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Alzheimer's disease (AD) is the primary cause of dementia in the elderly and one of the major health problems worldwide. Since its first description by Alois Alzheimer in 1907, noticeable but insufficient scientific comprehension of this complex pathology have been achieved. All the research that has been pursued takes origin from the identification of the pathological hallmarks in the forms of amyloid-b (Ab) deposits (plaques), and aggregated hyperphosphorylated tau protein filaments (named neurofibrillary tangles). Since this discovery, many hypotheses have been proposed to explain the origin of the pathology. The "amyloid cascade hypothesis" is the most accredited theory. The mechanism suggested to be one of the initial causes of AD is an imbalance between the production and the clearance of Ab peptides. Therefore, Amyloid Precursor Protein (APP) synthesis, trafficking and metabolism producing either the toxic Ab peptide via the amyloidogenic pathway or the sAPPa fragment via the non amyloidogenic pathway have become appealing subjects of study. Being able to reduce the formation of the toxic Ab peptides is obviously an immediate approach in the trial to prevent AD. The following review summarizes the most relevant discoveries in the field of the last decades.

Introduction

Alzheimer's disease (AD) is a highly debilitating neurodegenerative disorder that afflicts millions of people and has reached in our society an enormous impact. The number of patients increases every year and recent projections predict 65 millions of AD cases worldwide by 2030 (www.alzforum.org), and even more in the early pre-diagnosis stages. Researchers from academic and pharmaceutical industries, political leaders, and the general population urge finding a solution to stop the constant increase of affected AD patients. Thus, many efforts have been done to reach a comprehensive understanding of the mechanisms of the pathology development. In AD research history, few observations are considered as milestones. One is the identification of extracellular amyloid-b (Ab) aggregates, referred to as plaques when present in the gray matter and Cerebral Amyloid Angiopathy (CAA) when present in vessels. Another is the identification of intracellular filaments of hyperphosphorylated tau protein, named tangles [1][2][3]. It's from these observations that the majority of the research plans are taking their origin and inspiration. Finally, a third one is the discovery that 5% of the estimated AD cases are familial and hereditary (FAD). Genetic studies identified mutations in the Amyloid Precursor Protein (APP) and in enzymes involved in its cleavage (PS1 and PS2, part of the g-secretase complex) as the causes of these genetically determined cases of AD occurring early in life [4,5]. For the majority of AD cases instead, referred to as sporadic AD, only "risk factors" have been identified, like age (the probability of developing AD increases from 10% under the age of 65 to 50% over 85), the presence of the Apolipoprotein E4 allele (instead of the most common E3, or E2), a protein involved in the clearance of Ab [6,7] and few others recently discovered like PICALM, clusterin and CR1 [8]. Taking together these and related observations led to the hypothesis that Ab accumulation is the primarily culprit driving the development of AD. For a long time, only an increase in synthesis and/or decrease degradation of Ab were taken into consideration but later on an impaired clearance started to be also considered. It is likely that all these events have a part of responsibility. This hypothesis has been developed as the "amyloid cascade hypothesis" of AD and is nowadays the most accredited one. According to this theory, Amyloid Precursor Protein (APP) has thus a prominent role in AD and has obviously become the object of numerous studies. Several of them underline how APP processing modulation might be the key target in the battle against AD. The present review will focus on cellular trafficking and processing of APP. We will describe the different enzymes (secretases) involved, the cellular compartments where the cleavage takes place as well as the proteins interacting either with APP and secretases that might affect those processes.

APP processing

Once synthesized and post-translationally modified, APP in its mature form can be processed by at least two proteolytic pathways, the so-called "non-amyloidogenic" and the "amyloidogenic" pathways (Fig. 1). While, in the first pathway, we have an implication of enzymes which cleave APP within the Ab sequence (a-secretases), thus impeding the formation of the toxic Ab peptide, in the second one, we have the formation of Ab, mainly to 40 and 42 amino acids (aa) long peptides (although 37 to 43 aa forms are also produced). Since the identification of this processing mechanism, trying to modulate the shedding of APP by stimulating the non-amyloidogenic pathway had a prominent role in AD research. Thanks to the great number of studies performed, we currently know many biochemical characteristics and cellular localisation properties of APP and secretases. The interplay between the localisation of APP and a-, b-, and g-secretase is determining the degree of Ab production. The intracellular localisation and trafficking of APP is complicated with APP found variously at the Golgi, trans-Golgi network (TGN), endosomes and plasma membrane. Moreover, the secretases involved can also be found in various sub-cellular compartments. We will first describe the main characteristics and residence of these enzymes, then trying to integrate their functions with APP trafficking.

a-Secretase and the non amyloidogenic pathway

Several transmembrane proteases belonging to the metalloproteases have been proposed to act as a-secretases. The most accredited enzymes for this role are the members of the A Disintegrin And Metalloprotease (ADAM) family, ADAM 9, 10 and 17 [9][10][11]l. a-secretase cleavage gives origin to the sAPPa fragments and a C-terminal fragment (C83 or a-CTF) that remains anchored to the membrane. a-secretase action can be constitutive or stimulated ("regulated a-cleavage") by different agents, like drugs activating PKC and some GPCRs [11][12][13][14][15], reviewed by [16]. It has been demonstrated that while ADAM17 and 9 are mostly accountable for a regulated cleavage, ADAM10 is part of both processes and it is definitely the major ADAM family member responsible of constitutive activity in neurons [11]. A relevant difference among these proteases is their level of expression in brain. While ADAM10 is in fact highly expressed in this organ, ADAM9 [17], and ADAM17 [18,19] are found only at low concentrations. It is currently known that ADAM10 is synthesized in the Endoplasmic Reticulum (ER) as proenzyme, is mostly present in this form in the Golgi at steady state [12], but it is found in its mature form at cell surface. Parvathy and colleagues demonstrated that in neurons, a-secretase activity is present mostly at the cell surface [20]. Several studies demonstrated that, although some a-secretase activity is present in the TGN, this represents a minor part respect to the activity at the cell surface [21][22][23]. A gene on chromosome 15 is encoding for this 750 aa long protease [24] that, being a zymogen, needs the removal of the prodomain to be activated [25] (Fig. 2) and, like the other members of the ADAM family, requires a zinc ion. Between the prodomain and the catalytic region there is a consensus sequence (RKKR) recognized by a proprotein convertase (PC7) and/or furin. It is not clear whether or not the conjunction between these two membrane-associated calciumdependant endoproteinases (PC7 and furin) is required to cleave ADAM10 prodomain unmasking its active site [26,27] (Table 1). Already in 2001 Anders and colleagues showed that a mutation in the site recognized by PC7 was able to inhibit ADAM10 activation [28]. The prodomain has a fundamental role in maintaining ADAM10 inactive and for its protection from degradation along the secretory pathway [9,25,29]. It can also coordinate the zinc ion localization at the active catalytic site. Interestingly, it has been reported that mutations in the region encoding for the prodomain sequence in ADAM10 gene [30] could be responsible for late-onset AD. Following the catalytic domain, ADAM10 shows a disintegrin domain with a cysteine-rich region, a transmembrane region and finally a cytoplasmic domain (Fig. 2). The cytoplasmic tail of ADAM10 contains a RRR sequence responsible for the retention of ADAM10 in the ER. The mechanism by which this sequence is masked to allow the traffic of ADAM10 to the plasma membrane is unknown [31]. The targeting of ADAM10 to the glutamatergic synapse requires the interaction of its intracellular proline rich domain with the SH3 domain of SAP97 [32][33][34][35]. (Fig. 2). The relevance of ADAM10 in APP processing and AD is documented in numerous papers. We know for instance that overexpression of ADAM10 is able to increase a-cleavage, while the opposite effect, a reduction of the non-amyloidogenic pathway activity, is seen with negative form of ADAM10 or ADAM10 RNAi [11,12,14]. Furthermore, Jorissen and colleagues recently showed that sAPPa secretion is almost abolished in ADAM10 KO mice [36]. The ADAM10 intracellular trafficking, a key point in regulating the non-amyloidogenic pathway, can furthermore be regulated by muscarinic receptors [37]. Some acetylcholinesterase inhibitors have been found also able to modulate the trafficking of ADAM10/17 and APP [38]. These drugs have already been proposed for reversing the cognitive deficits in AD patients by potentiating the effect of acetylcholine. Furthermore, it seems that they could also act at the same time by stimulating the non-amyloidogenic pathway. The attempts of stimulating the non toxic processing of APP started years ago, in fact already in the 90s, some groups demonstrated how activation of PKC stimulates a-cleavage of APP [39] at the cell surface [40] or competing with BACE1 in the TGN [21]. More recently, new PKC activators directly increasing a-secretase activity, have been designed and tested [41]. Furthermore, 5-HT4 receptors have been found to regulate asecretase activity [42][43][44]. Stimulation of these receptors has in fact induced an increased production of sAPPa both in cell lines and in vivo [45], a well-promising observation that needs further elucidations regarding the pathways involved. Cholesterol has also been suggested to have a role as a modulator of a-secretase activity [46,47]. A huge body of evidence is linking cholesterol, and lipids in general, to AD, although their relation and mechanism of action are not completely clear. Indeed, it has been shown that cholesterollowering drugs, like statins, upregulate a-secretase activity [48]. In addition, Kojro's group demonstrated, targeting ADAM10 to lipid rafts domains, that ADAM10 is unable to cleave APP in a cholesterol-rich environment. Finally, the activity of ADAM10 can also be increased at the transcriptional level. In this regard overexpression of SIRT-1, a NAD-dependant deacetylase, reduce the formation of plaques in brain of mice overexpressing APP/PSEN1 [49]. Retinoic acid, a metabolite of Vitamin A increases ADAM10 expression via the RARb receptor in a SIRT1 dependent manner [50][51][52]. Retinoic Acid Receptor a (RARa) agonists are also neuroprotective and able to inhibit both extracellular and intracellular Ab production. Concluding, different strategies aimed at stimulating the non-amyloidogenic pathway can be proposed at the transcriptional level, at the level of ADAM10 trafficking to the plasma membrane or directly by stimulating the alpha-secretase activity with GPCRs for example. Saftig and Reiss in 2011 published an interesting review on ADAM functions and pointed out the variety of roles that they cover, including beneficial effects on the homeostasis of the nervous system, a proinflammatory role in vascular diseases and a stimulatory effect on cell migration and metastasis [53]. If a treatment completely void of collateral effects remains yet an utopia the field is certainly promising.

b-Secretase and the amyloidogenic pathway

Interestingly, while a-secretase cleavage of APP is highly active in non neuronal cells, in neurons the amyloidogenic pathway is predominant, an observation that could be explained by the high levels of b-secretase in this type of cells [54,55], reviewed by [56]. b-Secretase has been identified as the enzyme BACE1 [57][58][59], although a minor activity has been attributed also to BACE2 [60]. While BACE1 in fact is highly expressed in the brain where it interacts with APP, BACE2 is poorly present [19]. In favour of the theory identifying BACE1 as the b-secretase, it has been demonstrated that its inhibition lowers the levels of Ab in the brain [61]. BACE1 is a transmembrane aspartic protease of 501 residues encoded by a gene on chromosome 11 [58,59] (Fig. 2). It cleaves APP mainly at the N-terminal side of Asp1 of the Ab sequence, although other cleavage sites exist, like the one at Glu11. The cleavage at Asp1 produces a N-terminal truncated APP, named sAPPb, and a C-terminal membraneassociated fragment, C99 (or CTFb). The BACE1 homodimer is 30 times more active than the monomer [62], reviewed by [63]. While the palmitoylation of residues 478, 482 and 485, seems to be essential for the homodimerization, Parsons's group also demonstrated that a correct trafficking of BACE, requires both palmitoylation and the association with a farnesylated 53 kDa protein [64] (Fig. 2). BACE activity is influenced by the pH, being the most favourable environment an acidic pH (about 5), like the one in endosomes [65]. Indeed, FRET analyses show that b-secretase interacts with APP mainly in endosomes in native conditions [66]. BACE trafficking into endosomes and lysosomes is regulated by the LL (dileucine) motif [67], while its sorting and recycling to the TGN and to the cell surface is regulated by GGA protein (Golgi-localized, Gamma Adaptin ear-containing, ARF-binding protein family), in particular GGA1 [68,69] and, negatively, by GGA3 [70][71][72] (Fig. 2). Furthermore, it has been demonstrated that small GTPase ADP Ribosylation Factor 6 (ARF6) modulates BACE trafficking [73] (Table 1). Other actors like reticulon/NOGO proteins interact with BACE but it's not clearly elucidated if their action is on the trafficking or on the activity of the enzyme, reviewed by [74] (Fig. 2). In a recent paper, Obregon and colleagues showed that sAPPa modulate Ab production directly acting on BACE [75]. BACE1 acts in fact primarily in endosomes, but its action has been revealed also in lysosomes and at the cell membrane in lipid rafts. Multiple lines of evidence suggest an interaction between APP and bsecretase in these small (10-200 nm), heterogeneous, highly dynamic, sterol-and sphingolipid-enriched domains that compartmentalize cellular processes [76], thus enabling the formation of Ab and increasing the probability of AD [77]. In a recent review, Vetrivel and Thinakaran, estimate that only 10% of the APP arrives to the plasma membrane in a constitutive manner [78] APP resides only briefly at the cell-surface where it can undergo acleavage or is internalized into endosomes [79,80]. In this regard the "retromers" acquire importance, a family of proteins that mediate the retrieval of transmembrane proteins from the endosomes to the trans-Golgi network. Misregulation of retromers or retromer-associated proteins influences endosomal localization of APP/BACE1 and so the formation of Ab [81]. It has recently been shown how sortilin, a Vps domain-sorting receptor, can modulate this retromer-mediated trafficking of BACE1 [82] (Fig. 2). In addition, adaptor proteins can have a role in this process. These proteins are in fact known for their capability of affixing cargos to the retromers. SorLA for instance, a member of the low lipoprotein receptor superfamily [83], binds APP and function as an adaptor protein linking it to retromers. Promoting the transport of APP to the Golgi they have a fundamental role in keeping APP away from the endosomes and limiting Ab production. Interestingly, Scherzer and colleagues in 2004 reported that in AD patients there is a reduction of SorLA levels [84]. Note however that a recent heterodox report suggests an important production of Ab in the Golgi complex due a high concentration of APP, BACE1 and g-secretase [85] Finally, it has been recently demonstrated that Ab can mediate its own production through a feedback mechanism on APP and BACE1 acting as a transcription factor [86] (Fig. 2). To note that regulators of BACE expression levels have been identified also in some AD risk factors like hypoxia and oxidative stress, together with traumatic brain injury and infection of neuronal cells with herpes simplex virus [74].

g-Secretase

Following the first APP cleavage by aor b-secretases, the g-secretase complex cleaves the C-terminal fragments, C83 and C99, an activity present both at cell surface and in endosomes [87], in what is called "Regulated Intramembrane Proteolysis" (RIP) (reviewed in [23]). The g-secretase complex is composed of Nicastrin (Nct), Anterior PHarynx defective one (APH1), Presenilin ENhancer 2 (PEN2), and Presenilin 1 (PSEN1) and/or 2 (PSEN2) [88,89][90] (Fig. 2). In the g-secretase, every element seems to participate in a stoichiometry ratio 1:1:1:1 [91,92]. The cleavage of C83 and C99 brings to the formation of p3 and Ab respectively (mainly 40 and 42), together with an APP intracellular domain (AICD), whose length can vary from 57 to 59 residues. In this complex, the active site is represented by the presenilins, while nicastrin is responsible for the anchoring of the substrate [93][94][95], PEN-2 probably stabilizes presenilin in the complex and still not elucidated is the role of APH-1. Mutations at the level of the presenilins are accountable for the majority of familial AD cases (reviewed by [96]). Indeed, inhibition of the two presenilins completely abolishes the formation of Ab [97,98]. The activity of the g-secretase can be modulated by interaction with partners. Up to 40 proteins have been identified as possible g-secretase ligands but their actions are poorly understood (reviewed by [16]). Recently, Michaki and colleagues showed that downregulating Abca2, an AT-binding cassette transporter alters nicastrin maturation and consequently reduce Ab production [99] (Fig. 2) (Table 1). Other demonstrated regulations are assumed by Rer1, which negatively modulates the g-secretase complex assembly [100,101] and the orphan G-protein coupled receptor 3 [102], which increases the cell-surface localization of the mature complex. Directly acting on the enzyme activity are instead b2adrenergic receptors [103], but also CD 147 antigen (basigin) [104] and 21-KD (TMP-21) [105] (revised by [106]) (Fig. 2). Furthermore, Hoshino and colleagues demonstrated that prostaglandin E2, a mediator of inflammation, is able to increase g-secretase activity and Ab production through an EP(4)-mediated internalization of PS1 [107]. g-secretase activity is shown to be dependent also on Arc, a postsynaptic protein that regulates the trafficking to endosomes and associates with PS1. The genetic deletion of Arc is in fact able to reduce Ab production and is therefore fundamental in the developing of AD [108]. A group of drugs, GSMs (g-secretase modulators) that include non-steroidal anti-inflammatory drugs, are able to modify the ratio between Ab38 and Ab42 production [109]. A novel g-secretase activating protein (GSAP) drastically and selectively increases Ab production through a mechanism involving its interactions with both g-secretase and its substrate, the amyloid precursor protein carboxy-terminal fragment (APP-CTF). Interestingly GSAP does not interact with Notch, nor does it affect its cleavage [110]. Concerning instead the regulation at the transcriptional level, Wexler and colleagues recently found an implication of Wnt-1 in the modulation of PSN-1 levels (Wexler et al 2011), while Dunys pointed out the role of p53 in the regulation of Pen2 transcription [111].

APP trafficking

APP roadmaps in the cell are numerous. We will try to summarize the main consensus that emerge showing the main APP associated proteins that have been involved to regulate this trafficking and the consequences related to APP processing.

From ER to Golgi

APP in biosynthesised in ER and transported to the Golgi via the constitutive secretory pathway. A very recent report, dealing with comparison of APP695 and APP751 homodimerization, demonstrated that APP was highly detected in ERGIC, the intermediate compartment between ER and Golgi [112] (Fig. 3). Both APP isoforms are able to forms homodimers that are generated along the secretory pathway in COS-7, CHO and MEF APP -/cells. However, the KPI domain present in the extracellular part of APP751 enhances this dimerization, appears to promote a more efficient sorting of APP751 to the plasma membrane and consequently to favour its non-amyloidogenic processing. Conversely, KPI mutants are retained in the ER and KPI-devoid APP695 (a form specifically expressed in neurons) is less efficiently driven to the plasma membrane, thus leading to more Ab production than APP751 form [112]. In conclusion, native folding of APP and homodimerization impact it sorting of ER and processing along amyloidogenic or non-amyloidogenic pathways.

From Golgi, TGN to plasma membrane

In the Golgi apparatus, APP undergoes various post-translational modifications (N-and Oglycosylations, phosphorylations and tyrosine sulfations). Within the Golgi network, APP can meet the a-secretase ADAM10 (Fig. 3), which gets its mature form in late TGN segments [25] and process APP at the a-site. However, this is representing a minor part of the asecretase activity found at the plasma membrane [21][22][23]. Curiously only few data are available on the regulation of the traffic of APP from the Golgi to the plasma membrane where its cleavage by a-secretase is mainly occurring. b-Secretase activity is also present in the Golgi, even if a broad range of studies tends do consider than the major site of b-secretase action is in the endosomal compartments. A clear consensus is that favouring TGN exit and transport to plasma membrane insertion enhances the non-amyloidogenic pathway. Calsyntenin-1 is involved in kinesin-1-dependent TGN exit of APP [113] and has recently been shown to be co-transported with APP along axons [114]. The loss of calsyntenin-1 impairs APP axonal transport resulting in increased Ab production. Moreover, a reduction in calsyntenin-1 expression in AD patient brains is correlated to an increase in Ab burden [114]. Rab GTPases role is well established in protein sorting and it has been demonstrated that Rab3A GTPase activity is required for APP anterograde transport [115]. Interestingly, this work demonstrated also that APP can be cleaved by ADAM10 in transport vesicles. Even if only low amount of sAPPa are produced in vesicles on the way to the plasma membrane, such an observation add to the evidence that impaired APP transport along the constitutive secretary pathway can be deleterious and lead to increased Ab production.

From plasma membrane to early endosomes

The endocytic sorting of APP is far more documented than its travel trough the constitutive secretory pathway. Indeed, Ab production is clearly linked to APP endocytosis in endosomal compartment where band g-secretase seems to exert their major action [116,117]. Rapidly after its insertion at the plasma membrane, APP undergoes a clathrin-mediated endocytosis [118] (Fig. 3). Interestingly, BACE1 is following a different route, controlled by ARF6 (ADP Ribosylation factor 6), to meet APP in Rab GTPase 5-positive early endosomes [73]. The YENPTY motif in the C-terminal domain of APP is crucial for its internalization [119]. Indeed, many intracellular adaptors bind to this region such as Fe65, Mint proteins, Dab1 or JIP (c-Jun N-terminal kinase-interacting proteins) family (Fig. 4). Fe65 couples APP to several Low-Density Lipoprotein receptors (LDL-Rs) found to regulate the clathrin-dependent internalization of APP (reviewed in [120]. The low-density lipoprotein receptor-related protein 1 (LRP1)-Fe65-APP complex is rapidly internalized, thus decreasing the release of sAPPa and increasing Ab production [121]. Moreover LRP1 is also able to interact directly with APP or to bind Ab and to contribute to its clearance [120,122,123] Apolipoprotein E receptor 2 (ApoER2) is another protein able to interact directly with APP, extracellularly via the cell adhesion protein linker F-spondin [124] or intracellularly via Dab1 (Disabled family member) [125], Mint1 [126] or Fe65 adaptors [124] (Fig. 4). Depending of the linker protein involved and whether ApoER2 and APP are connected intracellularly or extracellularly, internalization and traffic-dependent APP processing can be modulated towards either amyloidogenic or non-amyloidogenic pathways [120]. A newly identified LDL-receptor, LRAD3 (LDL Receptor class A Domain containing 3) has been also shown to bind APP C-terminal domain and to co-localise with APP in intracellular compartments. LRAD3 expression increases Ab generation, further raising the importance of LDL-Rs in APP metabolism [127]. Moreover, Fe65 has just been described linking APP and VLDL receptor, thus modifying their trafficking and processing [128]. Mints proteins (also named X11s or APP binding family A) include Mint1/X11/X11a and Mint2/X11L/X11b that are neuron specifically expressed and the ubiquitous Mint3/X11L2/X11g [129,130]. They all interact via their PTB domain with the YENPTY motif of APP (Fig. 4) and suppression of each individual Mint protein slow-down the appearance of plaques in AD mouse models [131]. However deciphering their precise positive or negative role in Ab generation is difficult as overexpression of Mint1, Mint2 or Fe65 also induce a decrease in Ab burden in AD transgenic mice (reviewed in [132]). As Fe65, Mints are cytosolic adaptors that bind and connect multiple actors in APP processing. Recently, the activation mechanism of these proteins has been resolved. Matos et al; have just demonstrated that Mint1 undergoes a conformational switch between a "closed" state unable to bind to APP and an "open" state able to interact with APP [133]. Interestingly, this conformational change of Mint1 could induce conformational change in APP that would be related to the modifications of its processing. Thus, the Mint adaptor proteins would not be simple "connectors" of AD related proteins, but could have a more "active" effect. Adding to the general consensus that APP endocytosis increases Ab generation, Watanabe et al. recently demonstrated that overexpression of FBL2 (F-box and Leucine rich repeat protein 2), a component of the E3 ubiquitin ligase complex, inhibits APP endocytosis by promoting its ubiquitination [134] (Fig. 3). APP ubiquitination has a double effect, i) ubiquitination of cell surface APP reduces the amount of APP in endosomal compartment and leads to a lowering of Ab production and ii) ubiquitination of intracellular APP promotes its degradation by the proteasome. APP endocytosis can be accelerated by an increase in clathrin-coated vesicles dynamic following some GPCR endocytosis for example b2 -adrenergic receptors [103]. Since the identification of PICALM (phosphatidylinositol-binding clathrin assembly protein) as a novel genetic risk factor for AD in genome-wide association studies [135][136][137], APP endocytosis mechanisms are more than ever studied in view of therapeutic solutions for AD.

From early endosome to late endosomes and lysosomes

g-secretase proteins and activity have been detected in the late endosomal compartments and lysosomes that are also sites of Ab production (reviewed in [16,138]). Recently, a direct transport of APP from the plasma membrane to the lysosomes has been suggested [139]. Part of the wild type APP seems to be transported directly to the lysosomal compartment where it is degraded, while APP bearing Swedish or London mutation would pass trough classic clathrin endocytosis and endosomal route to reach lysosomes.

From endosomes back to the Golgi

Sortilin-related receptor (SorLA/LR11), neuronal apolipoprotein E receptors interact with APP by undefined domains and its expression induces a relocation of cell surface APP and endosomes to the TGN, thus decreasing sAPPa and Ab generation [83]. SorLA levels are significantly reduced in lumbar samples and in ventricular cerebrospinal fluid of AD patients [140] and SORL1/SorLA mutations have been identified in autosomal dominant early-onset AD [141]. A recent study demonstrated that the retromer complex bind to the FANSHY sequence in the cytoplasmic domain of SorLA and transport APP from the endosomal compartment to the Golgi/TGN [142] (Fig. 3). The retromer is a protein complex composed of 8 proteins (sorting nexins (SNX) SNX1, SNX 2, SNX 5 and SNX 6, vacuolar protein sorting (VPS) VPS26A, VPS26B, VPS29 and VPS35) that mediates the transport from endosomes to the Golgi [143,144]. Retromer deficiency has been reported in late-onset AD [145]. APP does not bind to the VPS35 subunit of the retromer, the one in charge of cargobinding. However, due to the association of SorLA with the retromer, APP can be transported from the endosomes to the Golgi, thus leading to a reduction in Ab production [142]. To complete the APP trafficking description, it is important to note the traffic of APP from endosomes back the plasma membrane due to its interaction with SNX17 [146].

From Golgi directly to the endosomes

This route is classically described to be followed by BACE1 via the action of GGA1 and GGA3 proteins [68,147,148] (Fig. 3). However, the classical view that APP, band gsecretases are all together present in early endosomes to produce the highest amount of Ab has been challenged by Burgos et al. proposing that high concentrations of APP, band gsecretases are present in the Golgi to produce Ab [85]. Thus, a way of diverting this Ab production in the Golgi is via the export of APP from the TGN to endosomes by the interaction of its YKFFE intracellular sequence with the AP-4 complex.

GPCR regulation of APP processing

Some neurotransmitter systems, such as cholinergic, serotonergic, glutamatergic or adrenergic systems, are widely disturbed in AD and are involved in the associated symptoms. However, many neurotransmitters GPCRs have been demonstrated to modulate directly or indirectly the production of Aβ. Thus, GPCRs give rise to novel interest in order to reduce physiopathological mechanisms of AD. GPCRs can regulate APP metabolism by modulating α-, β-and γ-secretase activities, APP trafficking and Aβ peptides stability [149]. Conversely, disequilibrium of APP processing towards the amyloidogenic pathway could affect GPCRs functions. Indeed, Aβ peptides oligomerization induces an abnormal clustering of metabotropic glutamate receptors (mGluR5) in synapses [150]. Such mGluR5 accumulation contributes to synaptotoxicity. Amyloid beta peptide-(1-42) also induces internalization and degradation of b2-adrenergic receptors (b2-AR) in neurons [151]. Indeed Ab binds to many others targets such as APP itself (inducing homodimerization), the 75-kD neurotrophin receptors inducing apoptosis and prion protein (PrP) affecting synaptic plasticity [152]. Many GPCRs stimulate a-secretase activity [149] via pleiotropic signalling pathways not always clearly defined, such as cyclic AMP (cAMP)/protein kinase A (PKA), phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase/extracellular signalregulated kinases (MAPK/ERK) and protein kinase C (PKC) pathways. The precise targets of those pathways are not known. Among GPCRs positively coupled to Gs protein that has been involved in the regulation of APP processing, we can quote here the serotonin type 4 receptor (5-HT4R). 5-HT4R stimulation activates PKA and increases intracellular cAMP production. Robert and colleagues demonstrated that agonist-activation of the receptor promotes sAPPα release and reduces Aβ peptides production by increasing α-secretase activity [42,153,154] (Fig. 5). This effect is cAMP-dependent but PKA-independent and involves Epac, via the activation of Rap1 and Rac, a small GTPase of the Rho family [155]. In addition to its beneficial role on APP metabolism, 5-HT4R via its cAMP production, Src activation and K + channel regulation might also have an interest in correcting neuronal deficits by promoting neurite outgrowth, neuronal differentiation, acetycholine release and synaptic plasticity [156] [157][158][159][160][161].

Belonging also to the Gs-coupled receptors, PAC1 receptor is one of the Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) receptor subtypes, which is the most expressed in the central nervous system [162]. PAC1R activation promotes APP processing by ADAM10 and thus increases sAPPα release (Fig. 5). This effect is regulated by PI3K and MAPK, including ERK1 and ERK2, pathways. In vivo, PACAP reduces mRNA level of the Aβ peptide transporter receptor and enhances neprilysin expression [163]. Another study showed that ERK can regulate ADAM17. ERK phosphorylates the α-secretase, which promotes their interaction and thus ADAM17 activity [164]. Finally, MAPK pathway is involved in the regulation of APP processing by PKC [165]. PKC is the key kinase able to regulate APP processing [166,167]. PKC activation can be controlled by GPCRs stimulation such as muscarinic acetylcholine receptors (mAchRs). Among the five mAchRs subtypes described, M1 and M3 receptors are known, upon agonist stimulation, to promote α-secretase activity and sAPPα release via PKC pathway [168,169]. M1 receptor is particularly high expressed in the affected brain areas in AD, like the cortex and the hippocampus, thus, research focuses on this receptor [170]. Activation of M1 receptor, by a series of agonists, mimics PKC effects by increasing sAPPα release and by decreasing Aβ peptides production [171] (Fig. 5). This effect is PKCα and PKCε-dependent and is controlled neither by MAPK/ERK1 pathway nor by ADAM17, contrary to the regulation of the protein prion cleavage [37]. Conversely, genetic ablation of M1 receptor expression (M1 -/-) in the APPSwe/Ind mice (AD mouse model expressing a transgenic APP bearing the Swedish and Indiana human mutations) showed that the absence of M1 receptor promotes the amyloidogenic pathway. Indeed, an increase in Aβ peptides production and amyloid plaques in the brain and a decrease of sAPPα fragments release was observed in the M1 -/-APPswe/ind mice [172]. Another group recently reproduced the results of this study by crossing M1 -/-mice with two additional AD mouse models (3xTgAD and Tg-SwDI) [173]. Development of efficient compounds targeting M1 mAChR was difficult due to the lack of specific molecules. Indeed, a global activation of mAChRs by carbachol does not affect importantly sAPPα release, which indicates that other mAChR subtypes, likely M2 receptors, decrease protective fragments liberation [174]. Based on these results, several M1 receptor agonists have been developed: (i) AF102B which leads to a decrease of Aβ peptides in the cerebrospinal fluid, (ii) AF276B which improves amyloid pathology by decreasing amyloid plaques number in the cortex and the hippocampus via ERK1/ERK2 modification and increase of ADAM17 expression and stability and (iii) more recently TBPB, an allosteric specific M1 positive regulator, potentiates M1-induced regulation of NMDA receptor currents in hippocampal neurons, increases the non-amyloidogenic pathway and decrease Aβ production [175][176][177]. In a lesser extent, calcium could also be implicated in the APP metabolism regulation by GPCRs. A G protein-coupled nucleotide receptor, P2Y2 (P2Y2R), is able to upregulate sAPPα release [178] (Fig. 5). This mechanism is extracellular calcium-dependent, but surprinsingly intracellular calcium-independent. The MAP-Kinase pathway seems likewise to be implicated, at least in part, because its inhibition does not completely abolish the liberation of neuroprotective fragments. Beyond the regulation of APP processing via intracellular pathways, GPCRs can also subtly modulate the trafficking of amyloid cascade players. This mechanism of regulation is a multilevel system because GPCRs trafficking is also highly controlled. Indeed, some studies demonstrated that GPCRs can be internalized via clathrin coated pits into endosomes together with β-and γ-secretases. Among the GPCRs described to modulate secretases via a direct interaction, the β2-adrenergic receptor (β2-AR) and the δ-opioid receptor (DOR) have been reported [103] (Fig. 5). The activation of these two GPCRs promotes γ-secretase activity and then Aβ peptides accumulation in vitro, independently of cAMP. Furthermore, β2-AR agonist treatment increases plaques formation in vivo [103]. Conversely, an antagonist treatment abolishes Aβ peptides production. The enhancement of γ-secretase activity by β2-AR and DOR requires a direct interaction between these receptors and the presenilin 1 (PS1), one of the catalytic components of the γ-secretase complex [103]. Conversely, during the AD pathogenesis, the toxic Aβ peptides can bind a phosphorylated form of β2-AR, which leads to a slow internalization and then to the degradation of the GPCR [151]. Another study demonstrated that BACE1 belongs to the DOR/γ-secretase complex [179]. DOR endocytosis, after activation, leads to a co-endocytosis of BACE1 and the γ-secretase complex. Thus, the secretases are transported from the cell surface to the late endosomes, an effect that promotes a specific APP proteolysis towards amyloidogenic pathway. An antagonist treatment or the invalidation of DOR decrease the β-and γ-secretase activities and improve AD pathology in a mouse model. Besides, expression of G Protein-Coupled Receptor 3 (GPR3), a constitutively active orphan receptor, is able by itself to modulate Aβ peptides generation, independently of the cAMP pathway [180] (Fig. 5). GPR3 overexpression promotes Aβ1-40 and Aβ1-42 peptides release in hippocampal neurons, whereas GPR3 invalidation prevents formation of the toxic peptides in vitro and in AD mouse models. GPR3 enhances complex assembly of the γ-secretase and modulates γ-secretase activity by promoting its localization and trafficking at the plasma membrane in special membrane areas called "detergent-resistant membranes" [180]. GPCRs are not only able to regulate secretases activities but also to control their cellular localization and APP trafficking [102,149,179]. Controlling in the same time the targetting of APP and the desired secretase upon GPCR activation or expression is of particular insterest to conceive new therapeutical strategies that could avoid adverse side-effects.

Conclusion

With the present review we aimed at giving a comprehensive picture of APP processing, putting in light the variety of factors involved and the multiplicity of points where a pharmacological action could take place. From the initial identification of the processing event in the two ways, amyloidogenic and non-amyloidogenic, enormous steps have been done towards a more profound understanding. Research has developed in different fields and it is from the sharing of all the specific notions acquired that unrevealing the complexity of APP processing is becoming possible. Our current knowledge derives from extensive genetic screenings, together with detailed biochemistry investigations and the most updated behavioural science. Of vital importance, the numerous studies performed in cell cultures, in neurons like in other type of cells, accompanied by validation with animal models and in vivo treatments. All these techniques put together suggested the importance of compartmentalization and underlined the huge number of partners that can modulate APP processing. Also, it clearly emerges that the biggest problem in planning a strategy against AD, is the complex and multiple functions of putative targets. In this regard, the development of pharmaceutical compounds able to modulate at the same time, maybe with a synergic effect, more than a single target, is becoming an appealing field. Ideally, lower doses of the drugs will be necessary to exert the desired effect reducing in this way, if not completely abolishing, collateral effects. In the non-amyloidogenic pathway, a-secretase (a-sec) cleaves APP within the Ab domain determining the production of a soluble APP ectodomain, sAPPa, and a membrane-anchored C-terminal fragment, C83. The subsequent action of g-secretase (g-sec) releases two peptides: the APP intracellular domain (AICD) and P3. In the amyloidogenic pathway, b-secretase (bsec) cleaves APP releasing the soluble sAPPb and a C-terminal fragment (C99), which is in turn cleaved by g-secretase to produce AICD and Ab. ADAM10 (a-secretase) is a proenzyme converted to its mature form by the action of furin and/or PC7. A zinc ion binds to the catalytic domain once unmasked. SAP97, a synapseassociated protein, interacts with the intracellular domain and regulates the ADAM10 targeting to the glutamatergic synapse. The g-secretase complex (PSEN1, Nct, PEN2 and APH1) shows interactions between PSEN1 and Arc, able to regulate the enzyme trafficking, and prostaglandin-E2 (PGE2), that modulates its activity. Abca-2 alters nicastrin (Nct) maturation, while Rer-1 negatively regulates the assembly of the g-secretase complex competing with APH1. b-secretase trafficking is modulated by several proteins among which we find GGA1, GGA3 and ARF6 (see text for details). Cat, catalytic domain; Pro, prodomain; Dis, disintegrin domain; ICD, intracellular domain Figure 3:APP trafficking APP is transported via the constitutive secretary pathway from the ER, trough the Golgi and the TGN to the plasma membrane. ADAM10 is matured by removal of its pro-domain in the TGN and cleaves APP at the cell surface to release sAPPa. Once it reaches the plasma membrane, APP is quickly internalized in clathrin-coated vesicles. Interactions with lipoprotein receptors such as LRP1 (see text) via the adaptor Fe65 can induce a faster internalization. b-Secretase (BACE1) is endocyted via a different route involving the small GTPase ARF6. APP and b-secretase can meet in the endosomal compartment, and be transported back in the TGN via the retromer complex. Indeed, the retromer (VPS35 subunit) binds the FANSHY motif of SorLA, thus regulates the sorting of APP, or binds to BACE1 and traffic the cargos in the TGN. BACE1 have access to direct route from the TGN to the endosomes via GGA1 and GGA3 proteins. A similar route involving the adaptor AP-4 can be followed by APP to reach endosomes directly from the TGN. g-Secretase can cleave APP in the endosomal/lysosomal compartment, leading to Ab peptide production. Finally, the interaction of APP with FBL2, a component of the E3 ubiquitin ligase complex, leads to ubiquitination of APP and consequently, inhibition of cell surface APP endocytosis and promotion of intracellular APP degradation (see text for details). Two groups of GPCRs modulate APP processing. The first group contains GPCRs which stimulate the non-amyloidogenic pathway. Among those GPCRs, muscarinic M1 receptors, P2Y2 receptors, 5-HT4 receptors and PAC1 receptors stimulate sAPPa production through a PKC activation, the concentration of extracellular calcium, the cAMP/EPAC pathway and the IP3/MAPK pathway, respectively. The second group contains GPCRs, which increase the amyloidogenic pathway. GPR3, an, orphan GPCR interacts with g-secretase and stimulates its activity. b2-AR and DOR, when internalized in endosomes following their activation, stimulate the co-internalization of the g-secretase (b2-AR) and both the g-secretase and bsecretase (DOR), a process which increases Ab production. Furthermore, Ab oligomers trigger an abnormal clustering of mGlu5 receptors, which is synaptotoxic (see text for details). 

Figure 1 :

 1 Figure 1: Schematic representation of APP processing.In the non-amyloidogenic pathway, a-secretase (a-sec) cleaves APP within the Ab domain determining the production of a soluble APP ectodomain, sAPPa, and a membrane-anchored C-terminal fragment, C83. The subsequent action of g-secretase (g-sec) releases two peptides: the APP intracellular domain (AICD) and P3. In the amyloidogenic pathway, b-secretase (bsec) cleaves APP releasing the soluble sAPPb and a C-terminal fragment (C99), which is in turn cleaved by g-secretase to produce AICD and Ab.
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 2 Figure 2: Secretases involved in APP cleavage and interacting proteins modulating their trafficking and activity.ADAM10 (a-secretase) is a proenzyme converted to its mature form by the action of furin and/or PC7. A zinc ion binds to the catalytic domain once unmasked. SAP97, a synapseassociated protein, interacts with the intracellular domain and regulates the ADAM10 targeting to the glutamatergic synapse. The g-secretase complex (PSEN1, Nct, PEN2 and APH1) shows interactions between PSEN1 and Arc, able to regulate the enzyme trafficking, and prostaglandin-E2 (PGE2), that modulates its activity. Abca-2 alters nicastrin (Nct) maturation, while Rer-1 negatively regulates the assembly of the g-secretase complex competing with APH1. b-secretase trafficking is modulated by several proteins among which we find GGA1, GGA3 and ARF6 (see text for details). Cat, catalytic domain; Pro, prodomain; Dis, disintegrin domain; ICD, intracellular domain
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 4 Figure 4: Detail of APP intracellular domain.The APP sequences interacting with proteins modulating APP trafficking and activity are highlighted. The VTPEER sequence (667-672) is implicated in the control of the interaction between the YENPTY sequence (682-687) and Fe65. Numerous other proteins are interacting with the YENPTY, among those are members of the X11 family (Mints) and Jip family, Dab1, SNX17 and SorLA. Finally, AP-4 binds to the YKFFE region (687-691) and regulates the trafficking of APP from the Golgi to the endosomes (see text for details).
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 5 Figure 5: GPCRs modulating APP processing and Ab production.Two groups of GPCRs modulate APP processing. The first group contains GPCRs which stimulate the non-amyloidogenic pathway. Among those GPCRs, muscarinic M1 receptors, P2Y2 receptors, 5-HT4 receptors and PAC1 receptors stimulate sAPPa production through a PKC activation, the concentration of extracellular calcium, the cAMP/EPAC pathway and the IP3/MAPK pathway, respectively. The second group contains GPCRs, which increase the amyloidogenic pathway. GPR3, an, orphan GPCR interacts with g-secretase and stimulates its activity. b2-AR and DOR, when internalized in endosomes following their activation, stimulate the co-internalization of the g-secretase (b2-AR) and both the g-secretase and bsecretase (DOR), a process which increases Ab production. Furthermore, Ab oligomers trigger an abnormal clustering of mGlu5 receptors, which is synaptotoxic (see text for details).
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