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ABSTRACT: Decades of research have demonstrated an incontrovertible role of amyloid-p (Ap) in the etiology
of Alzheimer's disease (AD). However, the overemphasis on the pathological impacts of Ap may obscure the role
of its metabolic precursor, amyloid precursor protein (APP), as a significant hub in the occurrence and
progression of AD. The complicated enzymatic processing, ubiquitous receptor-like properties, and abundant
expression of APP in the brain, as well as its close links with systemic metabolism, mitochondrial function and
neuroinflammation, imply that APP plays multifaceted roles in AD. In this review, we briefly describe the
evolutionarily conserved biological characteristics of APP, including its structure, functions and enzymatic
processing. We also discuss the possible involvement of APP and its enzymatic metabolites in AD, both
detrimental and beneficial. Finally, we describe pharmacological agents or genetic approaches with the capability
to reduce APP expression or inhibit its cellular internalization, which can ameliorate multiple aspects of AD
pathologies and halt disease progression. These approaches provide a basis for further drug development to
combat this terrible disease.
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1. Introduction familial AD (FAD) patients [3]. In sporadic AD (SAD)

brain samples, AP, a small hydrophobic peptide, is

Alzheimer’s disease (AD) is a prevalent form of dementia
that affects nearly 50 million individuals worldwide,
particularly among the elderly population. This
progressive disease causes significant health, economic,
and social issues [1]. Amyloid precursor protein (APP)
plays an important role in neuronal development, synapse
formation, and repair, while amyloid-f (Ap), a proteolytic
metabolite of APP, is involved in synapse formation and
plasticity under normal physiological conditions [2]. Both
APP and AP have been implicated in AD. For example,
pathogenic mutations in the APP gene have been found in

derived from the precursor protein APP [4]. Mutations in
presenilin 1 and presenilin 2 genes, which affect the
processing of APP and A production, are also common
in FAD patients [3]. Dysregulation of APP expression has
been described in AD patients, and Down syndrome (DS)
is associated with AD-like dementia due to APP
triplication [5-7]. However, anti-AD drug development
has largely focused on AP removal as an anti-amyloid
therapeutic approach, despite the failure of almost all
phase II/111 clinical trials of anti-amyloid agents due to
either lack of efficacy or unforeseen toxic side effects [8,
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9]. It is also evident that amyloid deposition does not
correlate with disease progression [10]. Furthermore, A}
toxicity has been reported to depend on APP expression,
indicating a role for APP beyond the generation of toxic
fragments [11-13]. Therefore, many have argued that Af
is not the sole cause of the disease and that interplay
between APP and its fragments is required for the
observed toxicities of these molecules [14]. Thus, an
important question is whether the loss of APP-mediated
physiological functions or the gain of APP-participated
pathological functions may contribute to AD symptoms
and possibly also to AD pathogenesis [11, 15]. According
to the “amyloid cascade hypothesis,” accumulation of

neurotoxic AP contributes to AD pathogenesis [16]. APP
mutations directly affect the production of A, and
increased expression or excessive endocytosis of APP
protein accelerates the pathological process of AD [17].
Thus, APP plays a direct role in AD development and
progression as a crucial regulatory protein. In this review,
we discuss the multifaceted role of APP and its
metabolites in AD pathogenesis and progression, and
advocate for the development of APP-modulating
therapies as alternative treatment strategies. We further
review the drugs and drug-like compounds already
identified to modulate APP.
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Figure 1. Structure of APP: APP770 structure and Ap peptide fragment. Protein structure (APP770). APP is composed
of three domains: extracellular domain (EC), transmembrane domain (TM), and intracellular domain (IC). APP has an N-
terminal signal peptide (SP); E1 domain with a heparin-binding domain (HBD1), a copper-binding domain (CuBD); acidic
region; APP751 and APP770 contain a Kunitz protease inhibitor (KPI) domain and an Ox-2 antigen domain; E2 domain
with a second heparin-binding domain (HBD2). BACE cleaves APP after Mets71(B) and Tyresi(B’), whereas ADAM10
processes APP inside the AP peptide sequence after Lysss7(ar). y-Secretase cleavage in the transmembrane region (TM)
yields primarily 38, 40 and 42 amino acid residue-long AB peptides APss, APBao and APsz. {-site APss and e-site APag
downstream of the y-site proximal to the membrane-intracellular boundary (for details concerning the y-, - and &-Sites).

2. Structure and functions of APP

APP is a type | transmembrane glycoprotein with a large
extracellular domain and a short cytoplasmic tail (Fig. 1).
The extracellular domain of APP is composed of several
subdomains  with  distinct  structural  features
(Supplementary Table 1). The copper-binding domain
(CuBD), which binds copper ions, is composed of a small
B-sheet and an a-helix. The heparin-binding domain
(HBD), which interacts with heparin and other
glycosaminoglycans, is composed of a B-sheet and a
flexible loop. The growth factor-like domain, which has
structural similarity to some growth factors, is composed

of a B-sheet and a short a-helix. The different subdomains
of the extracellular domain are arranged in a compact and
globular manner, allowing them to interact with various
ligands and extracellular matrix proteins. The
transmembrane domain of APP is a single-pass a-helix
that spans the cell membrane. The helix is amphipathic,
with hydrophobic residues facing the membrane and
hydrophilic  residues facing the cytoplasm and
extracellular environment. The transmembrane domain is
important for the stability and localization of APP within
the cell membrane and is also involved in the interaction
of APP with other transmembrane proteins. The
juxtamembrane domain within APP, located adjacent to
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the transmembrane domain. contains a GxxxG motif that
promotes the dimerization of APP and interaction with
other transmembrane proteins. The cytoplasmic domain
of APP contains several conserved motifs, including
YENPTY, which interacts with intracellular signaling
molecules. The cytoplasmic domain is also involved in the
regulation of APP trafficking and processing, and
mutations in this domain have been associated with an

increased risk of developing AD. Overall, the three-
dimensional structure of the different domains within
APP plays a critical role in its function and processing and
is important for understanding the pathogenesis of AD
and other neurological disorders. However, further studies
are still needed to fully elucidate the exact structure—
function relationships of APP and its interactions with
other proteins and ligands.

Table 1. Schematic representation of APP structure and function.

El exons 1-5: amino acid residues
18-189 (GFLD; CuBD)
AcD exons 6: amino acid residues
191-291
KPI exons 7: amino acid residues
292-341
exons 7-8: amino acid residues
OX-2 344-365
E2 exons 9-14: amino acid residues 374-565
(HBD; RERMS; )
JMD exons 14-17: amino acid residues 366700
ApB exons 16-17: amino acid residues 671-712
TMD exons 17: amino acid residues
701-723
AICD exons 17-18: amino acid residues 724770

hydroxyl radical production, APP dimerization  [24-26]
and synaptic adhesion

unfolded and highly flexible, and directly links ~ [26]
Elto E2

be relevant to metabolic enzymes, [20-23]
mitochondrial function and cell growth

cell-surface binding and recognition [20]
trophic functions [31-35]
Contains the cleavage sites for a-secretase and [36]
[B-secretase

Regulates neuronal homeostasis; abnormally [41-43]
aggregated forms of AP oligomers and plaques;
y-secretase cuts; [39,40]
Directly interacts with cholesterol; modulates

APP processing;

transcriptional regulator; leads to hippocampal ~ [44-51]

degeneration, tau phosphorylation and deficits
in working memory

AcD: acidic domain; KPI: Kunitz protease inhibitor; OX-2: Ox-2 antigen domain; JMD: juxtamembrane domain; TMD: transmembrane domain;
AICD: APP intracellular domain; GFLD: growth factor-like domain; CuBD: copper-/metal-binding domain; HBD: heparin-binding domain; RERMS
(amino acids 328-332) was uniquely required for the growth-promoting activity of SAPP-695.

APP is encoded by a single gene, and three major
isoforms resulting from alternative splicing have been
characterized: APP695, APP751, and APP770. The
number of amino acids in each isoform determines its
isoform [18]. Mammalian APP and its associated proteins
have a high degree of similarity with conserved areas,
such as the extracellular acidic domain (AcD), E1 and E2
domains and intracellular domain (Table 1) [19]. Unlike
other APP homologs, human APP contains the unique A
sequence, which is not found in amyloid precursor-like
protein 1 (APLP1) or APLP2 [19]. Therefore, APP may
be closely related to the maintenance of complex
cognitive behavior in the human brain. In contrast to
APP751, which lacks the Ox-2 domain, APP695 is devoid
of both the Kunitz proteinase inhibitor (KPI) and Ox-2
domains [20]. The Ox-2 domain in APP is thought to be
involved in cell-surface binding and recognition [20],
while the KPI domain, found in some APP isoforms, is
upregulated in the AD brain and has been shown to play a
role in the production of AP peptides and regulation of

blood clotting serine proteases in platelets [21].
Meanwhile, Ox-2 antigen is a glycoprotein on the surface
of lymphoid and neural cells that shares similarity with
Thy-1 and immunoglobulin light chains. In the AD brain,
the KPI-containing APP isoforms (APP751 and APP770)
are upregulated [22], which may contribute to the
impairment of metabolic enzymes and mitochondrial
function in AD. In addition, cells expressing APP with or
without the KPI domain (APP695, APP751) exhibit
distinct susceptibilities to a- and p-secretase cleavage,
which influences AP production [21]. In contrast to
APP695, APP751 exhibits an increased transport to the
plasma membrane due to its KPI domain situated in the
extracellular domain, hence reducing the production of
AB. In contrast, mutations in the KPI domain of APP751
lead to its retention in the endoplasmic reticulum (ER),
which therefore stimulates the synthesis of A [21]. The
globular E1 domain, the AcD, and the helix-rich E2
domain are followed by the AP juxtamembrane sequence,
which extends into the transmembrane domain of APP
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[23]. The E1 domain is broken into two regions: the
HBD1 and the CuBD [24-26]. HBD1 is made up of a
single a-helix and an anti-parallel B-sheet and contains a
loop rich in heparin-binding basic residues. HBD1 is
involved in neurite outgrowth and has been found to have

A APP interactions (cis or trans)

a highly positively charged surface capable of interacting
with glycosaminoglycans. The CuBD is a hydrophobic
pocket immediately next to HBD1 that might serve as
either a protein-binding site or a dimerization site [27].

B Other APP trans interactors: APP or its fragiments as ligands
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Figure 2. The formation and functions of cis and trans dimers of APP. The diagram depicts relationships between amyloid precursor
protein (APP) family members (cis or trans). (A) Trans dimers @ and cis dimers @ can form homophilically, heterophilically, or
between APP and an APP-like protein (APLP). sAPPa (a-secretase generated APP ectodomain fragment) interacts with transmembrane
APP as an autocrine or paracrine ligand 3. (B) Other APP trans-interactors serve as receptors for APP and its fragments. For instance,
membrane-bound APP @ can bind to cell surface proteins such death receptor 6 (DR6) to stimulate signaling in adjacent cells. SAPPa
interacts with undisclosed cell surface receptors as a ligand &). Other secreted APP segments (), such as An, may serve as ligands;
however, only AP receptors have been discovered. (C) Other APP cis interactors are capable of cis signaling similar to that of receptors
(. for example, can activate caspases by interacting with the axonal membrane. Additionally, specific membrane proteins (such as
members of the family of low-density lipoprotein receptors (LDLR) bind to APP and affect its subcellular distribution, processing, and
internalization. APP may function as a receptor-like ligand-binding molecule ®. APP and C-terminal fragments (CTFs) can create
signals via adaptors and can be processed to release the APP intracellular domain (AICD) for transcription regulation. APP can interact

with larger membrane protein complexes @ as coreceptors (for example, together with contactin).

In addition, CuBD may bind several metal ions. On
the C-terminus of the E1 domain, the AcD is a hinge
structure that is rich in glutamic acid and aspartic acid
residues [28, 29]. Perhaps altering the relative location of
the E1 domain may increase the binding of APP to other
proteins [28]. The E2 domain is stiff and contains heparin-
binding and metal-binding sites [30-32]. The E2 domain
also contains the REMRS motif, which promotes cell
proliferation and neurite extension and binds membrane-
anchored heparan sulfate proteoglycans (HSPGs) [33,
34]. On the C-terminus of the E2 domain, AP is located
partially in the extracellular/ juxtamembrane domain and
partially in the transmembrane domain [35]. A GxxxG
motif in the transmembrane domain has been associated

with homodimerization and cholesterol binding [36, 37].
Human vy-secretase cleaves the transmembrane domains
of APP into pathologically relevant AP [38]. Ap peptides
range in length from 39 to 42 amino acids, with the 42-
amino-acid version (APa42) exhibiting reduced solubility
[39]. AP aggregates to form oligomers, protofibrils,
fibrils, and plaques, which are pathological hallmarks of
AD [40]. AP buildup in the brain is regarded as the first
step in the progression of AD [41]. Ap formation occurs
all the time in the brain, while AP aggregation/deposition
begins mostly in the hippocampus and entorhinal cortex.
The APP intracellular domain (AICD) [42] is next to the
AP sequence and contains phosphorylation sites and a
YENPTY sorting motif [25, 43]. AICD is the C-terminal
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fragment (CTF) of APP released after y-secretase
cleavage of the CTFs. This fragment is generated by both
amyloidogenic and nonamyloidogenic routes in addition
to a number of other APP cleavage mechanisms. AICD
enhances cell death, stimulates tau phosphorylation,
reduces neuronal activity, and influences calcium
homeostasis, consequently reducing neuronal
susceptibility to stimuli and supporting a negative effect
[44, 45]. AICD can vary in length, with AICD;.s9 and
AICD1_s7 being the most prevalent variants. AICD1.57 is
believed to induce cell death more effectively than
AICD1.59 [46]. The finding that AD brain samples from
both familial and sporadic patients have higher AICD
levels than age-matched controls suggests that the
accumulation of AICD may play a role in the pathogenesis
of AD [47]. Glycogen synthase kinase-3p is activated by
increased AICD and thereafter phosphorylates tau [48,
49]. Overall, APP and its isoforms play important roles in
the pathogenesis of AD through the production and
aggregation of AP, and the accumulation of the
intracellular domain fragment AICD may also contribute
to the development of AD.

3. Functions of the APP family members

Members of the APP family are truly multimodal proteins
that influence biological processes ranging from
transcriptional control to synaptic activity. They can
function as receptor-like proteins on the cell surface (Fig.
2A) or as ligands (Fig. 2B, 2C), mediating their actions
either from the cell surface or via their released proteolytic
fragments.

3.1 Formation and functions of cis and trans dimers

The APP family consists of several members, including
APP and amyloid precursor-like proteins (APLPs), which
can form homotypic or heterotypic cis dimers mostly via
the E1 and E2 domains, although heparin binding can also
regulate dimer formation [50]. Importantly, APP and
APLPs may also form trans dimers, allowing them to
serve as synaptic adhesion molecules in vitro [51] and at
the neuromuscular junction (NMJ) in vivo [52]. On the
axons of neurons cocultured with human embryonic
kidney cells expressing APP, presynaptic differentiations
known as hemisynapses have been found[53]. As
transsynaptic adhesion is dependent on the pool of APP
on the cell surface, APP variants with extracellular
secretase site mutations exhibit higher synaptogenic
activity [54]. Copper-binding sites in the growth factor-
like domain that are conserved in APP and APLP1 but not
in APLP2 are required for the induction of presynaptic
specialization by APP [55]. Furthermore, a-secretase is an
enzyme that cleaves APP in the extracellular domain,

which releases a soluble fragment called soluble APP a
(sAPPa) [56]. sAPPa can bind to cell-surface APP as a
ligand and then promotes neuroprotection through Gao
protein signaling [57, 58]. The homotypic and heterotypic
dimerization of members of the APP family, their
transsynaptic  adhesion, copper-binding sites, and
enzymatic activity have been linked to in the pathogenesis
of AD.

3.2 Other APP family interactors and their roles in
signaling

While APP family members lack enzymatic activity,
signal transmission to downstream signaling pathways is
dependent on interactions with other membrane proteins
and/or adaptors [59]. To date, more than 200 extracellular
and intracellular binding partners have been identified
[60]. The extracellular and cytoplasmic regions of APP
have essential cell adhesion molecule (CAM)
characteristics (Fig. 3).

Similar to adhesion proteins such as cadherins, integrin
B1 and L1, these properties suggest that APP may serve
as a CAM capable of linking the extracellular
environment to the cytoskeleton via scaffold protein(s)
[61]. By interacting with multiple extracellular matrix
(ECM) components and signaling through scaffolding
proteins, APP may coordinate the plastic remodeling of
cell adhesions and the dynamic architecture of the
subcortical cytoskeleton [62]. APP binds several ECM
proteins, playing crucial roles in the formation and
maintenance of brain architecture throughout adulthood
[63]. APP's ability to bind diverse ECM components may
enable migratory neurons to adapt to a complex
neurodevelopmental environment [63]. APP interacts
with important in vivo interactors include brichos
domain-containing 2 (BRI2) and BRI3 [64], which inhibit
APP cleavage by a-, B-, and y-secretases. Mutations in
ITM2B (which encodes the BRI2 precursor protein) that
are associated with rare familial Danish and British
dementias resembling AD result in decreased BRI2
protein levels and, consequently, increased APP
processing [65]. APP interacts with ECM proteins (such
as collagen and heparin) and HSPGs via its HBDs
(including glypican and syndecan). APP interacts directly
or through adaptors with a variety of transmembrane
proteins, including members of the lipoprotein receptor
family such as low-density lipoprotein receptor-related
protein 4, a crucial organizer of synaptogenesis at the
NMJ [66]. APP may also operate as a coreceptor to
enhance the target-specific arborization of retinotectal
axons [67]. The E2 domain can create either cis or trans
connections with a member of the tumor necrosis factor
receptor family, death receptor 6 (DR6) [68]. Cis APP-
DR6 interactions on the axonal membrane can generate
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caspases that are implicated in experience-dependent
axonal plasticity, especially whisker-induced axonal
pruning [69].
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Figure 3. Interactors and interaction sites of APP. The extracellular domain (top) and intracellular domain (bottom) of APP interact
with several proteins. Known interactors with mapped APP-binding motifs are illustrated with the same color as their respective APP
domains. LRP1, the LDLR family, NMDAR, LINGO1 and GABAsR members have been found to interact extracellularly with APP.
LRP1, Low density lipoprotein receptor-related protein 1; LDLR family, LDLR-related protein; NMDAR, NMDA receptor; LINGO1,
leucine-rich repeat and Ig domain-containing Nogo receptor-interacting protein 1; GABAgsR, GABA type B receptor; SP, signal peptide;
E1, E1region; REELN, reelin protein ; GPC1, glypican 1; OLFM1, olfactomedin 1; TAG1, transient axonal glycoprotein 1 (also known
as contactin 2); AcD, acidic domain; E2, E2 region; COL1, collagen type 1; SORTL, sortilin 1; SPON1, F-spondin; SORL1, sortilin-
related receptor; DR6, death receptor 6; JMR, juxtamembrane region; A, B-amyloid peptides; NEEP21, neuron-enriched endosomal
protein of 21 kDa; BRI2, brichos domain-containing 2; BRI3, brichos domain-containing 3; P75NTR, low affinity neurotrophin receptor
p75; NTN1, netrin 1; NOGOR, Nogo-66 receptor; DISC1, MED12, CPEB, FLOT1, CHT, FKBP12 and STUB1 have been found to
interact extracellularly with APP. DISC1, disrupted in schizophrenia 1 protein; MED12, Mediator complex subunit 12; CPEB,
cytoplasmic polyadenylation element-binding protein; FLOTZ1, flotilin 1; FKBP12, FK506 binding protein 12; STUB1, STIP1 homology
and U box-containing protein 1. The bottom panel reveals binding proteins in the same color as their interaction motifs, which are
designated by square brackets or bold text inside the AICD sequence. PAT1, protein interacting with APP tail 1; PIN1, peptidyl-prolyl
cis-trans isomerase NIMA-interacting 1; SHC, SRC homology 2 domain-containing-transforming protein 1; GRB2, growth factor
receptor-bound protein 2; SYT1, synaptotagmin 1; SYP, synaptophysin; VAMP2, vesicle-associated membrane protein 2. GNAO1
encodes Gao, the a subunit of Go, a member of the Gi/o family of heterotrimeric G protein signal transducers. Adaptor proteins; JIP,
JUN N-terminal kinase-interacting protein; ARH, autosomal recessive hypercholesterolemia protein; DAB1, disabled homolog 1; FE65,
The scaffolding protein family Fe65 was identified as an interaction partner of the amyloid precursor protein (APP); SNX17, sorting
nexin 17; X11 protein family are multidomain proteins composed of a conserved PTB domain and two C-terminal PDZ domains;
NUMB, a key regulator of cell fate, TRKA, tyrosine kinase receptor A; TFCP2, transcription factor CP2 (also known as
LBP2/CP2/LSF); TIP60, the founding member of MYST histone acetyltransferase family; Tshz3,Teashirt-3 is expressed in smooth
muscle cell precursors; MUNC18, regulating neurosynaptic plasticity, neurodevelopment and neuroendocrine cell release functions;
CASK, Calcium/calmodulin-dependent serine protein kinase; Rab6, small GTP-binding protein; SNAREs, soluble N-ethylmaleimide-
sensitive factor attachment protein receptors; NOTCH, Notch signaling in the control of neurogenesis and regeneration in the embryo
and adult; CRBN, protein cerebron; CHT, high-affinity choline transporter; FBLN1, fib

Previous research has suggested that axonal pruning of ~ 2g5). Notably, an APP-DR6 interaction has been
developing sensory neurons requires a secretase- hypothesized to contribute to neurodegeneration
generated soluble N-terminal APP fragment (N-APPs;-  associated with AD [68]. In two transgenic AD mouse
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models, silencing of the DR6 gene was found to have no
effect on amyloid plague production, gliosis, synaptic
loss, or cognitive impairment [70]. Reelin has been
demonstrated to raise the surface levels of APP, hence
inhibiting APP endocytosis and B-secretase processing.
Moreover, Reelin is an extracellular protein involved in
neuronal migration during cortical development that is
released by Cajal-Retzius cells [71]. One study revealed
synergistic action among APP, Reelin, and integrins that
increases neurite outgrowth and dendritic arborization
[52]. APP also binds the protein F-Spondin, which is
involved in cell-cell communication, axonal elongation,
and pathfinding, and inhibits the secretase cleavage of
APP [72]. Additionally, it has been postulated that the
connection between APP and F-Spondin helps suppress
cell adhesion by encouraging contact with other substrates
[73]. Laminin is another essential ECM protein that binds
APP during neurodevelopment and is found in brain tissue
[74]. APP is present and abundant in growth cone (GC)
adhesions on laminin with integrin, CD81, and focal
adhesion kinase (FAK). This discovery is consistent with
the significant colocalization of APP and integrins in the
axonal GCs of hippocampal neurons in mice, particularly
in the lamellipodia and filopodia, where the dynamic actin
cytoskeleton is present [75]. APP dose impacts adhesion
and axonal outgrowth in cultured hippocampal neurons
grown on laminin. HSPGs are additional ECM
components [76]. Previous in vitro studies using chick
sympathetic neurons and mouse hippocampal neurons
have revealed that APP is able to bind unique kinds of
HSPGs produced during neurodevelopment to promote
neurite outgrowth [77]. The extracellular portion of the
neurotrophic factor receptor p75NR also contains an APP
binding site [78]. Comparatively, the location of the
p75NTR binding site on AP is at amino acids. Extracellular
p75NTR inhibits AP aggregation and encourages AP fibril
depolymerization. Intracerebral injection of p75N™R can
effectively eliminate local AB deposition [79]. p75NTRis a
neurotrophic receptor for growth factors and plays an
essential role in neural development and plasticity, and the
interaction with APP suggests a potential mechanism for
regulating AP aggregation and modulating neurotrophic
signaling in response to injury or disease [78]. Moreover,
p75NTR can activate signaling pathways that promote
neuronal survival, neurite outgrowth, and synaptic
plasticity, indicating its critical role in the nervous system
[80]. Intriguingly, proteomic analyses of the presynaptic
active zone have revealed that APP and APLPs interact
with a variety of synaptic proteins, including bassoon,
synaptophysin, and SNAP receptor (SNARE) complex
proteins, either directly via their C-termini or indirectly
via X11 adapter proteins [81]. The multitude of
extracellular and intracellular binding partners of APP,
which include extracellular matrix components, scaffold

proteins, and transmembrane proteins, as well as its
involvement in neuronal adhesion and migration, suggest
the importance of studying the interactions and enzymatic
activity of the APP family in relation to AD.

3.3 Subcellular localization and regulation of APP
processing

Members of the APP family have distinct cell-surface
levels, and the location of APP inside the cell alters its
processing by transmembrane secretases [82] (Fig. 5).
The accumulation of APP on the surface favors
nonamyloidogenic processing, whereas preservation of
the presence of APP in acidic compartments, such as early
endosomes, promotes amyloidogenesis [83]. Either a-
secretase cleaves APP to liberate sAPPa or APP is
reinternalized to the endosome at the cell surface[84].
Consequently, the surface pool of APP is the outcome of
secretory trafficking, internalization, and the processing
efficiency of secretases. APP and APLPs are found in the
somatodendritic and axonal compartments of neurons. In
axons, they are largely transported in vesicles distinct
from those detected by synaptophysin staining, which
become enriched in active zones [85]. APP and APLPs
arise via the secretory pathway and are abundant in
intracellular membrane compartments prior to reaching
the cell surface. APP is highly localized at the cell surface,
and vesicles containing APP and B-secretase are spatially
separated inside dendrites, limiting their physical
proximity [86]. Neuronal activity nonetheless encourages
the convergence of APP and secretase in recycling
endosomes as one of the early steps in AB production,
which involves endosomes and other intracellular
organelles. The C-terminus of APP is a signaling center
with multiple protein-interaction motifs (Fig. 5). The
YENPTY motif is involved in clathrin-mediated
endocytosis, influences APP processing, and interacts
with several phosphotyrosine-binding domain-containing
proteins, including the Jip-1 and FE65 adaptor families
[87]. The phosphorylation status of Thr668 and Tyr682
that regulate the APP interactome by either establishing a
docking site (for SH2-domain-containing proteins, such
as SRC kinase family members) or inhibiting protein
interactions (for example, of FE65 family members) [88].
When APP CTFs accumulate in the absence of y-secretase
activity, in vitro and in vivo axodendritic growth may be
enhanced [89]. Furthermore, the interaction of APP
family members with the NMDA receptor (NMDAR)
may promote NMDAR cell surface localization [90]. In
vitro, membrane-tethered AICD  overexpression
stimulates neurite outgrowth via a Gas protein—adenylate
cyclase—CAMP cascade [91]. AICD, which is released by
y-secretase processing, has been demonstrated to
translocate into the nucleus and may regulate transcription
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[92]. This has been regularly demonstrated in vitro,
particularly in AICD-overexpressing cells, but research
on the physiological expression levels of AICD and in
vivo research have produced contradictory results. The
very unstable nature of AICD makes its identification
difficult. Recent studies have provided new information
on the activities of AICD in regulating transcription [43,
44, 93, 94]. For example, CBP is a coactivator of
transcription that regulates the expression of many genes
involved in synaptic plasticity and long-term memory
formation [95, 96]. Fe65 is a transcriptional coregulator
that interacts with AICD to modulate FOXO3a gene
expression [93, 97], and Tip60 is a histone
acetyltransferase that plays a key role in regulating gene
expression in response to neuronal activity [98]. One

consequence of restoring normal AICD function in
neurons could be improved cognitive function [99]. In
conditions such as AD, AICD function is disrupted, which
can lead to impaired neuronal function and cognitive
decline [15]. Therefore, any attempts to restore normal
AICD function would need to be carefully evaluated and
may not be appropriate in all cases [100, 101]. The distinct
cell-surface levels of APP and its processing by
transmembrane secretases, as well as its presence in
different neuronal compartments, the interactions of its C-
terminus with multiple protein-interaction motifs, and the
potential role of AICD in regulating transcription, suggest
the importance of studying the molecular mechanisms
underlying APP function and its contribution to AD
pathogenesis.

Table 2. Functions of APP fragments in the mammalian CNS.

APP Functions and effects Reference
fragment
sAPPa LTP and NMDAR currents in DG of anesthetized rats; [220-222]
Rescues spine density of APP organotypic hippocampal cultures; rescues LTP and spatial learning in [223, 224]
aged APP mice;
Tg OE in APP/PS1 mice inhibits the amyloidogenic pathway, reduces plaque deposition and reduces [225]
GSK3p3-dependent tau phosphorylation;
Protects against TBI; neuronal death during transient ischemia; and hypoxia in acute hippocampal slices;  [226, 227]
Stimulates aduit neurogenesis at the subventricular zone;
sAPPp Stable metabolite in vivo, not associated with increased cell death, induces transcription of transthyretin
and klotho; [228, 229]
APB* Generated by meprin cleavage, High aggregation propensity: potential seed for Af deposition; [115, 117]
p3 Physiological or trophic function unknown; no pathological effects reported; [230]
An-a Neuronal activity and LTP in wild-type hippocampal slices, Upregulated upon -secretae inhibition; [231]
An-B None of the pathological properties reported; [232]
APPsn Physiological function unknown; [233]
APPsc Tg AD model mice that also lack o-secretase show reduced A load and ameliorated functional deficits; [234]
sAPPg* Generated by meprin cleavage, physiological function unknown; [235]
CTFa Physiological function unknown; [236]
CTFp Injection of CTFp impairs working memory and induces neurodegeneration and gliosis; Tg CTFp OE [237]
induces neurodegeneration, reduces LTP and impairs cognition, impairs lysosomal autophagic function;
CTFqy Associated with plaques. upregulated upon f-secretase inhibition; [118]
C31 C31 complexes with APP to recruit the interacting partners that initiate the signals related to cellular [238, 239]
toxicity;
Jcasp Intracelular delivery to acute hippocampal slices reduces basal synaptic transmission, increases PPF and [239, 240]

synaptic frequency facilitation in wild-type, but not in APP, mice, and reduces the rate;

AP, amyloid; AB*,.x, the peptide beginning with amino acid 2 of AB; AD, Alzheimer's disease. AICD, APP intracellular domain; sAPPB*, one amino
acid longer than SAPPJ generated by f-secretase cleavage; CTF, C-terminal fragment; DG, dentate gyrus; APP, amyloid precursor protein; CTF nAChR,
nicotinic acetylcholine receptor; GSK3, glycogen synthase kinase 3; NMDAR, NMDA receptor; OE, overexpression; PTP, posttetanic potentiation; PPF,
paired-pulse facilitation; LTP, long-term potentiation; Tg, transgenic; TBI, traumatic brain injury

4. APP processing pathways

There are two primary pathways for processing APP:
amyloidogenic and nonamyloidogenic processing [102,
103]. The processing pathway depends on the
colocalization of the protein and secretases [104]. Altered
APP processing by secretases, as indicated by increased
in AP production and changes in the ABo/Aa ratio, has

been demonstrated to occur in both AD patients' primary
cells and transgenic AD mouse models [66].

4.1 Canonical APP processing
The amyloidogenic pathway begins with endosomal

internalization of APP (Fig. 4A and Table 2) [105]. B-
Secretase on the endosomal membrane cleaves APP into
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two forms: a soluble APP fragment (sAPPB) and a exosomes, where they form oligomers, protofibrils,
membrane-anchored carboxyl terminal fragment (CTFB  fibrils, and eventually senile plaques (SPs).
or C99) within the lipid bilayer. CTFs further cleaved by =~ Nonamyloidogenic processing of APP begins in the
y-secretase to generate A monomers and AICD [106]. plasma membrane, where o-Secretase resides. APP is
The AP cleavage products consisting of 43-51 amino  cleaved at the cell surface by a-secretase, resulting in the
acids are further cleaved into the APsg and APas2 forms release of sAPPa and a carboxyl terminal fragment
[107]. Multiple investigations have demonstrated that AB  containing 83 amino acids (CTFa or C83). CTFa. can be
peptides are generated at separate places inside the cell.  internalized and then processed by vy-secretase in
Secreted AP peptides are discharged outside of the cell in ~ endosomes to generate p3 (3 kDa) and AICD [1086].
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Figure 4. Schematic overview of APP-processing pathways. (A) The graphic displays conventional amyloid precursor protein
manufacturing routes (APP). In the amyloid (AB) region (left), processing by secretase along the nonamyloidogenic pathway
releases SAPPa. (a-secretase-generated APP ectodomain fragment) and generates p3. The amyloidogenic pathway (right) produces
AP (through B- and y-secretase cleavage) and sAPPB. An intracellular fragment (APP intracellular domain (AICD)) is released
during both procedures. The locations of areas of cleavage are provided. B The graphic illustrates nonstandard APP processing.
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Secretase cleaves APPs into three soluble fragments and a C-terminal fragment-6 (CTF9) that is subsequently processed by - and
v secretase (top left panel). Three sites are utilized by Meprin - and y-secretase to form three soluble fragments (lower left panel).
CTFB* is one amino acid residue shorter than CTFp and is generated after the release of SAPPB*. AB* denotes the amino-terminally
shortened version of AP2-x. By secretase cleavage, soluble APPsn and CTFn are produced, which are subsequently further processed
by a-secretase or f-secretase to form Ano or Anp (top right panel). Caspases cleave within the intracellular domain to form C31,
which is then cleaved by secretases to yield Jcasp (lower right panel). (B) The diagram illustrates Ap-generating and N-terminal
cleavage sites. The numbers represent the C-terminal residues of full-length APP695 and the processing sites for APP. The upper
panel depicts the positions of canonical secretases, with the residues targeted by y-secretase humbered in relation to the Ap N-
terminal. The locations of noncanonical processing are depicted in the bottom panels. APH1, anterior pharynx defective 1; NCT,
nicastrin; PEN2, presenilin enhancer 2; ADAM10, disintegrin and metalloproteinase domain-containing protein 10; PENZ2,

presenilin enhancer 2.
4.2 Noncanonical APP processing

In addition to the well-known APP secretases, recent
studies have identified other proteases that contribute to
the production of AP species (Fig. 4B and Table 2). The
potential  involvement of these proteases in
neurodegeneration may open up new avenues for AD
treatment research [108]. Cathepsin B, a lysosomal
cysteine protease that is a novel P-secretase, was
discovered for the first time in the SPs of postmortem AD
brains [109]. A series of in vivo studies conducted by one
group revealed that inhibition of cathepsin B by its various
inhibitors or genetic deletion of cathepsin B decreases Af
levels and improves memory function. Moreover, plasma
cathepsin B levels have been found to be higher in AD
patients than in healthy controls. In a recent study,
hippocampal injections of adeno-associated viruses
expressing cathepsin B into APP/PS1 transgenic mice
reduced amyloidogenesis and enhanced learning and
behavioral functions [110]. However, it has also been
demonstrated that cathepsin B plays a critical role in
inducing microglia-mediated neuroinflammation in
neurons upon systemic exposure of mice to
lipopolysaccharide from periodontal bacteria. Gum
disease is a chronic inflammatory condition caused by
bacterial accumulation in dental plaque, and chronic
inflammation may be linked to AD [111]. The
inflammation and bacterial products associated with gum
disease can travel to the brain and trigger inflammation,
which may contribute to the accumulation of amyloid
plaques and tau tangles in the brain, hallmark features of
AD [112]. For example, Porphyromonas gingivalis is
found in AD brains, suggesting that cathepsin B may be a
potential therapeutic target for the treatment of
periodontitis-associated AD [113, 114]. These conflicting
findings strongly suggest the need for further
investigation into the involvement of cathepsin B in
amyloid disease. Meprin f, a zinc-dependent
metalloprotease present in several tissues, is another
enzyme that cleaves APP [115]. Meprin 3 generates N-
terminal APP fragments of approximately 11 and 20 kDa
beginning with the first or second amino acid residue of
AP by cleaving APP at Met596-Asp597, Asp597-Ala598,

and Ala598-Glu599 [116]. Meprin B, also known as
alternative fB-secretase, has greater activity for APP than
B-site  APP cleaving enzyme 1 (BACEl) and is
independent of BACE1/2 [117]. CTF-n is generated
mostly by n-secretase cleavage at APP695 amino acids
504-505 [118]. ADAMI10 and BACEI release long (Ana)
and short (Anp) An peptides through their continued
digestion of CTF-n (C191). CTF-n production was
discovered to be partially mediated by membrane-bound
matrix metalloproteinase (MT5-MMP), which has
previously been demonstrated to cleave APP in vitro
[118]. In vivo investigations have demonstrated that the
level of CTF-n is elevated in both AD model mice
(APP/PS1) and AD human brains [119]. In addition to
MT5-MMP, MT1-MMP has recently been characterized
as proamyloidogenic [120]. In vitro, MT1-MMP enhances
AP and CTFp (or C99 produced following BACE1 APP
cleavage) synthesis through APP trafficking regulation
[121]. ©&-Secretase, an age-dependent asparagine
endopeptidase, cleaves APP695 at Asn373 and Asn585
residues on the extracellular motif as well as tau, another
actor in AD pathogenesis [122, 123]. 6-Secretase appears
to interact with APP in endosomes, and &-Secretase-
mediated APP cleavage enhances the subsequent
processing of APP by BACEI, hence increasing AP
production [123]. During apoptosis, caspases (mostly
caspase-3) can directly cleave APP farther downstream at
position Asp664 (based on the APP695 sequence) within
the cytoplasmic tail to release a fragment containing the
final 31 amino acids of APP (called C31) [13, 124].
Additional y-cleavage forms the Jcasp fragment, which
contains the area between the y- and caspase-cleavage
sites [125]. C31 combines with APP to recruit the
interaction partners that begin signals associated with
cellular toxicity, which is one probable explanation for
C31's toxicity [126, 127]. Compared to C31, Jcasp
appears to serve a small function in cytotoxicity.

5. Regulation of APP processing
Upon the cleavage of the signal peptide by the ER, APP

is processed through the secretory pathway and
transported via the Golgi apparatus to the plasma
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membrane, where it predominantly localizes [128-130].
Upon endocytosis, APP is targeted to early endosomes
and subsequently sorted to three distinct pathways (Fig.
5): () a subset of APP molecules undergoes recycling to
the cell surface [119, 131], (I1) a different fraction of APP
is transported retrogradely from endosomes back to the
Trans-Golgi Network via a retromer-mediated pathway
[132], and (I11) some APP molecules are targeted to late
endosomes, which fuse with lysosomes where APP is
degraded. APP is primarily endocytosed by clathrin-
coated vesicles into early endosomes [133, 134], and its
internalization is also dependent on cholesterol, indicating
that clathrin- and cholesterol-dependent endocytosis
overlap [135, 136]. Other transmembrane proteins,
including low-density lipoprotein receptors (LDLRS),
Vps10p-Doamin (Vps10p-D) receptors, and calsyntenins,
can influence APP intracellular transit and processing
[137-139]. LDLRs endocytose ligands that are carried to
endosomes and recycling or lysosomal compartments,

Plasma
@ membrane
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SAPP % Y SAP
/¢ APP Early APP T_ /\\O\(

\\\a\.l N \ Endosome ) d/ %

while the receptors are returned to the plasma membrane
[140]. Sortilin-receptor with A-type repeats (SorLA) is a
unique mosaic receptor [141, 142] that combines
structural elements of the LDLR family by containing
EGF-type and ligand-binding repeats with the N-terminal
Vps10p-D that is characteristic of the VVps10p-D receptor
family [143]. Calsyntenins are the third category of type-
I transmembrane proteins mentioned in this review that
modulate APP transport (calsyntenin 1-3, Clstn 1-3).
These were initially isolated as calcium-binding proteins
in postsynaptic neurons [144] and have also been
designated Alcadein. Calsyntenin-1 and -2 both contain a
C-terminal calcium-binding site, which is mediated
through an acidic amino acid stretch within APP. Notably,
this stretch is shorter in calsyntenin-2 than in calsyntenin-
1, which may have implications for their respective
calcium-binding properties and downstream signaling
functions [144-146].
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Figure 5. Cellular regulation and metabolism of APP. @ The digestive and metabolic cycle of APP is secreted via the endocytosis
system of intracellular cells; @ A diagram illustrating the intracellular pathway of AICD. Phosphorylated AICD interacts with JNK,
which leads to cell death, with JIP, which leads to cell differentiation, and with Fe65 or JIP, which leads to nuclear transport and
regulation of gene transcription (NMDAR). 3 Calcium ions (Ca?*) and glutamate (Glu) together activate NMDA receptors
(NMDAR). NMDAR receptor activation enhances membrane expression of AMPA receptors (AMPARs) and activates nuclear

transcription factors.

6. Mutations in APP

APP mutations can be categorized based on their effect on
the expression levels of the various AP fragments [147]
(Fig. 6 and Table 3). Progress in AD genetics began with
the identification of autosomal dominant mutations
in APP. Currently, there are 75 known single nucleotide
mutations in APP that lead to (https://www.alzforum.org).
APP mutations such as Swedish, p. GIu693Gly, p.

KM670/671NL, and p. V7171 have an impact on AP
production and contribute to AD pathogenesis by
increasing AP aggregation and plaque formation, cerebral
amyloid angiopathy, and cognitive decline [148]. The
protective p.A673T substitution reduces amyloidogenic
peptide formation and supports the hypothesis of reducing
B-cleavage to prevent AD [149]. Methylation of the APP
promoter by dCas9-Dnmt3a decreases neurotoxic Af
peptides and improves learning and memory impairment
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in AD [150]. Individuals with DS and duplications of
small segments of chromosome 21 containing an
additional copy of APP support the idea that alterations in
the amount or sequence of AP are sufficient to cause AD,
with multimeric AP being critical for pathogenesis [148].
APP N-terminal disease-associated mutations involve the
HBD and potentially also affect interactions of full-length
APP, sAPPa and sAPPp, with consequences for disease
progression in addition to any effects caused by the
changes in cleavage or behavior of AB. The APP S198P
mutation in the N-terminal region of APP has been found
to increase amyloidosis in cultured cells and transgenic
mouse models [151]. The introduction of the S198P
mutation appears to accelerate the folding and transfer of
APP from the ER to the B-secretase active compartment
[151]. Moreover, in one report, Japanese siblings with a

Table 3. Mutations in APP.

A673V, E682K (Leuven);

Shifts B-secretase processing of APP toward the

novel N-terminal VV225A mutation in the AcD domain of
the APP gene did not appear to have significantly
abnormal AP levels in cerebrospinal fluid but had
significantly increased extracellular tau protein levels.
However, these siblings developed progressive dementia
at age 57 with AP and tau lesions [152]. Presumably, APP
can also assist in the diffusion and transport of
pathological tau protein, thereby inducing tau
pathological changes in AD. The significance of APP
mutations in the development of AD is still an active area
of research, and how these mutations contribute to disease
pathogenesis is not yet fully understood. However,
understanding the effects of APP mutations on AP
production and aggregation is an important step toward
developing effective treatments for AD.

amyloidogenic pathway and increases Af

aggregation

K687N;

A235V, Y538H, P620L, A673T (Icelandic),
E693del (Osaka) T719P, A713V, V715M
(French); A692G(Flemish), D694N(lowa);
KM670/671NL, P620L, S198P;

P620A, G708G, H733P;

S614G, A713T, V715M(French), T7141
(Austrian), V715A(German), V717F
(Indiana);

E693K (Italian);

P620A, D678H (Taiwanese), T7141
(Austrian), E682K (Leuven), 1716F 1716V
(Florida), V7171 (London), V717G, T719N,
M722K, L723P (Australian), K724N
(Belgian);

H677R (English), D678N(Tottori), E693Q
(Dutch), D694N (lowa), E693G (Arctic);
F690_V695del (Uppsala deletion);

APP promoter

Down Syndrome (DS)

Reduces APP cleavage by a-secretase; reduced
production of total SAPP and sAPPa; increased Aa,
/ABao

Decreased total AP in cells, without altering AP,
/ARy ratio

Increased total AP in cells, without altering ABa,
/ARy ratio
Increased AP42, without altering AB4, /A4 ratio

Increased APao/APa ratio

Reduced A4z /APy ratio; decreased AP,
comparable APy to wild-type APP
Increased A4, and the ABs, /APy ratio in cells

Accelerated oligomerization kinetics and greater
cytotoxicity than wild-type A

Appears to largely eliminate nonamyloidogenic
processing of APP and leads to the generation of
rapidly aggregating AP peptides lacking amino acids
19-24

Promoter mutations leading to increased APP levels
share some features with DS; may vary between
specific mutations

Increased AP oligomers; complex changes in levels
of AP species in plasma and CSF; levels of A4
while initially higher in DS than normal controls;
levels of ABs, and A4, /Ao are initially lower but
increase with DS dementia

JMR 1 [99,100]
JMR 1 [101]
AcD,JMR, 2/3/X  [102-112]
™
AcD,IMR  1/X [102-103,115]
MR, TM,  3/X [112-114]
ACID
IMR,TM  3/X [112,115-117]
JMR 2 [110]
JMR, TM,  1/3/X  [104-106, 111,
ACID 120, 121]
JMR 203 [127,117-120]
JMR X [133]

X [135]

X [136]

AP, amyloid B; AD, Alzheimer’s disease; APP, amyloid precursor protein; CAA, cerebral amyloid angiopathy; CSF, cerebrospinal fluid; DS, Down
syndrome; FAD, forms of AD; IDE, insulin degrading enzyme; MRI, magnetic resonance imaging; NFT, neurofibrillary tangle; SAD, sporadic AD.
Areas represent the domain in the app where the mutation occurred. Group 1 features increased total Ap, AP40, and AB42 levels and an increased
AP42/AB40 ratio and is associated with mutations around the a-secretase site. Group 2 features reduced total AP, AB40, and AB42 levels and a reduced
APB42/AB40 ratio. Group 3 exhibited reduced total AR and AB40 levels combined with increased AB42 levels and an increased AB42/AB40 ratio, and the
mutations were associated with the y-secretase site. Group X contains mutations that cannot be otherwise grouped because of a lack of data. Detailed
descriptions are not available for recently discovered mutations, as individuals have not yet come to autopsy.
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Table 4. Stage of clinical development of anti-APP drugs to treat Alzheimer’s disease.

a-Secretase activators N/A Acitretin N/A N/A
BACE inhibitors N/A N/A N/A N/A
v-secretase inhibitorsand  N/A NIC5-15 N/A N/A
modulators
AP aggregation inhibitors  Contraloid CT1812 ALZ-801
PBT2 ALZT-OP1 N/A
Simufilam
Passive immunotherapy ACU193,DNL919 ABBV-916 Donanemab Aducanumab
IBC-Ab002, Remternetug Lecanemab-irmb
MEDI1814,PRX012, Solanezumab
Trontinemab
Active immunotherapy ALZ-101 ABvac40 N/A N/A
AV-1959D ACI-24, UB-311
Inhibit APP protein N/A Posiphen N/A N/A

synthesis

The table does not include drugs that indirectly interfere with amyloid-p (APP) or do not have fully proven anti-APP mechanisms of action.

7. APP-targeted treatment strategies in AD
7.1 Immunotherapy

Immunotherapy is the most touted technique for
decreasing AP levels (Fig. 7 and Table 4). This strategy
relies mostly on boosting immune cells such as B and T
lymphocytes and on activating microglia to increase their
phagocytic capability [153]. Immunotherapy treatments
reduce the extracellular levels of proinflammatory
antigens, stimulate the microglial clearance of toxic
aggregates, and attenuate potentially damaging microglial
inflammatory responses, resulting in neuroprotective
benefits that delay the progression of the illness [154].
Recent trials of aducanumab and lecanemab have
demonstrated efficacy in reducing AP plaques and
improving cognitive function in Alzheimer's patients,
renewing interest in A immunotherapy as a therapeutic
approach for the disease despite many previous studies
failing to show significant improvements, and the FDA
has approved both drugs for treatment [155, 156].

7.1.1 Active anti-Ap immunotherapies

Vaccination has been shown to have longer-lasting effects
than passive immunotherapy using antibodies.
Lecanemab is a promising antibody that selectively binds
to larger soluble AP protofibrils, depleting biotoxic
substances and clearing deposited plaques in AD
pathology [156-158]. However, clinical trials have
reported adverse reactions, including brain hemorrhage
and swelling. AV-1959D and DNA vaccines targeting A
have shown effectiveness in animal models, but
challenges in producing high-titer protective antibodies
and evoking a long-lasting antibody response remain
[159]. Unresolved issues in the clinical development of an

anti-AB vaccine include [160] (1) the difficulty of
producing a high titer of protective antibodies, (2) the
unknown threshold levels of anti-Ap antibodies, and (3)
the difficulty of evoking a long-lasting antibody response
in all participants. The complexity of AD, interindividual
variability, and a lack of in-depth understanding of its
pathophysiology make it a difficult disease to address
effectively.

7.1.2 Passive anti-Ap immunotherapies

The most promising approach for treating AD remains
passive immunotherapy strategy, which targets
oligomeric conformations. Antibodies entering the brain
activate microglia to phagocytose AP [9], inhibit AP
aggregation and promote the depolymerization of A
fibers [161]. Antibodies in the blood bind AP and reduce
the level of free Ap in the blood. Thus, antibodies can alter
the balance of free AP on both sides of the blood-brain
barrier and enhance the outflow of AP from the brain[9].
However, introducing antibodies into the brain can have
negative effects, including inflammation and vascular
wall damage in the CNS caused by the formation of
antigen—antibody complexes in the brain. This "dust-
raising effect" occurs when antibodies promote the
depolymerization of Ap fibers and antibodies cross-bind
to APP on neuronal membranes, which permits Afp
production and immune attack on neurons [162]. It is
suspected that AB-specific antibodies exert their effects
by attaching them to extracellular oligomers that limit the
progression of the illness but do not bind to plaques.
Therefore, antibodies with specific affinity for soluble AP
oligomers may be more successful treatment agents than
antibodies with high affinity for monomeric A, fibrillar
AP, or both forms [161]. This strategy is intriguing
because it can sidestep several issues with active
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immunization, such as T-cell-mediated cytotoxicity or
interindividual variations in antibody titer or antibody
specificity. Moreover, antibodies are believed to exert
anti-inflammatory effects by inhibiting the synthesis of
proinflammatory cytokines [153]. These antibodies do not
need to enter cells to inhibit or eradicate the transmission
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of AP oligomers from cell to cell by preventing the
oligomers from initiating inflammation or spreading
disease to other locations [163]. In the future,
immunotherapy that mimics hazardous oligomeric Ap
seed epitopes may provide effective protection against
amyloid peptides.
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Figure 7. APP as a therapeutic target for AD. Mechanisms of action of the main anti-APP drugs that are currently in Phase
I11/Approved for the treatment of Alzheimer disease. AICD, amyloid precursor protein intracellular domain; BACE, -

secretase; SAPPP, soluble amyloid precursor protein-p.
7.2 Gene therapy

APP  mutations can directly cause AD-related
abnormalities [164]. Targeted eradication or repair of
genetic abnormalities with CRISPR—Cas9 holds potential
as a precise and disease-modifying technique for FAD
[165]. In animal models of AD, the CRISPR—Cas9
genome editing technique decreases amyloid-associated
neurodegeneration [166]. The innovative CRISPR/Cas9
technology can provide effective APP mutation-targeted
brain repair via AAV-mediated gene editing, ameliorating
the clinical symptoms of AD neurodegeneration. Gene
therapy methods for AD have reached phase I/11 clinical
trials using AAV vectors, which can drive long-term gene
expression and enhance synaptic function and structure in
rodent models with preexisting amyloidosis[167].
Sustained AAV-mediated overexpression of sSAPPa in the
brains of elderly APP/PS1dE9 mice with preexisting
amyloidosis enhances synaptic function and structure
[168] and reverses behavioral impairments [169],
suggesting that sAPPa can have therapeutic benefits in
rodent models even after the beginning of disease [170].
However, the efficacy of gene editing technology needs

improvement to better target amyloid plaques, which are
believed to initiate AD neurodegeneration.

7.3 Targeting secretases responsible for APP cleavage
7.3.1 Activation of a-secretase

Activating a-secretase reduces APP processing via the
amyloidogenic pathway and increases soluble APP,
which has neuroprotective and synaptogenesis-promoting
properties. Medications such as cholinesterase inhibitors
[171], -etazolate [172], and non-steroidal anti-
inflammatory drugs (NSAIDs) [173, 174] can increase
SAPPa and decrease AP levels. While ADAMIO0
activation as a therapeutic strategy for Alzheimer's
disease by cleaving APP shows potential, careful
evaluation of the potential effects on other cellular
processes, such as impaired cell-cell interactions and
altered signaling pathways, is crucial to weigh the benefits
and risks of targeting ADAM10 activity [175]. However,
the effectiveness of a-secretase activation as an anti-Af
treatment method remains inconclusive and discouraging.
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7.3.2 B-secretase inhibitors

In the amyloidogenic pathway, BACE1 initiates APP
processing to generate Ap. BACE1 inhibition is a proven
therapeutic target for reducing AP production in early AD
[176]. However, BACE1 has many other substrates,
making the development of targeted treatments
challenging. The bulk of initial BACE1 inhibitors were
problematic due to low bioavailability and poor
penetration across the blood-brain barrier. Second-
generation BACEL1 inhibitors (verubecestat [177],
lanabecestat [178], atabecestat [179], LY3202626 [180],
umibecestat [181]and elenbecestat [182]) were developed
to be more lipophilic, and several have entered late-stage
clinical trials but failed to show any cognitive or
functional benefit in individuals with early AD or mild-
to-moderate AD. These inhibitors decrease plasma and
CSF ApB levels and brain plaques but do not demonstrate
clinical benefits.

7.3.3 Inhibitors and modulators of y-secretase

v-Secretase is a potential therapeutic target responsible for
the final processing of APP along the amyloidogenic
pathway [183]. Inhibitors [184], such as BMS-299897
[185], LY-411575 [186], and LY-450139 [187], have
been found to decrease AP production. However,
targeting y-secretase must consider avoiding interference
with the Notch signaling pathway, which is also digested
by the enzyme. JLK isocoumarins [188] and certain
NSAIDs have shown promise in reducing A levels
without impacting Notch signaling. Future medications
should have sufficient potency, brain penetration, or
selectivity to reduce brain AP levels while avoiding
Notch-related toxicity.

7.3.4 Inhibition of AB aggregation promotes Ap
degradation and transport

AP aggregation plays a significant role in the onset and
course of AD, making inhibition of this process a vital
therapeutic strategy [189]. Various medications have been
demonstrated to decrease AP aggregation, such as [-
cyclodextrin [190], rifampicin [191] and its derivatives, 4-
aminophenol [192], and high levels of taurine [193].
Nicotine and sheet-breaker peptides are also effective
[194]. Dual-action small molecules can prevent Af
aggregation by binding to the B-sheet and sequestering
naturally disordered AP [195] Screening for nontoxic
small molecule drugs for long-term administration may be
useful for discovering drugs to prevent or delay the onset
of AD. Additionally, several proteases, such as neprilysin
[196], insulin-degrading enzyme [197], plasmin [198],
endothelin-converting enzyme [199], angiotensin-

converting enzyme [200], cathepsin D [201], and
metalloproteinase 9 [202], can dissolve amyloid
aggregates and plaques.

7.3.5 Inhibition of APP endocytosis reduces AP
production

APP N-terminal blockers have been shown to effectively
inhibit the interaction with ligand proteins that bind to the
APP-N-terminus, reduce the metabolic synthesis of AP
following APP endocytosis, and prevent the development
and progression of AD. For instance, our preliminary
research has shown that APP operates as a key receptor
for the ApoE protein and enhances its endocytosis. The
APP-N-terminus-blocking peptide 6KApoE effectively
inhibits the entry of ApoE into cells [59]. Inhibiting the
binding of the N-terminal portion of the APP protein to its
ligands and decreasing APP endocytosis to generate A
will be a crucial therapeutic strategy for AD. Several
compounds have been identified that target APP N-
terminal and influence APP processing to reduce AP
levels. Donepezil , a cholinesterase inhibitor, has been
shown to increase SNX33 expression [203] resulting in
elevated levels of sAPPa and surface sAPPa, but not
overall APP concentrations, and significantly reduce A}
levels in cell culture media [204]. Justicidin A decreases
APP endocytosis, leading to an increase in APP
concentrations and a decrease in AP concentrations [205].
Lovastatin inhibits APP endocytosis, most likely through
its pleiotropic effects on endocytic regulators, hence
decreasing APP B-cleavage and AP production [206].
Caffeine also provides some protection against the
amyloidogenic processing of APP by blocking the A3R-
mediated internalization of APP [207]. Therefore, further
exploration and development of APP N-terminal blockers
could lead to new therapeutic strategies for AD treatment.

8. Future perspectives and conclusions

APP is a transmembrane protein that is well-known as a
precursor of AP peptides, which accumulate in the brains
of AD patients [208]. Since the amyloid cascade
hypothesis for AD was established, AP has been widely
explored. However, in addition to Af, APP and its
proteolytic cleavage products have different clinical and
physiological activities, according to prior research [209].
AD is a complex disease that progresses rather slowly, but
the majority of people are diagnosed too late for effective
treatment [210]. Therefore, AD pathology must be
approached from multiple perspectives, including
amyloid and tau pathology and their interactions,
inflammatory  processes, oxidative stress, insulin
resistance, cholesterol, and mitochondrial dysfunction,
among other variables [211-213]. Given that these factors
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are intertwined in multiple ways throughout the life of a
patient with AD, early intervention is critical, and
multitargeted treatments should be tested in conjunction
with the use of conformational antibodies, active
immunization, and innovative biomarkers and
neuroimaging techniques.

It is now evident that APP and its fragments play a
variety of roles in development, cell growth, cell
adhesion, intercellular ~ communication, signal
transduction, mitochondrial fission and fusion, nuclear
signaling, and structural and functional plasticity and that
their dysregulation disrupts healthy cellular function [18,
51, 213, 214]. Therefore, it is not surprising that altered
APP processing may influence brain function through a
range of altered cellular and molecular mechanisms. APP
is also crucial for understanding the pathophysiology of
AD due to its biochemical, genetic, and neuropathological
connections to the illness [215, 216]. APP is the principal
source of AP, a substantial component of SPs in AD
brains. FAD is caused by mutations in the APP gene,
including APP locus duplications, emphasizing the
importance of APP gene dosage in AD [217, 218]. In
individuals with DS (trisomy of chromosome 21), an extra
copy of the APP gene causes widespread AD
neuropathology. Our recent research revealed that APP
may operate as a membrane receptor for ApoE and
contribute to AP clearance, as demonstrated by our recent
research[59]. APP may also function as a receptor for the
absorption of tau monomers or aggregates into cells,
hence facilitating seed-dependent intracellular tau
aggregation [219]. In conclusion, APP contributes
significantly to the onset and progression of AD.

Despite the knowledge gained thus far, numerous
issues remain to be addressed in understanding the
intracellular and extracellular functions of APP for the
treatment of AD. First, it is essential to understand the
presynaptic and postsynaptic functions of APP family
proteins. requiring the identification of specific
interaction partners and a more targeted technique in
which APP is selectively removed either at the
presynaptic or postsynaptic region. Second, the
relationship between APP adhesion activities and
ectodomain secretion needs to be understood. Third,
sophisticated functional studies are necessary to assess the
composition and relevance of APP-containing signaling
complexes, which may vary among cell types and brain
regions. Fourth, we must assess the likelihood that AD
pharmacotherapies that target APP processing affect the
endogenous functions of APP family members. Finally,
additional experimental studies, including those utilizing
various methods of viral vector administration, dosage
optimization, and tests with larger animal models, are
necessary to determine the therapeutic potential of APP
for damaged AD neurons. In conclusion, APP plays a

significant role in transporting and clearing pathogenic
proteins linked with AD, and experiments altering its
functions will provide vital insights for the development
of AD treatments.

Acknowlegements

This study was supported by the High-level Talent
Foundation of Guizhou Medical University (YJ19017,
J.T.), National Natural Science Foundation of China
(NSFC) (82171423, 82060211, J.T.), the National Key
Technologies R & D Program of China during the 9th
Five-Year Plan Period [4008 (2019), J.T.], and Zhejiang
Provincial Natural Science foundation (LY19HH090013,
ZW). Scientific Research Project of Higher Education
Institutions in Guizhou Province [192(2022), J.C.].
Guizhou Province Basic Research Program (Natural
Science) Project [Qiankehe Foundation-ZK (2023)
General 301, J.C.].

Author contributions

Jiang Chen and Jun-Sheng Chen performed the database
search. Jiang Chen, Song Li, Feng-Ning Zhang, Jie Deng,
Ling-Hui Zeng and Jun Tan engaged in fruitful
discussions about the content of the manuscript. Jiang
Chen and Song Li drafted, edited, and finalized the
manuscript. Jun Tan contributed to the conception and
design of the manuscript. All the authors discussed the
results and commented on the final version of the
manuscript.

Conflicts of interest

The authors declare no conflicts of interest related to this
study.

Supplementary Materials

The Supplementary data can be found online at:
www.aginganddisease.org/EN/10.14336/AD.2023.0308.

References

[1] JiaJ, Wei C, Chen S, Li F, Tang Y, Qin W, et al. (2018).
The cost of Alzheimer's disease in China and re-
estimation of costs worldwide. Alzheimers Dement,
14:483-491.

[2] De Strooper B, Karran E (2016). The Cellular Phase of
Alzheimer's Disease. Cell, 164:603-615.

[3] Van Cauwenberghe C, Van Broeckhoven C, Sleegers K
(2016). The genetic landscape of Alzheimer disease:
clinical implications and perspectives. Genet Med,
18:421-430.

[4] Walsh DM, Selkoe DJ (2020). Amyloid beta-protein

Aging and Disease * Volume 15, Number 1, February 2024

216



Chen J., et al.

APP: A regulatory hub in AD

(5]

(6]

[7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

and beyond: the path forward in Alzheimer's disease.
Curr Opin Neurobiol, 61:116-124.

Mann DMA, Davidson YS, Robinson AC, Allen N,
Hashimoto T, Richardson A, et al. (2018). Patterns and
severity of vascular amyloid in Alzheimer's disease
associated with duplications and missense mutations in
APP gene, Down syndrome and sporadic Alzheimer's
disease. Acta Neuropathol, 136:569-587.

Lott IT, Head E (2019). Dementia in Down syndrome:
unique insights for Alzheimer disease research. Nat Rev
Neurol, 15:135-147.

Wilcock DM, Griffin WS (2013). Down's syndrome,
neuroinflammation, and Alzheimer neuropathogenesis.
J Neuroinflammation, 10:84.

Moussa-Pacha NM, Abdin SM, Omar HA, Alniss H,
Al-Tel TH (2020). BACEL1 inhibitors: Current status
and future directions in treating Alzheimer's disease.
Med Res Rev, 40:339-384.

van Dyck CH (2018). Anti-Amyloid-beta Monoclonal
Antibodies for Alzheimer's Disease: Pitfalls and
Promise. Biol Psychiatry, 83:311-319.

Pulina MV, Hopkins M, Haroutunian V, Greengard P,
Bustos V (2020). C99 selectively accumulates in
vulnerable neurons in Alzheimer's disease. Alzheimers
Dement, 16:273-282.

Wang Z, Jackson RJ, Hong W, Taylor WM, Corbett GT,
Moreno A, et al. (2017). Human Brain-Derived Abeta
Oligomers Bind to Synapses and Disrupt Synaptic
Activity in a Manner That Requires APP. J Neurosci,
37:11947-11966.

Rolland M, Powell R, Jacquier-Sarlin M, Boisseau S,
Reynaud-Dulaurier R, Martinez-Hernandez J, et al.
(2020). Effect of Abeta Oligomers on Neuronal APP
Triggers a Vicious Cycle Leading to the Propagation of
Synaptic Plasticity Alterations to Healthy Neurons. J
Neurosci, 40:5161-5176.

Park G, Nhan HS, Tyan SH, Kawakatsu Y, Zhang C,
Navarro M, et al. (2020). Caspase Activation and
Caspase-Mediated Cleavage of APP Is Associated with
Amyloid beta-Protein-Induced Synapse Loss in
Alzheimer's Disease. Cell Rep, 31:107839.

Cummings J (2021). New approaches to symptomatic
treatments for Alzheimer's disease. Mol Neurodegener,
16:2.

Multhaup G, Huber O, Buee L, Galas MC (2015).
Amyloid Precursor Protein (APP) Metabolites APP
Intracellular Fragment (AICD), Abeta42, and Tau in
Nuclear Roles. J Biol Chem, 290:23515-23522.
Guzman EA, Bouter Y, Richard BC, Lannfelt L,
Ingelsson M, Paetau A, et al. (2014). Abundance of
Abeta (5)-x like immunoreactivity in transgenic
S5XFAD, APP/PSIKI and 3xTG mice, sporadic and
familial Alzheimer's disease. Mol Neurodegener, 9:13.
Paquet D, Kwart D, Chen A, Sproul A, Jacob S, Teo S,
et al. (2016). Efficient introduction of specific
homozygous and heterozygous mutations using
CRISPR/Cas9. Nature, 533:125-129.

Muller UC, Deller T, Korte M (2017). Not just amyloid:
physiological functions of the amyloid precursor
protein family. Nat Rev Neurosci, 18:281-298.

[19]

(20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

van der Kant R, Goldstein LS (2015). Cellular functions
of the amyloid precursor protein from development to
dementia. Dev Cell, 32:502-515.

Clark MJ, Gagnon J, Williams AF, Barclay AN (1985).
MRC OX-2 antigen: a lymphoid/neuronal membrane
glycoprotein  with a structure like a single
immunoglobulin light chain. EMBO J, 4:113-118.

Ben Khalifa N, Tyteca D, Marinangeli C, Depuydt M,
Collet JF, Courtoy PJ, et al. (2012). Structural features
of the KPI domain control APP dimerization, trafficking,
and processing. FASEB J, 26:855-867.

McDonald NQ, Kwong PD (1993). Does noggin head a
new class of Kunitz domain? Trends Biochem Sci,
18:208-209.

McColl G, Roberts BR, Pukala TL, Kenche VB,
Roberts CM, Link CD, et al. (2012). Utility of an
improved model of amyloid-beta (Abeta(1)(-)(4)(2))
toxicity in Caenorhabditis elegans for drug screening
for Alzheimer's disease. Mol Neurodegener, 7:57.

Rossjohn J, Cappai R, Feil SC, Henry A, McKinstry W1J,

Galatis D, et al. (1999). Crystal structure of the N-
terminal, growth factor-like domain of Alzheimer
amyloid precursor protein. Nat Struct Biol, 6:327-331.
Dahms SO, Hoefgen S, Roeser D, Schlott B, Guhrs KH,
Than ME (2010). Structure and biochemical analysis of
the heparin-induced E1 dimer of the amyloid precursor
protein. Proc Natl Acad Sci U S A, 107:5381-5386.
Dawkins E, Small DH (2014). Insights into the
physiological function of the beta-amyloid precursor
protein: beyond Alzheimer's disease. J Neurochem,
129:756-769.
Mockett BG, Richter M, Abraham WC, Muller UC
(2017). Therapeutic Potential of Secreted Amyloid
Precursor Protein APPsalpha. Front Mol Neurosci,
10:30.

Hoefgen S, Coburger I, Roeser D, Schaub Y, Dahms SO,
Than ME (2014). Heparin induced dimerization of APP
is primarily mediated by E1 and regulated by its acidic
domain. J Struct Biol, 187:30-37.

Gralle M, Ferreira ST (2007). Structure and functions
of the human amyloid precursor protein: the whole is
more than the sum of its parts. Prog Neurobiol, 82:11-
32.

Qiu WQ, Ferreira A, Miller C, Koo EH, Selkoe DJ
(1995). Cell-surface beta-amyloid precursor protein
stimulates neurite outgrowth of hippocampal neurons in
an isoform-dependent manner. J Neurosci, 15:2157-
2167.

Le Roc’h K (1994). EEG coherence in Alzheimer
disease, by Besthorn et al. Electroencephalogr Clin

Neurophysiol, 91:232-233.

Wang Y, Coulombe R, Cameron DR, Thauvette L,
Massariol MJ, Amon LM, et al. (2004). Crystal
structure of the E2 transactivation domain of human
papillomavirus type 11 bound to a protein interaction
inhibitor. J Biol Chem, 279:6976-6985.

Clarris HJ, Cappai R, Heffernan D, Beyreuther K,
Masters CL, Small DH (1997). Identification of
heparin-binding domains in the amyloid precursor
protein of Alzheimer's disease by deletion mutagenesis

Aging and Disease * Volume 15, Number 1, February 2024

217



Chen J., et al.

APP: A regulatory hub in AD

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

and peptide mapping. J Neurochem, 68:1164-1172.
Reinhard C, Hebert SS, De Strooper B (2005). The
amyloid-beta precursor protein: integrating structure
with biological function. EMBO J, 24:3996-4006.

Red Brewer M, Choi SH, Alvarado D, Moravcevic K,
Pozzi A, Lemmon MA, et al. (2009). The
juxtamembrane region of the EGF receptor functions as
an activation domain. Mol Cell, 34:641-651.

Lee SF, Shah S, Yu C, Wigley WC, Li H, Lim M, et al.
(2004). A conserved GXXXG motif in APH-1 is critical
for assembly and activity of the gamma-secretase
complex. J Biol Chem, 279:4144-4152.

Munter LM, Voigt P, Harmeier A, Kaden D, Gottschalk
KE, Weise C, et al. (2007). GxxxG motifs within the
amyloid precursor protein transmembrane sequence are
critical for the etiology of Abeta42. EMBO J, 26:1702-
1712.

Lu X, Huang J (2022). A thermodynamic investigation
of amyloid precursor protein processing by human
gamma-secretase. Commun Biol, 5:837.

Huang X, Atwood CS, Hartshorn MA, Multhaup G,
Goldstein LE, Scarpa RC, et al. (1999). The A beta
peptide of Alzheimer's disease directly produces
hydrogen peroxide through metal ion reduction.
Biochemistry, 38:7609-7616.

Han J, Du Z, Lim MH (2021). Mechanistic Insight into
the Design of Chemical Tools to Control Multiple
Pathogenic Features in Alzheimer's Disease. Acc Chem
Res, 54:3930-3940.

Gouras GK, Olsson TT, Hansson O (2015). beta-
Amyloid peptides and amyloid plaques in Alzheimer's
disease. Neurotherapeutics, 12:3-11.

Raychaudhuri M, Mukhopadhyay D (2007). AICD and
its adaptors - in search of new players. J Alzheimers Dis,
11:343-358.

Shu R, Wong W, Ma QH, Yang ZZ, Zhu H, Liu FJ, et al.
(2015). APP intracellular domain acts as a
transcriptional regulator of miR-663 suppressing
neuronal differentiation. Cell Death Dis, 6:¢1651.
Bukhari H, Glotzbach A, Kolbe K, Leonhardt G, Loosse
C, Muller T (2017). Small things matter: Implications
of APP intracellular domain AICD nuclear signaling in
the progression and pathogenesis of Alzheimer's
disease. Prog Neurobiol, 156:189-213.

Kogel D, Concannon CG, Muller T, Konig H, Bonner
C, Poeschel S, et al. (2012). The APP intracellular
domain (AICD) potentiates ER stress-induced
apoptosis. Neurobiol Aging, 33:2200-2209.

Muller T, Meyer HE, Egensperger R, Marcus K (2008).
The amyloid precursor protein intracellular domain
(AICD) as modulator of gene expression, apoptosis,
and cytoskeletal dynamics-relevance for Alzheimer's
disease. Prog Neurobiol, 85:393-406.

Robinson A, Grosgen S, Mett J, Zimmer VC,
Haupenthal VJ, Hundsdorfer B, et al. (2014).
Upregulation of PGC-1alpha expression by Alzheimer's
disease-associated pathway: presenilin 1/amyloid
precursor protein (APP)/intracellular domain of APP.
Aging Cell, 13:263-272.

Ghosal K, Fan Q, Dawson HN, Pimplikar SW (2016).

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Tau Protein Mediates APP Intracellular Domain
(AICD)-Induced  Alzheimer's-Like ~ Pathological
Features in Mice. PLoS One, 11:¢0159435.

Tamayev R, Zhou D, D'Adamio L (2009). The
interactome of the amyloid beta precursor protein
family members is shaped by phosphorylation of their
intracellular domains. Mol Neurodegener, 4:28.

Soba P, Eggert S, Wagner K, Zentgraf H, Siehl K,
Kreger S, et al. (2005). Homo- and heterodimerization
of APP family members promotes intercellular
adhesion. EMBO J, 24:3624-3634.

Klevanski M, Herrmann U, Weyer SW, Fol R, Cartier
N, Wolfer DP, et al. (2015). The APP Intracellular
Domain Is Required for Normal Synaptic Morphology,
Synaptic Plasticity, and Hippocampus-Dependent
Behavior. J Neurosci, 35:16018-16033.

Hoe HS, Lee KJ, Carney RS, Lee J, Markova A, Lee JY,
et al. (2009). Interaction of reelin with amyloid
precursor protein promotes neurite outgrowth. J
Neurosci, 29:7459-7473.

Guillaud L, Dimitrov D, Takahashi T (2017).
Presynaptic morphology and vesicular composition
determine vesicle dynamics in mouse central synapses.
Elife, 6.

Hitt BD, Jaramillo TC, Chetkovich DM, Vassar R
(2010). BACE1-/- mice exhibit seizure activity that
does not correlate with sodium channel level or axonal
localization. Mol Neurodegener, 5:31.

Tyan SH, Shih AY, Walsh JJ, Maruyama H, Sarsoza F,
Ku L, et al. (2012). Amyloid precursor protein (APP)
regulates synaptic structure and function. Mol Cell
Neurosci, 51:43-52.

Mattson MP, Cheng B, Culwell AR, Esch FS,
Lieberburg I, Rydel RE (1993). Evidence for
excitoprotective and intraneuronal calcium-regulating
roles for secreted forms of the beta-amyloid precursor
protein. Neuron, 10:243-254.

Ring S, Weyer SW, Kilian SB, Waldron E, Pietrzik CU,
Filippov MA, et al. (2007). The secreted beta-amyloid
precursor protein ectodomain APPs alpha is sufficient
to rescue the anatomical, behavioral, and
electrophysiological abnormalities of APP-deficient
mice. J Neurosci, 27:7817-7826.

Cao X, Sudhof TC (2001). A transcriptionally
[correction of transcriptively] active complex of APP
with Fe65 and histone acetyltransferase Tip60. Science,
293:115-120.

Sawmiller D, Habib A, Hou H, Mori T, Fan A, Tian J,
et al. (2019). A Novel Apolipoprotein E Antagonist
Functionally Blocks Apolipoprotein E Interaction With
N-terminal Amyloid Precursor Protein, Reduces beta-
Amyloid-Associated ~ Pathology, and Improves
Cognition. Biol Psychiatry, 86:208-220.

Pfundstein G, Nikonenko AG, Sytnyk V (2022).
Amyloid precursor protein (APP) and amyloid beta
(Abeta) interact with cell adhesion molecules:
Implications in Alzheimer's disease and normal
physiology. Front Cell Dev Biol, 10:969547.

Liu T, Woo JA, Yan Y, LePochat P, Bukhari MZ, Kang
DE (2019). Dual role of cofilin in APP trafficking and

Aging and Disease * Volume 15, Number 1, February 2024

218



Chen J., et al.

APP: A regulatory hub in AD

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

amyloid-beta clearance. FASEB J, 33:14234-14247.

de Jager M, van der Wildt B, Schul E, Bol JG, van
Duinen SG, Drukarch B, et al. (2013). Tissue
transglutaminase colocalizes with extracellular matrix
proteins in cerebral amyloid angiopathy. Neurobiol
Aging, 34:1159-1169.

Jiang R, Smailovic U, Haytural H, Tijms BM, Li H,
Haret RM, et al. (2022). Increased CSF-decorin predicts
brain pathological changes driven by Alzheimer's Abeta
amyloidosis. Acta Neuropathol Commun, 10:96.

Yin T, Yao W, Lemenze AD, D'Adamio L (2021).
Danish and British dementia ITM2b/BRI2 mutations
reduce BRI2 protein stability and impair glutamatergic
synaptic transmission. J Biol Chem, 296:100054.
Martins F, Rebelo S, Santos M, Cotrim CZ, da Cruz e
Silva EF, da Cruz e Silva OA (2016). BRI2 and BRI3
are functionally distinct phosphoproteins. Cell Signal,
28:130-144.

Guo Y, Wang Q, Chen S, Xu C (2021). Functions of
amyloid precursor protein in metabolic diseases.
Metabolism, 115:154454.

Cho'Y, Bae HG, Okun E, Arumugam TV, Jo DG (2022).
Physiology and pharmacology of amyloid precursor
protein. Pharmacol Ther, 235:108122.

Nikolaev A, McLaughlin T, O'Leary DD, Tessier-
Lavigne M (2009). APP binds DR6 to trigger axon
pruning and neuron death via distinct caspases. Nature,
457:981-989.

Iyer A, van Scheppingen J, Anink J, Milenkovic I,
Kovacs GG, Aronica E (2013). Developmental patterns
of DR6 in normal human hippocampus and in Down
syndrome. J Neurodev Disord, 5:10.

Xu K, Olsen O, Tzvetkova-Robev D, Tessier-Lavigne
M, Nikolov DB (2015). The crystal structure of DR6 in
complex with the amyloid precursor protein provides
insight into death receptor activation. Genes Deyv,
29:785-790.

Krueger I, Gremer L, Mangels L, Klier M, Jurk K,
Willbold D, et al. (2020). Reelin Amplifies
Glycoprotein VI Activation and Alphallb Beta3
Integrin Outside-In Signaling via PLC Gamma 2 and
Rho GTPases. Arterioscler Thromb Vasc Biol, 40:2391-
2403.

Hoe HS, Rebeck GW (2008). Regulated proteolysis of
APP and ApoE receptors. Mol Neurobiol, 37:64-72.
Ho A, Sudhof TC (2004). Binding of F-spondin to
amyloid-beta precursor protein: a candidate amyloid-
beta precursor protein ligand that modulates amyloid-
beta precursor protein cleavage. Proc Natl Acad Sci U
S A, 101:2548-2553.

Bhattacharya A, Limone A, Napolitano F, Cerchia C,
Parisi S, Minopoli G, et al. (2020). APP Maturation and
Intracellular Localization Are Controlled by a Specific
Inhibitor of 37/67 kDa Laminin-1 Receptor in Neuronal
Cells. Int J Mol Sci, 21.

Sosa LJ, Postma NL, Estrada-Bernal A, Hanna M, Guo
R, Busciglio J, et al. (2014). Dosage of amyloid
precursor protein affects axonal contact guidance in
Down syndrome. FASEB J, 28:195-205.

Liu CC, Zhao N, Yamaguchi Y, Cirrito JR, Kanekiyo T,

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Holtzman DM, et al. (2016). Neuronal heparan sulfates
promote amyloid pathology by modulating brain
amyloid-beta clearance and aggregation in Alzheimer's
disease. Sci Transl Med, 8:332ra344.

Jendresen CB, Cui H, Zhang X, Vlodavsky I, Nilsson
LNG, Li JP (2015). Overexpression of heparanase
lowers the amyloid burden in amyloid-beta precursor
protein transgenic mice. J Biol Chem, 290:5053-5064.
LiuY, Cong P, Zhang T, Wang R, Wang X, Liu J, et al.
(2021). Plasmalogen attenuates the development of
hepatic steatosis and cognitive deficit through
mechanism involving p7SNTR inhibition. Redox Biol,
43:102002.

Wang YJ, Wang X, Lu JJ, Li QX, Gao CY, Liu XH, et
al. (2011). p75NTR regulates Abeta deposition by
increasing Abeta production but inhibiting Abeta
aggregation with its extracellular domain. J Neurosci,
31:2292-2304.

Yang CR, Ding HJ, Yu M, Zhou FH, Han CY, Liang R,
et al. (2022). proBDNF/p75NTR promotes rheumatoid
arthritis and inflammatory response by activating
proinflammatory cytokines. FASEB J, 36:¢22180.
Chen XQ, Zuo X, Becker A, Head E, Mobley WC
(2022). Reduced synaptic proteins and SNARE
complexes in Down syndrome with Alzheimer's disease
and the Dp16 mouse Down syndrome model: Impact of
APP gene dose. Alzheimers Dement.

Nakamura M, Li Y, Choi BR, Matas-Rico E, Troncoso
J, Takahashi C, et al. (2021). GDE2-RECK controls
ADAMI10 alpha-secretase-mediated cleavage of
amyloid precursor protein. Sci Transl Med, 13.

Yao W, Tambini MD, Liu X, D'Adamio L (2019).
Tuning of Glutamate, But Not GABA, Release by an
Intrasynaptic Vesicle APP Domain Whose Function
Can Be Modulated by beta- or alpha-Secretase
Cleavage. J Neurosci, 39:6992-7005.

Maesako M, Houser MCQ, Turchyna Y, Wolfe MS,
Berezovska O (2022). Presenilin/gamma-Secretase
Activity Is Located in Acidic Compartments of Live
Neurons. J Neurosci, 42:145-154.

Sun X, WuY, Gu M, Liu Z, Ma Y, Li J, et al. (2014).
Selective filtering defect at the axon initial segment in
Alzheimer's disease mouse models. Proc Natl Acad Sci
USA, 111:14271-14276.

Kuo CC, Chiang AWT, Baghdassarian HM, Lewis NE
(2021). Dysregulation of the secretory pathway
connects Alzheimer's disease genetics to aggregate
formation. Cell Syst, 12:873-884 ¢874.

Guenette S, Strecker P, Kins S (2017). APP Protein
Family Signaling at the Synapse: Insights from
Intracellular APP-Binding Proteins. Front Mol
Neurosci, 10:87.

Tarr PE, Roncarati R, Pelicci G, Pelicci PG, D'Adamio
L (2002). Tyrosine phosphorylation of the beta-amyloid
precursor protein cytoplasmic tail promotes interaction
with Shc. J Biol Chem, 277:16798-16804.

Deyts C, Clutter M, Herrera S, Jovanovic N, Goddi A,
Parent AT (2016). Loss of presenilin function is
associated with a selective gain of APP function. Elife,
5.

Aging and Disease * Volume 15, Number 1, February 2024

219



Chen J., et al.

APP: A regulatory hub in AD

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

Le Douce J, Maugard M, Veran J, Matos M, Jego P,
Vigneron PA, et al. (2020). Impairment of Glycolysis-
Derived 1-Serine Production in Astrocytes Contributes
to Cognitive Deficits in Alzheimer's Disease. Cell
Metab, 31:503-517 ¢508.

Choi GE, Lee SJ, Lee HJ, Ko SH, Chae CW, Han HJ
(2017). Membrane-Associated Effects of
Glucocorticoid on BACE1 Upregulation and Abeta
Generation: Involvement of Lipid Raft-Mediated
CREB Activation. J Neurosci, 37:8459-8476.

Yao Y, Kang SS, XiaY, Wang ZH, Liu X, Muller T, et
al. (2021). A delta-secretase-truncated APP fragment
activates CEBPB, mediating Alzheimer's disease
pathologies. Brain, 144:1833-1852.

Jiang M, Vanan S, Tu HT, Zhang W, Zhang ZW, Chia
SY, et al. (2020). Amyloid precursor protein
intracellular domain-dependent regulation of FOXO3a
inhibits adult hippocampal neurogenesis. Neurobiol
Aging, 95:250-263.

Ceglia I, Reitz C, Gresack J, Ahn JH, Bustos V, Bleck
M, et al. (2015). APP intracellular domain-WAVEI
pathway reduces amyloid-beta production. Nat Med,
21:1054-1059.

Song H, Boo JH, Kim KH, Kim C, Kim YE, Ahn JH, et
al. (2013). Critical role of presenilin-dependent gamma-
secretase  activity in DNA  damage-induced
promyelocytic leukemia protein expression and
apoptosis. Cell Death Differ, 20:639-648.

D'Andrea L, Stringhi R, Di Luca M, Marcello E (2021).
Looking at Alzheimer's Disease Pathogenesis from the
Nuclear Side. Biomolecules, 11.

Checler F, Goiran T, Alves da Costa C (2017).
Presenilins at the crossroad of a functional interplay
between PARK2/PARKIN and PINKI1 to control
mitophagy: Implication for neurodegenerative diseases.
Autophagy, 13:2004-2005.

Probst S, Riese F, Kagi L, Kruger M, Russi N, Nitsch
RM, et al. (2021). Lysine acetyltransferase Tip60
acetylates the APP adaptor Fe65 to increase its
transcriptional activity. Biol Chem, 402:481-499.

Chen ZC, Zhang W, Chua LL, Chai C, Li R, Lin L, et
al. (2017). Phosphorylation of amyloid precursor
protein by mutant LRRK2 promotes AICD activity and
neurotoxicity in Parkinson's disease. Sci Signal, 10.
Pousinha PA, Mouska X, Raymond EF, Gwizdek C,
Dhib G, Poupon G, et al. (2017). Physiological and
pathophysiological control of synaptic GIuN2B-
NMDA receptors by the C-terminal domain of amyloid
precursor protein. Elife, 6.

Rieche F, Carmine-Simmen K, Poeck B, Kretzschmar
D, Strauss R (2018). Drosophila Full-Length Amyloid
Precursor Protein Is Required for Visual Working
Memory and Prevents Age-Related Memory
Impairment. Curr Biol, 28:817-823 ¢813.

Esch FS, Keim PS, Beattie EC, Blacher RW, Culwell
AR, Oltersdorf T, et al. (1990). Cleavage of amyloid
beta peptide during constitutive processing of its
precursor. Science, 248:1122-1124.

Aguzzi A, O'Connor T (2010). Protein aggregation
diseases: pathogenicity and therapeutic perspectives.

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Nat Rev Drug Discov, 9:237-248.

O'Brien RJ, Wong PC (2011). Amyloid precursor
protein processing and Alzheimer's disease. Annu Rev
Neurosci, 34:185-204.

Gervais FG, Xu D, Robertson GS, Vaillancourt JP, Zhu
Y, Huang J, et al. (1999). Involvement of caspases in
proteolytic cleavage of Alzheimer's amyloid-beta
precursor protein and amyloidogenic A beta peptide
formation. Cell, 97:395-406.

Das U, Wang L, Ganguly A, Saikia JM, Wagner SL,
Koo EH, et al. (2016). Visualizing APP and BACE-1
approximation in neurons yields insight into the
amyloidogenic pathway. Nat Neurosci, 19:55-64.
Soriano S, Lu DC, Chandra S, Pietrzik CU, Koo EH
(2001). The amyloidogenic pathway of amyloid
precursor protein (APP) is independent of its cleavage
by caspases. J Biol Chem, 276:29045-29050.
Bandyopadhyay S, Goldstein LE, Lahiri DK, Rogers JT
(2007). Role of the APP non-amyloidogenic signaling
pathway and targeting alpha-secretase as an alternative
drug target for treatment of Alzheimer's disease. Curr
Med Chem, 14:2848-2864.

Wu Y, Whittaker HT, Noy S, Cleverley K, Brault V,
Herault Y, et al. (2021). The effects of Cstb duplication
on APP/amyloid-beta pathology and cathepsin B
activity in a mouse model. PLoS One, 16:0242236.
Orejana L, Barros-Minones L, Jordan J, Cedazo-
Minguez A, Tordera RM, Aguirre N, et al. (2015).
Sildenafil Decreases BACE1 and Cathepsin B Levels
and Reduces APP Amyloidogenic Processing in the
SAMP8 Mouse. J Gerontol A Biol Sci Med Sci, 70:675-
685.

Kamer AR, Pirraglia E, Tsui W, Rusinek H,
Vallabhajosula S, Mosconi L, et al. (2015). Periodontal
disease associates with higher brain amyloid load in
normal elderly. Neurobiol Aging, 36:627-633.

Dominy SS, Lynch C, Ermini F, Benedyk M, Marczyk
A, Konradi A, et al. (2019). Porphyromonas gingivalis
in Alzheimer's disease brains: Evidence for disease
causation and treatment with small-molecule inhibitors.
Sci Adv, 5:eaau3333.

Hook G, Reinheckel T, Ni J, Wu Z, Kindy M, Peters C,
et al. (2022). Cathepsin B Gene Knockout Improves
Behavioral Deficits and Reduces Pathology in Models
of Neurologic Disorders. Pharmacol Rev, 74:600-629.
Wu Z,NiJ, LiuY, Teeling JL, Takayama F, Collcutt A,
et al. (2017). Cathepsin B plays a critical role in
inducing  Alzheimer's  disease-like  phenotypes
following chronic systemic exposure to
lipopolysaccharide from Porphyromonas gingivalis in
mice. Brain Behav Immun, 65:350-361.

Becker-Pauly C, Pietrzik CU (2016). The
Metalloprotease Meprin beta Is an Alternative beta-
Secretase of APP. Front Mol Neurosci, 9:159.
Schonherr C, Bien J, Isbert S, Wichert R, Prox J,
Altmeppen H, et al. (2016). Generation of aggregation
prone N-terminally truncated amyloid beta peptides by
meprin beta depends on the sequence specificity at the
cleavage site. Mol Neurodegener, 11:19.

Marengo L, Armbrust F, Schoenherr C, Storck SE,

Aging and Disease * Volume 15, Number 1, February 2024

220



Chen J., et al.

APP: A regulatory hub in AD

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Schmitt U, Zampar S, et al. (2022). Meprin beta
knockout reduces brain Abeta levels and rescues
learning and memory impairments in the APP/lon
mouse model for Alzheimer's disease. Cell Mol Life Sci,
79:168.

Willem M, Tahirovic S, Busche MA, Ovsepian SV,
Chafai M, Kootar S, et al. (2015). eta-Secretase
processing of APP inhibits neuronal activity in the
hippocampus. Nature, 526:443-447.

Haass C, Kaether C, Thinakaran G, Sisodia S (2012).
Trafficking and proteolytic processing of APP. Cold
Spring Harb Perspect Med, 2:a006270.

Baranger K, Khrestchatisky M, Rivera S (2016). MT5-
MMP, just a new APP processing proteinase in
Alzheimer's disease? J Neuroinflammation, 13:167.
Pilat D, Paumier JM, Garcia-Gonzalez L, Louis L,
Stephan D, Manrique C, et al. (2022). MT5-MMP
promotes neuroinflammation, neuronal excitability and
Abeta production in primary neuron/astrocyte cultures
from the SXFAD mouse model of Alzheimer's disease. J
Neuroinflammation, 19:65.

Wang ZH, Xiang J, Liu X, Yu SP, Manfredsson FP,
Sandoval IM, et al. (2019). Deficiency in BDNF/TrkB
Neurotrophic Activity Stimulates delta-Secretase by
Upregulating C/EBPbeta in Alzheimer's Disease. Cell
Rep, 28:655-669 e655.

Zhang Z, Li XG, Wang ZH, Song M, Yu SP, Kang SS,
et al. (2021). delta-Secretase-cleaved Tau stimulates
Abeta production via upregulating STAT1-BACEI1
signaling in Alzheimer's disease. Mol Psychiatry,
26:586-603.

Fieblinger T, Li C, Espa E, Cenci MA (2022). Non-
Apoptotic Caspase-3 Activation Mediates Early
Synaptic Dysfunction of Indirect Pathway Neurons in
the Parkinsonian Striatum. Int J Mol Sci, 23.

Park SS, Jung HJ, Kim YJ, Park TK, Kim C, Choi H, et
al. (2012). Asp664 cleavage of amyloid precursor
protein induces tau phosphorylation by decreasing
protein phosphatase 2A activity. J Neurochem,
123:856-865.

Lu DC, Rabizadeh S, Chandra S, Shayya RF, Ellerby
LM, Ye X, et al. (2000). A second cytotoxic proteolytic
peptide derived from amyloid beta-protein precursor.
Nat Med, 6:397-404.

Harris JA, Devidze N, Halabisky B, Lo I, Thwin MT,
Yu GQ, et al. (2010). Many neuronal and behavioral
impairments in transgenic mouse models of
Alzheimer's disease are independent of caspase
cleavage of the amyloid precursor protein. J Neurosci,
30:372-381.

Caporaso GL, Takei K, Gandy SE, Matteoli M,
Mundigl O, Greengard P, et al. (1994). Morphologic
and biochemical analysis of the intracellular trafficking
of the Alzheimer beta/A4 amyloid precursor protein. J
Neurosci, 14:3122-3138.

Palacios G, Palacios JM, Mengod G, Frey P (1992).
Beta-amyloid precursor protein localization in the
Golgi apparatus in neurons and oligodendrocytes. An
immunocytochemical structural and ultrastructural
study in normal and axotomized neurons. Brain Res

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

Mol Brain Res, 15:195-206.

Guo Q, Li H, Gaddam SS, Justice NJ, Robertson CS,
Zheng H (2012). Amyloid precursor protein revisited:
neuron-specific expression and highly stable nature of
soluble derivatives. J Biol Chem, 287:2437-2445.

Das U, Scott DA, Ganguly A, Koo EH, Tang Y, Roy S
(2013). Activity-induced convergence of APP and
BACE-1 in acidic microdomains via an endocytosis-
dependent pathway. Neuron, 79:447-460.

Willnow TE, Andersen OM (2013). Sorting receptor
SORLA--a trafficking path to avoid Alzheimer disease.
J Cell Sci, 126:2751-2760.

Haass C, Koo EH, Mellon A, Hung AY, Selkoe DJ
(1992). Targeting of cell-surface beta-amyloid
precursor protein to lysosomes: alternative processing
into amyloid-bearing fragments. Nature, 357:500-503.
Cole GM, Bell L, Truong QB, Saitoh T (1992). An
endosomal-lysosomal pathway for degradation of
amyloid precursor protein. Ann N'Y Acad Sci, 674:103-
117.

Ehehalt R, Keller P, Haass C, Thiele C, Simons K
(2003). Amyloidogenic processing of the Alzheimer
beta-amyloid precursor protein depends on lipid rafts. J
Cell Biol, 160:113-123.

Schneider A, Rajendran L, Honsho M, Gralle M,
Donnert G, Wouters F, et al. (2008). Flotillin-dependent
clustering of the amyloid precursor protein regulates its
endocytosis and amyloidogenic processing in neurons.
J Neurosci, 28:2874-2882.

Dieckmann M, Dietrich MF, Herz J (2010). Lipoprotein
receptors--an evolutionarily ancient multifunctional
receptor family. Biol Chem, 391:1341-1363.

Nykjaer A, Willnow TE (2002). The low-density
lipoprotein receptor gene family: a cellular Swiss army
knife? Trends Cell Biol, 12:273-280.

Pohlkamp T, Wasser CR, Herz J (2017). Functional
Roles of the Interaction of APP and Lipoprotein
Receptors. Front Mol Neurosci, 10:54.

Brown MS, Goldstein JL (1986). A receptor-mediated
pathway for cholesterol homeostasis. Science, 232:34-
47.

Jacobsen L, Madsen P, Moestrup SK, Lund AH,
Tommerup N, Nykjaer A, et al. (1996). Molecular
characterization of a novel human hybrid-type receptor
that binds the alpha2-macroglobulin receptor-
associated protein. J Biol Chem, 271:31379-31383.
Yamazaki H, Bujo H, Kusunoki J, Seimiya K, Kanaki T,
Morisaki N, et al. (1996). Elements of neural adhesion
molecules and a yeast vacuolar protein sorting receptor
are present in a novel mammalian low density
lipoprotein receptor family member. J Biol Chem,
271:24761-24768.

Hermey G (2009). The Vps10p-domain receptor family.
Cell Mol Life Sci, 66:2677-2689.

Vogt L, Schrimpf SP, Meskenaite V, Frischknecht R,
Kinter J, Leone DP, et al. (2001). Calsyntenin-1, a
proteolytically processed postsynaptic membrane
protein with a cytoplasmic calcium-binding domain.
Mol Cell Neurosci, 17:151-166.

Hintsch G, Zurlinden A, Meskenaite V, Steuble M,

Aging and Disease * Volume 15, Number 1, February 2024

221



Chen J., et al.

APP: A regulatory hub in AD

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

Fink-Widmer K, Kinter J, et al. (2002). The
calsyntenins--a family of postsynaptic membrane
proteins with distinct neuronal expression patterns. Mol
Cell Neurosci, 21:393-409.

Araki Y, Tomita S, Yamaguchi H, Miyagi N, Sumioka
A, Kirino Y, et al. (2003). Novel cadherin-related
membrane proteins, Alcadeins, enhance the X11-like
protein-mediated stabilization of amyloid beta-protein
precursor metabolism. J Biol Chem, 278:49448-49458.
Selkoe DJ (2001). Alzheimer's disease: genes, proteins,
and therapy. Physiol Rev, 81:741-766.

Tew J, Goate AM (2017). Genetics of beta-Amyloid
Precursor Protein in Alzheimer's Disease. Cold Spring
Harb Perspect Med, 7.

Xia Q, Yang X, Shi J, Liu Z, Peng Y, Wang W, et al.
(2021). The Protective A673T Mutation of Amyloid
Precursor Protein (APP) in Alzheimer's Disease. Mol
Neurobiol, 58:4038-4050.

Park H, Shin J, Kim Y, Saito T, Saido TC, Kim J (2022).
CRISPR/dCas9-Dnmt3a-mediated  targeted = DNA
methylation of APP rescues brain pathology in a mouse
model of Alzheimer's disease. Transl Neurodegener,
11:41.

Zhang X, Zhang CM, Prokopenko D, Liang Y, Zhen SY,
Weigle 1Q, et al. (2021). An APP ectodomain mutation
outside of the Abeta domain promotes Abeta production
in vitro and deposition in vivo. J Exp Med, 218.

Ohta Y, Hishikawa N, Ikegami K, Sato K, Osakada Y,
Takemoto M, et al. (2020). Different clinical and
neuroimaging features of Japanese dementia siblings
with a new N-terminal mutation (Val225Ala) of APP
gene. J Clin Neurosci, 72:482-484.

Geylis V, Steinitz M (2006). Immunotherapy of
Alzheimer's disease (AD): from murine models to anti-
amyloid beta (Abeta) human monoclonal antibodies.
Autoimmun Rev, 5:33-39.

Foster JK, Verdile G, Bates KA, Martins RN (2009).
Immunization in Alzheimer's disease: naive hope or
realistic clinical potential? Mol Psychiatry, 14:239-251.
Sevigny J, Chiao P, Bussiere T, Weinreb PH, Williams
L, Maier M, et al. (2016). The antibody aducanumab
reduces Abeta plaques in Alzheimer's disease. Nature,
537:50-56.

van Dyck CH, Swanson CJ, Aisen P, Bateman RJ, Chen
C, Gee M, et al. (2023). Lecanemab in Early
Alzheimer's Disease. N Engl J Med, 388:9-21.

Walsh S, Merrick R, Richard E, Nurock S, Brayne C
(2022). Lecanemab for Alzheimer's disease. BMJ,
379:03010.

The L (2022). Lecanemab for Alzheimer's disease:
tempering hype and hope. Lancet, 400:1899.
Petrushina I, Hovakimyan A, Harahap-Carrillo IS,
Davtyan H, Antonyan T, Chailyan G, et al. (2020).
Characterization and preclinical evaluation of the
cGMP grade DNA based vaccine, AV-1959D to enter
the first-in-human clinical trials. Neurobiol Dis,
139:104823.

Davtyan H, Zagorski K, Petrushina I, Kazarian K,
Goldberg NRS, Petrosyan J, et al. (2017). MultiTEP
platform-based = DNA  vaccines  for  alpha-

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

synucleinopathies: preclinical evaluation of
immunogenicity and therapeutic potency. Neurobiol
Aging, 59:156-170.

Sarazin M, Dorothee G, de Souza LC, Aucouturier P
(2013). Immunotherapy in Alzheimer's disease: do we
have all the pieces of the puzzle? Biol Psychiatry,
74:329-332.

Teeling JL, Carare RO, Glennie MJ, Perry VH (2012).
Intracerebral immune complex formation induces
inflammation in the brain that depends on Fc receptor
interaction. Acta Neuropathol, 124:479-490.
Lathuiliere A, Laversenne V, Astolfo A, Kopetzki E,
Jacobsen H, Stampanoni M, et al. (2016). A
subcutaneous cellular implant for passive immunization
against amyloid-beta reduces brain amyloid and tau
pathologies. Brain, 139:1587-1604.

Kwok JB, Loy CT, Dobson-Stone C, Halliday GM
(2020). The complex relationship between genotype,
pathology and phenotype in familial dementia.
Neurobiol Dis, 145:105082.

Bhardwaj S, Kesari KK, Rachamalla M, Mani S, Ashraf
GM, Jha SK, et al. (2022). CRISPR/Cas9 gene editing:
New hope for Alzheimer's disease therapeutics. J Adv
Res, 40:207-221.

Scearce-Levie K, Sanchez PE, Lewcock JW (2020).
Leveraging preclinical models for the development of
Alzheimer disease therapeutics. Nat Rev Drug Discov,
19:447-462.

Marino M, Zhou L, Rincon MY, Callaerts-Vegh Z,
Verhaert J, Wahis J, et al. (2022). AAV-mediated
delivery of an anti-BACE1 VHH alleviates pathology
in an Alzheimer's disease model. EMBO Mol Med,
14:¢09824.

Cagin U (2021). Targeting ~ Age-Related
Neurodegenerative Diseases by AAV-Mediated Gene
Therapy. Adv Exp Med Biol, 1286:213-223.

Du Z, Song Y, Chen X, Zhang W, Zhang G, Li H, et al.
(2021). Knockdown of astrocytic Grin2a aggravates
beta-amyloid-induced memory and cognitive deficits
through regulating nerve growth factor. Aging Cell,
20:e13437.

Selles MC, Fortuna JTS, Cercato MC, Santos LE,
Domett L, Bitencourt ALB, et al. (2023). AAV-
mediated neuronal expression of an scFv antibody
selective for Abeta oligomers protects synapses and
rescues memory in Alzheimer models. Mol Ther,
31:409-419.

Marucci G, Buccioni M, Ben DD, Lambertucci C,
Volpini R, Amenta F (2021). Efficacy of
acetylcholinesterase inhibitors in Alzheimer's disease.
Neuropharmacology, 190:108352.

Syafni N, Faleschini MT, Garifulina A, Danton O,
Gupta MP, Hering S, et al. (2022). Clerodane
Diterpenes from Casearia corymbosa as Allosteric
GABA(A) Receptor Modulators. J Nat Prod, 85:1201-
1210.

Jin X, Liu MY, Zhang DF, Zhong X, Du K, Qian P, et
al. (2019). Natural products as a potential modulator of
microglial polarization in neurodegenerative diseases.
Pharmacol Res, 145:104253.

Aging and Disease * Volume 15, Number 1, February 2024

222



Chen J., et al.

APP: A regulatory hub in AD

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

Stuve O, Weideman RA, McMahan DM, Jacob DA,
Little BB (2020). Diclofenac reduces the risk of
Alzheimer's disease: a pilot analysis of NSAIDs in two
US veteran populations. Ther Adv Neurol Disord,
13:1756286420935676.

Kuhn PH, Wang H, Dislich B, Colombo A, Zeitschel U,
Ellwart JW, et al. (2010). ADAMIO is the
physiologically relevant, constitutive alpha-secretase of
the amyloid precursor protein in primary neurons.
EMBO J, 29:3020-3032.

Hampel H, Vassar R, De Strooper B, Hardy J, Willem
M, Singh N, et al. (2021). The beta-Secretase BACE1
in Alzheimer's Disease. Biol Psychiatry, 89:745-756.
Chris Min K, Dockendorf MF, Palcza J, Tseng J, Ma L,
Stone JA, et al. (2019). Pharmacokinetics and
Pharmacodynamics of the BACEl Inhibitor
Verubecestat (MK-8931) in Healthy Japanese Adults: A
Randomized, Placebo-Controlled  Study.  Clin
Pharmacol Ther, 105:1234-1243.

Wessels AM, Tariot PN, Zimmer JA, Selzler KJ, Bragg
SM, Andersen SW, et al. (2020). Efficacy and Safety of
Lanabecestat for Treatment of Early and Mild
Alzheimer Disease: The AMARANTH and
DAYBREAK-ALZ Randomized Clinical Trials. JAMA
Neurol, 77:199-209.

Novak G, Streffer JR, Timmers M, Henley D, Brashear
HR, Bogert J, et al. (2020). Long-term safety and
tolerability of atabecestat (JNJ-54861911), an oral
BACEI inhibitor, in early Alzheimer's disease spectrum
patients: a randomized, double-blind, placebo-
controlled study and a two-period extension study.
Alzheimers Res Ther, 12:58.

McKinzie DL, Winneroski LL, Green SJ, Hembre EJ,
Erickson JA, Willis BA, et al. (2021). Discovery and
Early Clinical Development of LY3202626, a Low-
Dose, CNS-Penctrant BACE Inhibitor. J] Med Chem,
64:8076-8100.

Machauer R, Lueoend R, Hurth K, Veenstra SJ,
Rueeger H, Voegtle M, et al. (2021). Discovery of
Umibecestat (CNP520): A Potent, Selective, and
Efficacious beta-Secretase (BACE1) Inhibitor for the
Prevention of Alzheimer's Disease. ] Med Chem,
64:15262-15279.

Patel S, Bansoad AV, Singh R, Khatik GL (2022).
BACEl: A Key Regulator in Alzheimer's Disease
Progression and Current Development of its Inhibitors.
Curr Neuropharmacol, 20:1174-1193.

Seo EJ, Fischer N, Efferth T (2018). Phytochemicals as
inhibitors of NF-kappaB for treatment of Alzheimer's
disease. Pharmacol Res, 129:262-273.

Yang G, Zhou R, Guo X, Yan C, Lei J, Shi Y (2021).
Structural basis of gamma-secretase inhibition and
modulation by small molecule drugs. Cell, 184:521-533
e514.

Meunier J, Villard V, Givalois L, Maurice T (2013). The
gamma-secretase inhibitor 2-[(1R)-1-[(4-
chlorophenyl)sulfonyl](2,5-difluorophenyl)

amino Jethyl-5-fluorobenzenebutanoic  acid (BMS-
299897) alleviates Abetal-42 seeding and short-term
memory deficits in the Abeta25-35 mouse model of

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

Alzheimer's disease. Eur J Pharmacol, 698:193-199.
Chen X, Chen X, Zhou Z, Qin A, Wang Y, Fan B, et al.
(2019). LY411575, a potent gamma-secretase inhibitor,
suppresses osteoclastogenesis in vitro and LPS-induced
calvarial osteolysis in vivo. J Cell Physiol, 234:20944-
20956.

O'Sullivan Coyne G, Woodring TS, Lee CR, Chen AP,
Kong HH (2018). Hidradenitis Suppurativa-Like
Lesions Associated with Pharmacologic Inhibition of
Gamma-Secretase. ] Invest Dermatol, 138:979-981.
Peuchmaur M, Lacour MA, Sevalle J, Lisowski V,
Touati-Jallabe Y, Rodier F, et al. (2013). Further
characterization of a putative serine protease
contributing to the gamma-secretase cleavage of beta-
amyloid precursor protein. Bioorg Med Chem,
21:1018-1029.

Peng L, Bestard-Lorigados I, Song W (2022). The
synapse as a treatment avenue for Alzheimer's Disease.
Mol Psychiatry, 27:2940-2949.

Mazzaglia A, Di Natale G, Tosto R, Scala A, Sortino G,
Piperno A, et al. (2022). KLVFF oligopeptide-decorated
amphiphilic cyclodextrin nanomagnets for selective
amyloid beta recognition and fishing. J Colloid
Interface Sci, 613:814-826.

Sekino N, Selim M, Shehadah A (2022). Sepsis-
associated brain injury: underlying mechanisms and
potential therapeutic strategies for acute and long-term
cognitive impairments. J Neuroinflammation, 19:101.
Mahmoudinobar F, Nilsson BL, Dias CL (2021).
Effects of Ions and Small Compounds on the Structure
of Abeta(42) Monomers. J Phys Chem B, 125:1085-
1097.

Abdulkadir TS, Dawud FA, Isa AS, Ayo JO (2021).
Taurine and Camel Milk Modulate Neurobehavioral
and Biochemical Changes in Aluminum Chloride-
Induced Alzheimer's Disease in Rats. J Alzheimers Dis,
84:291-302.

Hoskin JL, Al-Hasan Y, Sabbagh MN (2019). Nicotinic
Acetylcholine Receptor Agonists for the Treatment of
Alzheimer's Dementia: An Update. Nicotine Tob Res,
21:370-376.

Su T, Zhang T, Xie S, Yan J, Wu Y, Li X, et al. (2016).
Discovery of novel PDE9 inhibitors capable of
inhibiting Abeta aggregation as potential candidates for
the treatment of Alzheimer's disease. Sci Rep, 6:21826.
Nalivaeva NN, Zhuravin IA, Turner AJ (2020).
Neprilysin expression and functions in development,
ageing and disease. Mech Ageing Dev, 192:111363.
Wang M, Feng LR, Li ZL, Ma KG, Chang KW, Chen
XL, et al. (2021). Thymosin beta4 reverses phenotypic
polarization of glial cells and cognitive impairment via
negative regulation of NF-kappaB signaling axis in
APP/PS1 mice. J Neuroinflammation, 18:146.
Angelucci F, Cechova K, Prusa R, Hort J (2019).
Amyloid beta soluble forms and plasminogen activation
system in Alzheimer's disease: Consequences on
extracellular maturation of brain-derived neurotrophic
factor and therapeutic implications. CNS Neurosci Ther,
25:303-313.

Liao X, Cai F, Sun Z, Zhang Y, Wang J, Jiao B, et al.

Aging and Disease * Volume 15, Number 1, February 2024

223



Chen J., et al.

APP: A regulatory hub in AD

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]
[209]

[210]

[211]

[212]

[213]

[214]

(2020). Identification of Alzheimer's disease-associated
rare coding variants in the ECE2 gene. JCI Insight, 5.
Quitterer U, AbdAlla S (2020). Improvements of
symptoms of Alzheimer;s disease by inhibition of the
angiotensin system. Pharmacol Res, 154:104230.
Gallwitz L, Schmidt L, Marques ARA, Tholey A,
Cassidy L, Ulku I, et al. (2022). Cathepsin D: Analysis
of its potential role as an amyloid beta degrading
protease. Neurobiol Dis, 175:105919.

Tsiknia AA, Sundermann EE, Reas ET, Edland SD,
Brewer JB, Galasko D, et al. (2022). Sex differences in
Alzheimer's disease: plasma MMP-9 and markers of
disease severity. Alzheimers Res Ther, 14:160.
Takada-Takatori Y, Nakagawa S, Kimata R, Nao Y,
Mizukawa Y, Urushidani T, et al. (2019). Donepezil
modulates amyloid precursor protein endocytosis and
reduction by up-regulation of SNX33 expression in
primary cortical neurons. Sci Rep, 9:11922.
Markowicz-Piasecka M, Huttunen KM, Sikora J (2018).
Metformin and its  sulphonamide derivative
simultaneously potentiateanti-cholinesterase activity of
donepezil and inhibit beta-amyloid aggregation. J
Enzyme Inhib Med Chem, 33:1309-1322.

Chun YS, Kwon OH, Oh HG, Cho YY, Yang HO,
Chung S (2019). Justicidin A Reduces beta-Amyloid
via Inhibiting Endocytosis of beta-Amyloid Precursor
Protein. Biomol Ther (Seoul), 27:276-282.

Won JS, Im YB, Khan M, Contreras M, Singh AK,
Singh I (2008). Lovastatin inhibits amyloid precursor
protein (APP) beta-cleavage through reduction of APP
distribution in Lubrol WX extractable low density lipid
rafts. J Neurochem, 105:1536-1549.

Stazi M, Lehmann S, Sakib MS, Pena-Centeno T,
Buschgens L, Fischer A, et al. (2021). Long-term
caffeine treatment of Alzheimer mouse models
ameliorates behavioural deficits and neuron loss and
promotes cellular and molecular markers of
neurogenesis. Cell Mol Life Sci, 79:55.

Selkoe DJ (2011). Alzheimer's disease. Cold Spring
Harb Perspect Biol, 3.

Selkoe DJ (1991). The molecular pathology of
Alzheimer's disease. Neuron, 6:487-498.

Jack CR, Jr., Knopman DS, Jagust WJ, Petersen RC,
Weiner MW, Aisen PS, et al. (2013). Tracking
pathophysiological processes in Alzheimer's disease: an
updated hypothetical model of dynamic biomarkers.
Lancet Neurol, 12:207-216.

Babapour Mofrad R, van der Flier WM (2019). Nature
and implications of sex differences in AD pathology.
Nat Rev Neurol, 15:6-8.

Spires-Jones TL, Hyman BT (2014). The intersection of
amyloid beta and tau at synapses in Alzheimer's disease.
Neuron, 82:756-771.

Shi J, Sabbagh MN, Vellas B (2020). Alzheimer's
disease beyond amyloid: strategies for future
therapeutic interventions. BMJ, 371:m3684.

Hefter D, Kaiser M, Weyer SW, Papageorgiou IE, Both
M, Kann O, et al. (2016). Amyloid Precursor Protein
Protects Neuronal Network Function after Hypoxia via
Control of Voltage-Gated Calcium Channels. J

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

Neurosci, 36:8356-8371.

Hardy J, Selkoe DJ (2002). The amyloid hypothesis of
Alzheimer's disease: progress and problems on the road
to therapeutics. Science, 297:353-356.

Querfurth HW, LaFerla FM (2010). Alzheimer's disease.
N Engl ] Med, 362:329-344.

Goate A, Chartier-Harlin MC, Mullan M, Brown J,
Crawford F, Fidani L, et al. (1991). Segregation of a
missense mutation in the amyloid precursor protein
gene with familial Alzheimer's disease. Nature,
349:704-706.

Tanzi RE (2012). The genetics of Alzheimer disease.
Cold Spring Harb Perspect Med, 2.

Takahashi M, Miyata H, Kametani F, Nonaka T,
Akiyama H, Hisanaga S, et al. (2015). Extracellular
association of APP and tau fibrils induces intracellular
aggregate formation of tau. Acta Neuropathol, 129:895-
907.

Saftig P, Lichtenthaler SF (2015). The alpha secretase
ADAM10: A metalloprotease with multiple functions in
the brain. Prog Neurobiol, 135:1-20.

Puzzo D, Piacentini R, Fa M, Gulisano W, Li Puma DD,
Staniszewski A, et al. (2017). LTP and memory
impairment caused by extracellular Abeta and Tau
oligomers is APP-dependent. Elife, 6.

Danysz W, Parsons CG (2012). Alzheimer's disease,
beta-amyloid, glutamate, NMDA receptors and
memantine--searching for the connections. Br J
Pharmacol, 167:324-352.

Fol R, Braudeau J, Ludewig S, Abel T, Weyer SW,
Roederer JP, et al. (2016). Viral gene transfer of
APPsalpha rescues synaptic failure in an Alzheimer's
disease mouse model. Acta Neuropathol, 131:247-266.
Montagna E, Dorostkar MM, Herms J (2017). The Role
of APP in Structural Spine Plasticity. Front Mol
Neurosci, 10:136.

Gomes BAQ, Silva JPB, Romeiro CFR, Dos Santos SM,
Rodrigues CA, Goncalves PR, et al. (2018).
Neuroprotective Mechanisms of Resveratrol in
Alzheimer's Disease: Role of SIRT1. Oxid Med Cell
Longev, 2018:8152373.

Kuhn PH, Colombo AV, Schusser B, Dreymueller D,
Wetzel S, Schepers U, et al. (2016). Systematic
substrate identification indicates a central role for the
metalloprotease ADAMI10 in axon targeting and
synapse function. Elife, 5.

Stein TD, Anders NJ, DeCarli C, Chan SL, Mattson MP,
Johnson JA (2004). Neutralization of transthyretin
reverses the neuroprotective effects of secreted amyloid
precursor protein (APP) in APPSW mice resulting in
tau phosphorylation and loss of hippocampal neurons:
support for the amyloid hypothesis. J Neurosci,
24:7707-7717.

Olsson A, Hoglund K, Sjogren M, Andreasen N,
Minthon L, Lannfelt L, et al. (2003). Measurement of
alpha- and beta-secretase cleaved amyloid precursor
protein in cerebrospinal fluid from Alzheimer patients.
Exp Neurol, 183:74-80.

Hoe HS, Wessner D, Beffert U, Becker AG, Matsuoka
Y, Rebeck GW (2005). F-spondin interaction with the

Aging and Disease * Volume 15, Number 1, February 2024

224



Chen J., et al.

APP: A regulatory hub in AD

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

apolipoprotein E receptor ApoEr2 affects processing of
amyloid precursor protein. Mol Cell Biol, 25:9259-
9268.

Kitaguchi N, Takahashi Y, Tokushima Y, Shiojiri S, Ito
H (1988). Novel precursor of Alzheimer's disease
amyloid protein shows protease inhibitory activity.
Nature, 331:530-532.

Kaden D, Harmeier A, Weise C, Munter LM, Althoff V,
Rost BR, et al. (2012). Novel APP/Abeta mutation
KI16N produces highly toxic heteromeric Abeta
oligomers. EMBO Mol Med, 4:647-659.

Hefter D, Ludewig S, Draguhn A, Korte M (2020).
Amyloid, APP, and Electrical Activity of the Brain.
Neuroscientist, 26:231-251.

Sauder JM, Arthur JW, Dunbrack RL, Jr. (2000).
Modeling of substrate specificity of the Alzheimer's
disease amyloid precursor protein beta-secretase. J Mol
Biol, 300:241-248.

Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P,
Itohara S, et al. (2014). Single App knock-in mouse
models of Alzheimer's disease. Nat Neurosci, 17:661-
663.

Saman S, Kim W, Raya M, Visnick Y, Miro S, Saman S,
et al. (2012). Exosome-associated tau is secreted in
tauopathy models and is selectively phosphorylated in
cerebrospinal fluid in early Alzheimer disease. J Biol
Chem, 287:3842-3849.

Miranda A, Montiel E, Ulrich H, Paz C (2021).
Selective Secretase Targeting for Alzheimer's Disease
Therapy. J Alzheimers Dis, 81:1-17.

Suh J, Choi SH, Romano DM, Gannon MA, Lesinski
AN, Kim DY, et al. (2013). ADAMIO0 missense
mutations potentiate beta-amyloid accumulation by
impairing prodomain chaperone function. Neuron,
80:385-401.

Chen Y, Liu W, McPhie DL, Hassinger L, Neve RL
(2003). APP-BP1 mediates APP-induced apoptosis and
DNA synthesis and is increased in Alzheimer's disease

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

brain. J Cell Biol, 163:27-33.

Park SA, Shaked GM, Bredesen DE, Koo EH (2009).
Mechanism of cytotoxicity mediated by the C31
fragment of the amyloid precursor protein. Biochem
Biophys Res Commun, 388:450-455.

Fanutza T, Del Prete D, Ford MIJ, Castillo PE,
D'Adamio L (2015). APP and APLP2 interact with the
synaptic release machinery and facilitate transmitter
release at hippocampal synapses. Elife, 4:¢09743.
Kizuka Y, Kitazume S, Taniguchi N (2017). N-glycan
and Alzheimer's disease. Biochim Biophys Acta Gen
Subj, 1861:2447-2454.

Zheng H, Koo EH (2011). Biology and
pathophysiology of the amyloid precursor protein. Mol
Neurodegener, 6:27.

Zou K, Gong JS, Yanagisawa K, Michikawa M (2002).
A novel function of monomeric amyloid beta-protein
serving as an antioxidant molecule against metal-
induced oxidative damage. J Neurosci, 22:4833-4841.
Weidemann A, Konig G, Bunke D, Fischer P, Salbaum
IM, Masters CL, et al. (1989). Identification, biogenesis,
and localization of precursors of Alzheimer's disecase A4
amyloid protein. Cell, 57:115-126.

Greenfield JP, Tsai J, Gouras GK, Hai B, Thinakaran G,
Checler F, et al. (1999). Endoplasmic reticulum and
trans-Golgi network generate distinct populations of
Alzheimer beta-amyloid peptides. Proc Natl Acad Sci
U S A, 96:742-747.

Liu L, Lauro BM, Wolfe MS, Selkoe DIJ (2021).
Hydrophilic loop 1 of Presenilin-1 and the APP GxxxG
transmembrane motif regulate gamma-secretase
function in generating Alzheimer-causing Abeta
peptides. J Biol Chem, 296:100393.

Matrone C (2023). The paradigm of amyloid precursor
protein in amyotrophic lateral sclerosis: The potential
role of the (682)YENPTY(687) motif. Comput Struct
Biotechnol J, 21:923-930.

Aging and Disease * Volume 15, Number 1, February 2024

225



