Aβ and AICD) would lead to neurodegeneration and cell death 

(depicted as the red transitioning zone) [15–17].
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Figure 2. APP signaling: homology with other γ–secretase substrates
γ-secretase is known to catalyze intramembranous cleavage of several type-1 membrane 

proteins, including DCC, Notch and APP. (a) Cleavage of Notch by γ–secretase releases 

Notch intracellular domain (NICD) which translocates to the nucleus to activate nuclear 

signaling [2, 40–44]. (b) Ligand-activated cleavage of DCC by α-secretase generates 

transmembrane DCC-CTF, which activates intracellular signaling through interaction with 

various signaling partners (depicted as yellow cloud). Intramembranous cleavage by γ-

secretases releases the intracellular fragment (DCC-ICD) that is subsequently degraded, thus 

terminating DCC signaling [45]. (c) APP is sequentially cleaved by α- or β-secretases, and 

also recently-described η-secretase [3] and 5-secretase [4], generating various transmembrane 

APP-CTFs. The accumulation of APP-CTF at the plasma membrane facilitates intracellular 

signaling, which is terminated upon γ-secretase cleavage [30]. The resulting AICD fragment 

translocates to the nucleus to activate nuclear signaling [24, 25, 120, 121]. Thus, APP 

processing and signaling mediated by APP is analogous to both Notch and DCC signaling.
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Figure 3. APP receptor-like architecture, its intracellular motifs and signaling partners
(a) APP and its two mammalian homologues, APLP-1 and APLP-2, share similar primary 

structure and conserved extracellular domains (E1, E2, acidic, and Kunitz), juxtamembrane 

region (JMR), and intracellular phosphorylation, G-protein binding, and YENPTY 

internalization sites [38, 54]. APP can bind putative ligands with high affinity through 

disulfide bridge (SH-SH)-stabilized E1 domain and low affinity co-receptor proteins through 

the heparin recognition domains (E1 and E2, as shown as yellow HBD box and heparin 

ligand as a sun). Using these interacting domains, APP and its homologues can form homo 
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or heteromeric complexes through cis formation within cellular compartments or 

transdimerization across cells, including synaptic structures [37, 58, 72, 76, 77, 80]. The Aβ 

domain of APP possesses three GxxxG motif sequences that allow tighter association to 

itself and perhaps to other proteins [80, 84]. (b) APP cytosolic domain possesses conserved 

sequence motifs responsible for a complex network of protein-protein interactions, which 

can account for a variety of cellular functions mediated by APP and its 

metabolites [25, 119–121, 123]. The main signaling domains include: two conserved trafficking 

internalization/endocytic signal (purple and yellow underlines), whose one is responsible for 

the binding of many adaptors proteins (purple underline), a caspase cleavage motif (blue), 

two G-proteins binding sites (green) and several phosphorylation sites (red).
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Figure 4. Model of APP and its metabolite cross-interactions with cell surface proteins
The complexity of interactions between APP and APP metabolites and a variety of proteins 

is portrayed in this illustration. Neuronal growth cones are shown as a model to depict the 

multiple sites of interaction of APP, sAPP, AICD and its Aβ fragment (fuchsia) with a 

variety of proteins including: APP and its own homologues (orange), cell-adhesion molecule 

receptors (blue), growth factor receptors (green), other receptor-like proteins (fluo-green), 

G-protein-coupled receptors (GPCRs, purple), GPI-anchored proteins (yellow), and secreted 

ligand proteins (red). (a1) The first cartoon box depicts interactions of secreted soluble APP 

(sAPP) with a variety of cell surface receptors or proteins. Accordingly, sAPP has the ability 

to initiate signaling upon binding with a variety of type-1 transmembrane molecules 

including cell-adhesion molecules [151, 174, 180–187] and growth factor 

receptors [94, 156, 162, 188–191, 193]. (a2) Interactions of APP with putative ligands, through 

direct or indirect association, are illustrated on the right. (b) The schematics of several 

dimerization partners are shown. APP and its homologues can make homo- or heterodimers 

and form cell surface receptor-like complexes capable of modulating signaling 

events [56, 64, 151, 165, 167, 168, 170, 173, 175, 176, 226]. The extracellular region of APP-like 

receptor possesses the structural features to homodimerize or heterodimerize with its 

homologues in (b1) cis- and (b2) trans- cellular manner [65, 80, 151–153, 171, 172]. (c1) Cell-

adhesive property of APP with adjacent neurons is shown in the left side of the schematic 

diagram. (c2) APP and its ectodomain associate with other cell surface receptors to form 

complexes that render them capable of mediating signaling through crosstalk interactions. 

(d1) APP, as a receptor entity, has the capability to internalize through interaction with 

endocytic partners, glycoproteins, and GPCRs. (d2) Receptor proteins that could 

conceptually affect Aβ clearance are also presented in the schematic.
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Table I

APP-mediated signaling and APP receptor-like interactions

RECEPTOR-LIKE
INTERACTION

APP FRAGMENT
INTERACTION

SIGNALING REFERENCES

APP/APP homologues APP-FL Erk [80, 151, 153, 160]

sAPP PI3K/Akt, GSK3β, Erk/MAPK/Egr1, NF-kB, [65, 68, 151, 152, 154–161]

Aβ G-protein [80, 151, 153, 171, 172]

AICD, APP-CTF cAMP/PKA, GSK3β, Wnt, IP3, Erk, nuclear [30, 47–50, 119, 134, 151, 159]

Ligands

Collagen I APP-FL, sAPP - [167]

F-spondin APP-FL, sAPP - [151, 170, 175]

Heparin APP-FL, sAPP - [56]

Integrin APP-FL, sAPP - [64, 173]

Laminin APP-FL, sAPP, Aβ, AICD - [168]

Pancortin APP-FL, sAPP - [175, 176]

Reelin APP-FL, sAPP - [173, 175]

TSH sAPP MAPK (Elk-1) [165]

Cell-adhesion molecules

EphB2 Aβ - [180, 181]

FcγRIIb Aβ JNK [187]

L1/NgCAM sAPP - [174]

N-Cadherin APP-FL, C99 - [186]

NCAM1 APP-FL, sAPP - [151]

DCC APP-FL, sAPPα Erk1/2 [182, 183]

Notch APP-FL, sAPP - [184, 185]

Growth factor receptors

DR6 sAPPβ Caspase [190, 197]

EGF receptor sAPP - [94]

IGF/insulin receptor sAPPα, Aβ PI3K/PKB/Akt/GSK3, Erk/MAPK, CaMKII [156, 162, 193]

LilrB2/PirB Aβ Cofilin [188]

NGF receptor APP-FL, AICD TrkA [135, 136, 191]

p75 sAPP cAMP/PKA [189]

GPL-anchors

Contactins APP-FL, sAPP Nuclear [151, 174, 175, 198]

Glypican sAPP - [60, 169]

NgR APP-FL, sAPP, Aβ - [98, 99]

PrP APP-FL, sAPP, Aβ Fyn kinase [151, 199, 204]

GPCRs
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RECEPTOR-LIKE
INTERACTION

APP FRAGMENT
INTERACTION

SIGNALING REFERENCES

Amylin-3 Aβ cAMP/PKA, Erk/MAPK, cFos, Akt [210, 211]

B2-ADR Aβ cAMP/PKA [209]

Frizzled Aβ Wnt/β-Catenin [163]

GPR3 APP-FL - [212]

mGluR5 Aβ Fyn kinase [199, 204]

PTGER2 APP-FL - [212]

Receotor-like proteins

Alcadein APP-FL, C99 - [137]

BRI2 APP-FL, C99 - [85, 86, 88–91]

Lingo-1 APP-FL, sAPP - [151, 175, 243]

LRP family receptors
APP-FL, sAPP, Aβ, AICD,

APP-CTF Nuclear, Wnt

[91, 192, 223–225, 227–232, 234,

235]

Syndecan sAPP - [60]
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