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The amyloid-b precursor protein (APP) is a ubiquitous protein with a strong genetic link to Alzheimer's disease. Although the protein was identified more than forty years ago, its physiological function is still unclear. In recent years, advances in technology have allowed researchers to tackle APP functions in greater depth. In this review, we discuss the latest research pertaining to APP functions from development to aging. We also address the different roles that APP could play in specific types of cells of the central and peripheral nervous system and in other organs of the body. We argue that, until we fully identify the functions of APP in space and time, we will be missing important pieces of the puzzle to solve its pathological implication in Alzheimer's disease and beyond.

Introduction

Amyloid-b precursor protein (APP) was discovered in 1987 by four independent groups, all interested in identifying the mother protein of the amyloid-b (Ab) peptide, historically considered the main culprit of Alzheimer's disease (AD) [1]. Indeed, dominant missense mutations on APP cause AD, thus arguing for a strong genetic link to disease etiology. This led to a plethora of crucial findings on the consequences of mutations-induced altered APP processing in this pathology, underestimating, however, its importance to cell physiology. Yet, APP is ubiquitously expressed in various cell types throughout the central and peripheral nervous systems and also in other organs [2]. It must, therefore, hold functions beyond its well-known label as the source of Ab in the context of AD. For example, there is a recent medical case report of an infant (20 months old) with a homozygous truncating mutation in the APP N-terminus. This mutation leads to the loss of APP expression and the infant exhibits developmental delay, microcephaly, callosal dysgenesis and seizures [3]. In this respect, we highlight a set of recent key studies arguing that APP acts as a protein of paramount importance in various aspects of cell physiology. Indeed, we will argue that APP functions need to be explored more specifically, taking into account the spatial (dependent on cell type, brain region or organ) and temporal (developmental stages and aging) considerations.

Current challenges to decipher APP functions

APP is ubiquitously expressed and exhibits three major isoforms in mammals (APP695, APP751 and APP770), with APP695 being the most studied as it is predominantly expressed in neurons and highly enriched at both excitatory and inhibitory synapses [3]. It is a member of a family composed of two other proteins with a high sequence homology (APLP1 and APLP2 proteins). APP is a transmembrane single-pass glycoprotein, composed of well-identified domains [4]. Briefly, the N-terminal domain is a large extracellular region containing two domains (E1 and E2), which was shown to be important for dimerization, ligand/metal binding and cell adhesion. The transmembrane domain is composed of a single span that also contributes to dimerization. The C-terminal domain is known to interact with several adaptors and signal transduction proteins (in particular via the YENPTY motif) (Figure 1). This domain was shown to be important for APP transport, endocytosis and the regulation of intracellular signaling pathways and holds transcriptional activity [4].

Since APP exhibits no enzymatic activity, it has been described as a receptor-like modulatory protein. Accordingly, both extracellular and intracellular domains of APP are involved in its biological functions, suggesting that APP links extracellular cues (e.g. ligand or substratum binding) to intracellular signaling pathways (via scaffolding proteins, Ca 2þ regulation, interactions with the cytoskeleton and/or protein kinases) [4]. APP regulatory role is thus possibly mediated by its interaction with extracellular and intracellular binding partners, with more than 200 potential interactors having already been identified [2,4]. Moreover, APP signaling is modulated by its ability to establish cis-and trans-dimers with itself and other proteins of the same family mainly through the E1 and E2 domains [5]. In contrast, APP extensive processing by proteases has the opposite effect, possibly by destabilizing APP transdimers [6]. Therefore, the variety of APP functions might also be modulated by the balance between dimerization and processing.

Most knowledge on APP physiology gathered to date stems from the studies in APP KO models (comprehensively reviewed recently in Muller et al. [4], Dawkins and Small [7] and Hefter et al. [8]. The full APP KO model was fully viable and did not exhibit strong phenotypes when assessing mainly learning and memory and the underlying cellular mechanisms to link APP function to AD pathology. These early findings provided the first reason to suggest that APP function might be as a reservoir of Ab, putting aside an independent cellular function. Yet, there is evidence of a strong redundancy of function, particularly by the other member APLP2 in APP KO, which might explain the difficulty to clearly identify the specific roles of APP. Indeed, a second wave of model development showed that double or triple knock-out models lead to postnatal lethality, except in the case of APP/APLP1 double-KO mice. Also, a mutant harboring a partial deletion (APPdCT15) was only partially viable and exhibited similar phenotypes to single full KO models, but only when generated in the APLP2 KO background [9,10]. Again arguing for strong compensation, the mouse model APP(YG/YG), which harbours a point mutation within the YENPTY motif (Y682G) exhibits learning and memory deficits as a single mutant but is lethal in APLP2 KO background [9,10]. More recently, conditional and cell-specific (in forebrain glutamatergic neurons) APP KO mice have been developed, but either in the background of APLP2 full KO or together with conditional and cell-specific APLP1 and APLP2 KO [11e13]. The analysis of these models confirms a role of this protein family in excitatory functional and structural plasticity, with phenotypes observed earlier during the life span (3e7 months) than in the single full KO APP model (8e12 months). This redundancy/compensation issue between the three members is still puzzling and prevents us from clearly assigning a function to each member. To go beyond this hurdle, an indepth investigation of the redundant mechanisms at play is warranted. Such insights might help us move forward to create innovative models that will allow the dissociation of the specific functions of APP from those of the other family members. Also, the inducible CRISPR-Cas 9 gene editing tool and the use of virally targeted shRNA to modulate APP in vivo have yet to be fully utilized to restrict APP KO to a specific age and/or cell type, in specific regions of the brain/peripheral organs or in specific circuits.

Another important challenge, which has not always been considered adequately, is the discrimination of APP fulllength (APP-FL) functions from the action of the peptides generated from its processing (Figure 1). APP is cleaved by different secretases. Three main cleavage pathways have been identified: the amyloidogenic, the non-amyloidogenic and the h-secretase pathways (Figure 1). APP cleavage leads to the production of several bioactive fragments, some of which are released in the interstitial space, including the secreted soluble APPs (sAPPs), P3, amyloid-h (Ah, AETA) and Ab, while others remain intracellular, such as the APP intracellular domain (AICD) [14]. Most studies focused on APP overexpression in cells and rodent models. Beyond the possibility of misinterpreting findings due to overexpression artifacts, these studies systematically pointed to Ab as the effector of the observed phenotypes, albeit generally without providing a clear causal link (eg. could immunodepletion of Ab prevent the abnormal phenotype?). Other studies rely on the exogenous application of APP fragments. While this can provide information as to the specific function of these peptides, one has to keep in mind the use of physiologically relevant concentrations. Also, this approach is somewhat limited in terms of spatial and temporal resolution. Knocking out APP, even only transiently to avoid the developmental compensations discussed above, has also been challenging to dissect APP functions from the functions of its fragments. Indeed, knocking out APP equates to knocking out all APP fragments. In the study by Pousinha et al. [15], we tried to circumvent, at least partially, this issue to obtain concrete evidence on the specific role of the intracellular domain of APP in N-methyl-D-aspartate (NMDA) receptor function in CA1 pyramidal neurons (further discussed below). We depleted APP with an shRNA via in utero electroporation at a late stage of embryonic development, which led to decreased GluN2B currents at postnatal days 7e9. We could rescue this phenotype by acutely delivering AICD provided as a synthetic peptide coupled to the TAT sequence for cell penetrance [15]. Such use of cell-specific knock-down and rescue strategies should help more precisely address the role of APP and its fragments. This will help to associate a specific function to a specific APP domain, although clearly disentangling between APP-FL functions and those of its cleaved fragments remains a technical challenge. One additional strategy, although not highly specific, to further confirm the effect of the cleaved product is to prevent the phenotype upon inhibition of its production (eg. secretase inhibitors) [16].

APP temporal expression and processing patterns to address APP functions

APP expression is likely modulated throughout the life of an organism, but such data are scarce. Regulation of APP during development and early life in mice was reported [17]. Recent data are now available in human induced pluripotent stem cells (iPSC) and tissues. Concerning developmental stages of neuronal differentiation, Bergstro ¨m et al. [18] performed a detailed analysis of APP expression and cleavage during the differentiation of human iPSCs into cortical neurons. They showed that the proteolytic processing of APP during neuronal differentiation from iPSCs can be separated into three stages: (i) the undifferentiated stage when APP is expressed but no APP cleavage occurs, (ii) the neuronal progenitor stage, when APP is processed primarily along non-amyloidogenic pathways and (iii) the neuronal stage when b-/g-secretase processing of APP leads to the secretion of longer, potentially amyloidogenic Ab peptides. We recently reported a similar pattern in wild-type C57Bl6 mice at different stages of life [16]. We isolated hippocampal synaptic fractions from post-natal, adult and aged mice and showed an increased processing with aging towards the b-/g-secretase pathway. We observed the same profile in post-mortem human brain tissues from young and aged subjects. We further correlated this altered processing to a dual APP-dependent mechanism in which APP-FL in infant mice, but AICD in aged mice, controls the activity of the GluN2B subunit of the NMDA receptor in glutamatergic neurons. These recent examples highlight the importance of considering the expression and processing status of APP in the experimental model to dissect its role in specific cell functions. Another recent review highlights the importance of considering the alterations of APP trafficking upon aging and how this contributes to maintaining adequate levels of Ab [19].

Cell-specific functions of APP in the central nervous system

Most knowledge acquired on APP function comes from the analysis of glutamatergic neurons. Yet, as APP is expressed in different cell types, we argue that one has to take into account cell specificity when trying to decipher the potential roles of APP. Ma et al. [20] show that APP dynamically regulated excitatory neuron activity by modulating the axon initial segment, a specialized cellular compartment found at the junction between the neuronal soma and axon, in which action potentials are initiated. Changes in its length and cellular location modulate firing probability and thus can fine-tune neuronal activity. APP is highly abundant at the glutamatergic pre-synapse [21] where it interacts with many proteins of the synaptic vesicle release machinery (reviewed in Barthet and Mulle [22]. Impairment in short-term pre-synaptic plasticity has been evidenced in juvenile APP/APLP2 double KO [11,23]. Beyond a general analysis of the impact of APP loss or increase on excitatory synaptic plasticity and spine plasticity, a few recent reports highlight the complexity and specificity of APP signaling at excitatory synapses. For example, Kedia et al. [24], by using primary hippocampal neurons from rodents transfected with hAPP cDNA constructs, showed that APP molecules are clustered into nanoscale structures (nanodomains) within neuronal processes and in the functional zones of the synapse. Interestingly, the number of APP-FL molecules in an average synapse is comparable to the number of neurotransmitter receptors, cell adhesion molecules and scaffolding molecules involved in synaptic transmission and plasticity [25,26], thus strengthening its importance in synapse function. Our work confirms this, as we showed that APP, via its Cterminal end, controls NMDA receptors function by regulating the synaptic NMDA receptor-GluN2B current at the CA3-CA1 synapse [15,16]. This subunit is highly permissive to calcium ions, being sensors of synchronized neuronal activity. Such fine control of GluN2B by APP gives a prime example of the potential importance of an APP-based cellular mechanism that defines excitatory synapse function. Also, most recently, kainate receptors (KARs) subunits were shown to bind to APP, probably via its C-terminal domain, and loss of APP and APLP2 in CA3 pyramidal neurons impaired synaptic KAR signaling [27].

A focus has now also emerged on the role of APP in the control of the GABAergic inhibitory system. APP is widely expressed in several interneuron subtypes as evidenced in the hippocampus and cortex [28]. Two other studies provided evidence that APP physically interacts with the K þ eCl -cotransporter 2 (KCC2) [29,30]. This protein is essential to regulate the intracellular chloride concentration and the GABA excitatory/inhibitory shift occurring during neuronal maturation. APP and KCC2 interact to limit KCC2 tyrosine-phosphorylation and ubiquitination and thus prevent KCC2 degradation. Accordingly, the absence of APP affects KCC2 expression levels. Another set of reports demonstrated that APP, via its sAPP (secreted Nterminal portion of APP) fragment, directly binds to G protein-coupled GABA B receptors via the sushi domains of the GB1a subunit to induce a stable conformation in the sushi domains [31e33]. In line with the intracellular binding of APP-FL to GABA B receptors, it was shown that APP is necessary to mediate the axonal transport of GABA B receptors and to stabilize them at the presynaptic sites [31]. Also, Rice et al. [32] showed that the sAPP fragment could act as a functional GABA B R1a receptor ligand, activating this receptor at GABAergic terminals. This activation modulated excitatory synaptic transmission. Indeed, sAPP-induced activation of GABA B R1a reduced neuronal activity of excitatory CA1 pyramidal neurons in brain slices, as evidenced by reduced frequency of miniature excitatory post-synaptic currents (mEPSCs), reduced release probability of glutamate, and enhanced short-term presynaptic facilitation, and in vivo, as evidenced by reduced frequency of calcium transients of CA1 pyramidal neurons. The evidence that sAPP acts as a bona fide functional GABA B ligand is however currently being challenged as another report did not confirm the activation of the GABA Bactivated G protein signaling pathway or a reduction of the frequency of mEPSCs by sAPP [34].

Work in human-induced neurons (hiNs) from iPSCs to address the physiological role of APP-FL (and potentially that of its fragments) in this cell type is now emerging. Kwart et al. [35] found that human neurons derived from APP KO iPSCs exhibited significantly smaller endosomes, suggesting alterations in intracellular trafficking and metabolism processes. Accordingly, Mesa et al. [36] showed that APP-null hiNs exhibited deficits in neurite outgrowth, synaptogenesis and presynaptic glutamatergic release. Also, Zhou et al. [START_REF] Zhou | Synaptogenic effect of APP-Swedish mutation in familial Alzheimer's disease[END_REF] showed that conditional cre recombinase-dependent depletion of APP in hiNs decreased synapse number and excitatory synaptic transmission. Using a rescue strategy, these authors further show that this synaptic phenotype is normalized upon the addition of supernatants, collected from HEK293T cells expressing APP-FL or C99, thus suggesting that Ab controls this phenotype.

Beyond these two main neurotransmitter systems, APP might regulate the activity of neuromodulatory systems such as cholinergic, dopaminergic or serotonergic systems, but we do not have any significant insights into these putative functions. Two studies reported alterations in cholinergic activity: in the superior cervical ganglion of APP KO mice [START_REF] Cai | Both pre-and post-synaptic alterations contribute to aberrant cholinergic transmission in superior cervical ganglia of APP(-/-) mice[END_REF] and in a nerve-muscle coculture model in which APP was silenced in the muscle fiber [START_REF] Stanga | APP-dependent glial cell line-derived neurotrophic factor gene expression drives neuromuscular junction formation[END_REF]. While APP is also expressed in astrocytes, microglia and oligodendrocytes, we currently do not hold much information on its physiological function specifically in these cell types. Two studies suggested a prominent role of APP for cholesterol metabolism in human astrocytes [START_REF] Wang | Amyloid precursor protein aand b-cleaved ectodomains exert opposing control of cholesterol homeostasis via SREBP2[END_REF][START_REF] Fong | Full-length amyloid precursor protein regulates lipoprotein metabolism and amyloid-b clearance in human astrocytes[END_REF]. For example, in the later study, they used CRISPR/Cas9 genome editing to generate isogenic APP-KO human iPSCs and differentiated them into human astrocytes. Loss of APP led to reduced cholesterol levels, reduced internalization of exogenously applied Ab and of the low-density lipoprotein receptor, suggesting that APP is necessary for cholesterol homeostasis and Ab clearance by astrocytes.

No studies yet specifically investigated the physiological function of APP in microglia or oligodendrocytes although AD is intimately linked to neuroinflammation [START_REF] Mangalmurti | How neurons die in Alzheimer's disease: implications for neuroinflammation[END_REF] and there is evidence that APP might be implicated in the control of myelination [START_REF] Truong | Amyloid precursor protein and amyloid precursor-like protein 2 have distinct roles in modulating myelination, demyelination, and remyelination of axons[END_REF]. Mice lacking APP present an altered innate immune response to lipopolysaccharide-induced brain inflammation: microglial cells and astrocytes appear less reactive, showing reduced expression of inflammatory innate immune cytokines [START_REF] Carrano | Altered innate immune and glial cell responses to inflammatory stimuli in amyloid precursor protein knockout mice[END_REF].

Cell-specific functions of APP in the peripheral nervous system and other organs

Beyond the CNS, researchers are seeking functions of APP in the peripheral nervous system [START_REF] Caldwell | Roles of the amyloid precursor protein family in the peripheral nervous system[END_REF] and other organs, but reports are still scarce. APP is highly expressed in the endothelium and regulates the expression and function of endothelial nitric oxide synthase (eNOS) [START_REF] Uscio | Endotheliumspecific amyloid precursor protein deficiency causes endothelial dysfunction in cerebral arteries[END_REF]. Loss of APP leads to a loss of eNOS protein expression and to an increase of oxidative stress both in in vitro and in vivo models [START_REF] Uscio | Endotheliumspecific amyloid precursor protein deficiency causes endothelial dysfunction in cerebral arteries[END_REF][START_REF] Uscio | Vascular phenotype of amyloid precursor protein-deficient mice[END_REF]. The same authors reported that aging significantly increased APP expression in the aorta of mice (w2 years old) [START_REF] Uscio | Endothelium-specific deletion of amyloid-b precursor protein exacerbates endothelial dysfunction induced by aging[END_REF],

suggesting an adaptive response designed to protect and preserve the expression and function of eNOS. Also, mouse embryonic fibroblasts knocked out for both APP and APLP2 displayed increased levels of free cholesterol, a phenotype normalized by transient transfection of the C99 APP fragment, but not of C83 or AICD, suggesting a specific role of this fragment in cholesterol homeostasis in this cell type [START_REF] Montesinos | The Alzheimer's disease-associated C99 fragment of APP regulates cellular cholesterol trafficking[END_REF].

APP is expressed in both mouse and human white adipose tissue, where it is significantly induced by high-fat diets [START_REF] Puig | Amyloid precursor protein and proinflammatory changes are regulated in brain and adipose tissue in a murine model of high fat diet-induced obesity[END_REF]. Conversely, almost 3 decades ago, Zheng et al. [START_REF] Zheng | beta-Amyloid precursor protein-deficient mice show reactive gliosis and decreased locomotor activity[END_REF] noticed that systemic APP deficiency leads to a 15%e20% reduction in body weight, but the mechanistic insights into the lighter body mass are being addressed only recently. There is evidence that APP modulates adipocyte mitochondrial function and obesity metabolic dysfunction [START_REF] An | Dysregulation of amyloid precursor protein impairs adipose tissue mitochondrial function and promotes obesity[END_REF]. A recent review detailed the latest knowledge on the relationship between APP and mitochondrial function [START_REF] Strope | Amyloid precursor protein and mitochondria[END_REF].

Other considerations to take into account when addressing APP functions

As highlighted in this review, addressing APP function in space and time is already a very difficult task facing several challenges. Here, we briefly mention other considerations that should ideally also be considered. For example, there is very little information on the specificity of the different isoforms of APP expressed in different cell types, the major isoforms being APP695, APP751 and APP770, but many other isoforms exist in different cell types (reviewed in van der Kant and Goldstein [2]). For example, APP770 contains both exon 7 and 8, APP751 does not contain exon 8, and APP695 lacks both exons. This alternative splicing must hold a physiological meaning that we currently do not appreciate at all.

Regarding the temporal and spatial activity of APP, one has to keep in mind a supplementary level of complexity: APP processing is highly dynamic and constantly impacting the production of the different bioactive fragments. Indeed, within a very short timescale, these peptides can be produced and can act on specific targets in restricted cell nanodomains. There is very little information on such fast-scale dynamics of APP processing as it is very challenging to address. For example, today, it is currently not possible to control APP cleavage at a specific location, eg. at the synapse, but without altering other protease targets, and during a limited time window, eg. seconds to minutes. Finally, we did not discuss the importance of the subcellular distribution of APP, which could underpin different physiological functions, notably by controlling its cleavage. For example, the enzymatic activity of bsecretase is greater in acidic compartments than in neutral pH environments, such as in late endosomes or in multi-vesicular bodies, favoring cleavage of APP via the b-amyloid pathway (reviewed in Kimura and Yanagisawa [START_REF] Kimura | Traffic jam hypothesis: relationship between endocytic dysfunction and Alzheimer's disease[END_REF]). Linked to this point, there is evidence that APP and its fragments can be found in exosomes [START_REF] Zhao | The potential roles of exosomes carrying APP and tau cleavage products in Alzheimer's disease[END_REF].

Exosomes allow not only transcellular signaling but also diffusion of these molecules throughout the organism from CNS to the periphery and also possibly from the periphery to CNS. This means that even if we attempt to specifically dissect the function of this protein by cell type or sub-structure, we have to keep in mind its longdistance signaling capacities.

Conclusion

This literature definitely argues for a decentralization of the research focus from a neuro-centric (glutamatergic) view to a more open-ended cell-specific, and potentially circuit-specific, research on APP functions. Figure 2 summarizes the current knowledge on the different APP functions, or that of specific fragments derived from its processing when clearly demonstrated, that we highlighted in this review. Figure 3 summarizes the current conceptual challenges we face to move beyond today's knowledge and the technical developments we propose as ways forward. We expect that these new investigations will be highly beneficial to reposition APP as a master protein essential for brain information processing.

We particularly pointed out the importance of taking into account the specific control of APP activity in space and time, to gain insights into its functions. As briefly touched upon, APP and its processing are of exquisite complexity, which cannot be left aside. Beyond its importance in AD pathology, which is certain, increasing evidence confirms not only its role and that of APP fragments in the physiological control of the activity of various neuron subtypes but also its potential implication in other cellular mechanisms within and outside of the CNS. As recently discussed by others, these discoveries should provide the impetus to envision APP as a highly versatile protein with potential implications in other pathologies such as Down syndrome [START_REF] Elangovan | Untangle the mystery behind DS-associated AD -is APP the main protagonist?[END_REF], fragile X syndrome and autism [START_REF] Westmark | Fragile X and APP: a decade in review, a vision for the future[END_REF], amyotrophic lateral sclerosis [START_REF] Matrone | The paradigm of amyloid precursor protein in amyotrophic lateral sclerosis: the potential role of the 682YENPTY687 motif[END_REF], metabolic diseases [START_REF] Guo | Functions of amyloid precursor protein in metabolic diseases[END_REF] and cancer [START_REF] Lanni | Cancer and Alzheimer's disease inverse relationship: an age-associated diverging derailment of shared pathways[END_REF]. Regarding APP-based therapeutic strategies, we argue that modifying APP expression levels or altering its processing, as proposed in the context of AD [1,61e63], might be premature as we have yet to gather sufficient knowledge on APP to tackle it adequately. 
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