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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disorder representing the most common
form of dementia. It is biologically characterized by the deposition of extracellular amyloid-β (Aβ)
senile plaques and intracellular neurofibrillary tangles, constituted by hyperphosphorylated tau
protein. The key protein in AD pathogenesis is the amyloid precursor protein (APP), which is cleaved
by secretases to produce several metabolites, including Aβ and APP intracellular domain (AICD).
The greatest genetic risk factor associated with AD is represented by the Apolipoprotein E ε4 (APOE ε4)
allele. Importantly, all of the above-mentioned molecules that are strictly related to AD pathogenesis
have also been described as playing roles in the cell nucleus. Accordingly, evidence suggests that
nuclear functions are compromised in AD. Furthermore, modulation of transcription maintains
cellular homeostasis, and alterations in transcriptomic profiles have been found in neurodegenerative
diseases. This report reviews recent advancements in the AD players-mediated gene expression. Aβ,
tau, AICD, and APOE ε4 localize in the nucleus and regulate the transcription of several genes, part
of which is involved in AD pathogenesis, thus suggesting that targeting nuclear functions might
provide new therapeutic tools for the disease.
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1. Introduction

Alzheimer’s disease (AD) is the main cause of dementia and is becoming one of
the most burdening diseases of the 21 century. In 2018, a dementia prevalence of about
50 million people worldwide has been estimated, with this number projected to triple by
2050 [1]. The incidence of AD rises exponentially with age; the majority of cases occur after
age 65, constituting late-onset AD, while cases occurring earlier than age 65 represent less
than 5% of all cases and are termed early-onset AD. Clinical symptoms include gradual
loss of cognitive, affective, and behavioral functions, leading to increased impairment in
activities of daily life [2].

The progression of AD is called the AD continuum and includes three broad phases:
preclinical AD, mild cognitive impairment (MCI) due to AD, and dementia due to AD [3,4].
The AD phase is further classified into the stages of mild, moderate, and severe, which
reflect the degree to which symptoms interfere with the ability to carry out everyday
activities. The length of each phase in the continuum is variable and influenced by age,
genetics, biological sex, and other factors [5]. Although the current diagnosis of AD re-
lies on a combination of neuropsychological evaluations, biomarker measurements, and
brain imaging, the diagnosis of AD is defined by the presence of amyloid β (Aβ) and
phosphorylated tau. Indeed, the disease is mainly characterized by the accumulation of ex-
tracellular Aβ in senile plaques and intracellular neurofibrillary tangles (NFTs) constituted
by hyperphosphorylated tau protein [6].

Regarding AD pathogenesis, the amyloid hypothesis has become the dominant model
and is guiding the development of potential treatments. According to this hypothesis,
an imbalance between production and clearance of Aβ is an early and initiating factor
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that leads to an increase in Aβ levels, and thus to its aggregation in oligomers and later
in plaques. Such events trigger synaptic failure and inflammatory responses together
with microglial and astrocytic activation, altered neuronal ionic homeostasis, oxidative
injury, tau hyperphosphorylation, NFTs formation, and eventually neuronal loss and
dementia onset [7].

Aβ, first isolated from the meningeal vessels of AD patients [8], is a small peptide of
40–42 amino acids generated via proteolytic cleavages of the amyloid precursor protein
(APP). APP is a transmembrane protein; the enzymes responsible for APP cleavage have
been identified in the 1990s [9]. The coordinated activity of the β- and γ-secretases liberates
the Aβ peptide from APP [10]. β-secretase cleaves at the N-terminus of the Aβ domain,
releasing a soluble fragment (sAPPβ) into the extracellular space and leaving a C-terminal
fragment of 99 amino acids (CTF99) inserted into the membrane [9]. Several studies have
identified a membrane-bound aspartyl protease with structural similarities to the pepsin
family, named β-site APP cleaving enzyme-1 (BACE1), as the enzyme responsible for the
β-cleavage of APP [11–13]. CTF99 is then cleaved by γ-secretase at the C-terminus of the Aβ
sequence to liberate the Aβ peptide and the cytoplasmic APP intracellular domain (AICD).
A heterotetrameric complex mediates γ-secretase activity and is constituted by Presenilin
(PS), nicastrin (NCT), anterior pharynx defective (APH)-1a or APH-1b, and the PS enhancer
(PEN)-2 [14]. PS contains the two critical Asp residues within the transmembrane domains
6 and 7 that are part of the aspartyl protease catalytic domain of γ-secretase [15]. The
γ-secretase complex can produce Aβ peptides in lengths of 38, 40, and 42 amino acids that
are released from the complex [16].

An alternative and nonamyloidogenic physiological pathway implicates the activity of
α-secretase, which prevents Aβ generation and leads to the release of the neuroprotective
soluble APP ectodomain (sAPPα) and the formation of an APP C-terminal fragment of
83 amino acids (CTF83) [17]. The metalloprotease A Disintegrin and Metalloproteinase
10 (ADAM10) is an enzyme capable of cleaving APP within an Aβ sequence and which ex-
erts the main α-secretase activity in neuronal cells [18,19]. The γ-secretase then cleaves the
CTF83 fragment partially inserted in the membrane to produce p3 peptide and the AICD.

The Aβ monomers generated by APP cleavage can aggregate to form oligomers,
protofibrils, and fibrils. The aggregation rate of Aβ peptides is strongly correlated with
the ratio of Aβ42/Aβ40 peptides in cellular and animal models [20,21]. Accumulation and
further aggregation of protofibrils and fibrils lead to the formation of insoluble amyloid
plaques, the main histopathological signature of AD [7]. However, in the past few decades,
several studies have demonstrated that soluble forms of Aβ, rather than the large insoluble
fibrils in plaques, are toxic to synapses [22]. Both synthetic and naturally-secreted forms
of Aβ oligomers inhibit long-term potentiation (LTP) both ex vivo [23] and in vivo [24]
and lead to frank loss of spines [25]. In addition, it has been shown that Aβ oligomers
may drive cognitive deficits in animal models of AD [26,27] and potentially also in AD
patients [28,29].

As the other classical hallmark of AD, NFTs represent neuronal cytoplasmic aggregates
of tau protein that form paired helical filaments [30]. The abnormal phosphorylation of
tau is the first step in the formation of these aggregates. Afterward, tau dissociates from
axonal microtubules and aberrantly accumulates in the somatic cytoplasm and dendrites.
Somatodendritic accumulations of phosphorylated tau form before fibrils and are called
pretangles [31]. NFTs consisting of paired helical filaments of tau develop later and correlate
with neuronal degeneration. In the human brain, silver-stainable NFTs develop in the
transentorhinal cortex as well as in a few subcortical brain stem nuclei [32] and then
spread into the entorhinal and other brain regions in a distinct hierarchical sequence that is
different from that of Aβ-plaques [33].

Remarkably, in support of the amyloid hypothesis, mutations causing inherited forms
of AD lead to increased production of Aβ and the development of AD, while mutations
in the Microtubule-Associated Protein (MAPT) gene encoding tau do not cause familiar
AD, although they can lead to other neurodegenerative tauopathies which often include
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Parkinsonian symptoms [34]. Indeed, more than 200 mutations in the genes coding for PS
and about 20 in APP genes cause familiar cases of AD in an autosomal dominant manner.
Such mutations are localized in Aβ sequences, close to the secretase cleavage sites, and
affect the enzyme-substrate complex, leading to an increase in Aβ or to an increase in
the Aβ42/Aβ40 ratio [14]. These mutations in APP or PS have also been exploited to
generate animal models of the disease [35,36]. These inherited forms of AD represent
approximately 1%–2% of AD cases, can present with very early ages of onset and a more
rapid rate of progression, and are sometimes associated with other neurologic symptoms
seen less frequently in sporadic AD [37].

In the case of late-onset AD, the greatest risk factors are advanced age and the presence
of the APOE ε4 allele [38]. Interestingly, the relatively rare APOE ε2 allele remains by far
the strongest genetic protective factor against sporadic AD, highlighting the importance of
APOE’s role in AD pathogenesis. Relative to carrying the most common APOE ε3 homozy-
gous genotype, carrying at least one APOE ε4 allele increases the risk of developing AD
approximately 3.7 times, given APOE ε4 homozygous increases that risk up to 12 times.
Conversely, possessing a single APOE ε2 allele reduces the risk by approximately 40%,
and APOE ε2 homozygous reduces the risk even further [39,40]. The post-mortem neu-
ropathological factors correlated with the APOE genotype are a higher Aβ plaque burden
and more severe cerebral amyloid angiopathy in APOE ε4 carriers [41], also confirmed by
Aβ Positron Emission Tomography imaging across preclinical and clinical AD stages [42].

APOE ε4 affects Aβ pathology because it promotes the seeding of Aβ peptide into
Aβ oligomers, protofibrils, and fibrils [43,44] while also inhibiting Aβ clearance from the
brain, prolonging its half-life in the interstitial fluid [45,46] and inhibiting its enzymatic
degradation [47]. In addition, in the last few years, the comprehension of the role of
APOE in AD pathogenesis has expanded beyond Aβ peptide-centric mechanisms to NFTs
degeneration, microglia, astrocyte responses, and blood–brain barrier disruption [48].

In light of these considerations, AD pathogenesis can be considered multifaceted
and, therefore, difficult to pinpoint because it is the result of a complex interplay of
crossing pathways. In particular, it has been shown that several elements implicated in AD
pathogenesis can translocate to the nucleus and regulate transcription, thereby creating a
network of pathways leading to AD dementia. This review summarizes the state-of-the-art
understanding of and research into the AD players working as regulators of transcription
and their potential contribution to AD pathogenesis. The description of such mechanisms
is relevant for the development of therapeutic strategies aimed at modulating transcription
in AD.

2. APP Metabolites and Their Role as Transcription Regulators

As described in the introduction, APP undergoes a consecutive shedding and in-
tramembrane proteolysis mediated by secretases that can be summarized under the term
“regulated intramembrane proteolysis” [49]. This is a cellular process that is frequently
implicated in important signaling pathways [50,51], also involves the nucleus. Among APP
metabolites, the intracellular domain AICD, which is released into the cytosol, has been
extensively studied regarding its function in nuclear signaling [52,53]. However, in the
last decade, the nuclear function of Aβ42 has also been investigated, also showing DNA
binding properties of this peptide.

2.1. APP Intracellular Domain as a Potential Transcription Factor

A growing number of studies have reported the nuclear role of AICD in transcriptional
control. Cytosolic AICD is subjected to rapid degradation [54,55], which leads to a short
half-life [56]. Nevertheless, binding with the adaptor protein Fe65 stabilizes it and promotes
its nuclear translocation [52,56,57]. Fe65, also known as the Amyloid Beta Precursor
Protein Binding Family B Member 1 (APBB1), is a multifunctional protein belonging
to the Fe65 family with the related proteins Fe65L1 and Fe65L2. It was recognized as
an APP [58] and AICD [52,59] binding partner in yeast two-hybrid screenings. Fe65
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cytosolic/nuclear localization is modulated by APP binding [60] and phosphorylation [61],
as well as by its own phosphorylation [62]. When associated with APP, Fe65 is anchored
to the membrane [60]; the γ-secretase-mediated APP processing releases the AICD-Fe65
complex and allows for its nuclear translocation [57,63]. Beyond its role in the nucleus,
Fe65 has been reported to be involved in key cellular processes, such as actin dynamics [64]
and calcium homeostasis [65], both impaired in AD.

AICD-Fe65 nuclear functions are modulated by the assembly of ternary complexes
with different factors, such as Tip60 or CP2/LSF/LBP1. One well-characterized AICD-
Fe65 coactivator is the acetyl transferase Tip60 [52,53,66]. In the nucleus, this complex
can be detected as a dot-like structure [53,67]. AICD/Fe65/Tip60 complex is involved in
the regulation of actin cytoskeleton, controlling the expression of Stathmin1 (STMN1), a
regulator of microtubules dynamics [67]. Nevertheless, the role of AICD in the modulation
of STMN1 transcription requires further elucidation.

It has further been shown that AICD/Fe65/Tip60 complex acts on other promot-
ers. For example, it can activate the transcription of KAI1 gene, replacing the N-CoR
corepressor complex [66]. In the context of AICD-mediated gene expression control, it is
important to underline that AICD regulates, both in vitro and in vivo, the expression of
Neprilysin (NEP) [68–70], a protease involved in Aβ degradation. Thus, the AICD-mediated
NEP regulation suggests a feedback mechanism in the control of APP metabolism. In
HEK293 cells, the ternary complex AICD/Fe65/Tip60 works as an activator of NEP pro-
moter, triggering a consequent increment in the protein levels [69]. Furthermore, chromatin
immunoprecipitation (ChIP) experiments have confirmed that AICD binds NEP promoter
(contributing to its activation) in NB7 cells and rat primary cortical neurons through an epi-
genetic mechanism involving a competition between AICD and Histone deacetylases [68].
Although several studies have demonstrated a contribution of AICD in NEP transcription,
this regulation mechanism remains controversial [71].

AICD/Fe65 complex also associates with CP2/LSF/LBP1 family, inducing the expres-
sion of glycogen synthase kinase 3β (GSK3β) and leading to neurotoxicity as a result of
tau phosphorylation increment and β-catenin levels reduction. This subsequently induces
apoptosis [72]. Accordingly, other studies in neuroblastoma SHSY5Y cells have proposed
the nuclear AICD as an encoder of pro-apoptotic signals through the association with the
p53 factor [73].

Protein localization and function are finely tuned by post-translational modifica-
tions. Phosphorylation and SUMOylation modulate AICD nuclear activity [74,75]. Thr66
phosphorylation stabilizes AICD and is crucial for its localization and transcriptional activ-
ity [74,76], promoting the formation of a ternary complex with Fe65 and CP2 transcription
factors and activating GSK3β, thus leading to neurotoxicity [74]. In accordance with these
processes, other studies have shown that AICD controls GSK3β expression and activity
in different cell types and primary neurons [53,72,77,78]. It has been recently reported
that the SUMOylation of AICD Lys43 increases the association with Fe65 and nuclear
localization [75]. Furthermore, SUMOylated AICD competes with the histone deacetylase
1 (HDAC1) for interaction with cyclic AMP (cAMP) response element-binding protein
(CREB) and p65, controlling NEP and TTR expression [75].

Although Fe65 is a well-characterized AICD coactivator, a study conducted by Zhou
and colleagues showed that AICD can also control transcription independently of Fe65 [79].
Indeed, in neuronal cells, Wnt signaling triggers the accumulation of AICD in the nucleus,
where it associates with β-Catenin. This facilitates its activity as a transcriptional trans-
activator [79]. Wnt and β-catenin constitute a signaling pathway fundamental for cellular
homeostasis. When the Wnt signal is off, APC, GSK3β, and CK1 complex promote β-
catenin ubiquitination and degradation. Conversely, when Wnt is activated, β-catenin
translocates to the nucleus, where it controls gene expression. It is important to note that
in brains affected by AD, Wnt signaling is compromised [80]. AICD and Wnt/β-catenin
pathways are connected by a negative feedback loop: Wnt signaling promotes AICD-
β-catenin interaction in the nucleus [79], and in turn, AICD promotes the formation of
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GSK3β-Axin complex and β-catenin ubiquitination and degradation [81]. Finally, AICD-
mediated Wnt signaling regulation is involved in neuronal development, promoting the
differentiation of neuronal cells and blocking their proliferation [81].

Other studies have shown that AICD can negatively regulate neurogenesis in vivo in
APP KO mice and AICD mouse models [82–84], and in vitro can inhibit the differentiation
of human neural stem cells (hNSC) [85,86]. A recent study showed that AICD cooperates
with Forkhead box O3a (FOXO3a) in the control of neurogenesis in neural stem cells (NSCs)
and neural progenitor cells (NPCs) derived from the hippocampus of an AICD mouse
model [87]. A negative feedback regulation has been proposed between AICD and FOXO3a:
AICD promotes FOXO3a transcriptional activity, which in turn negatively regulates AICD
transcription. Accordingly, it has been shown that AICD drives FOXO3a transcriptional
activity in primary cortical neurons [88].

Mitochondrial structure, function, and dynamics are affected in AD, and an emerging
role of AICD has been proposed in AD mitochondrial dysfunction [89]. In collaboration
with FOXO3a, AICD activity is implicated in mitochondrial functions; in particular, AICD
controls the transcription of Phosphatase and Tensin Homolog (PTEN)-Induced Kinase 1 (Pink-1)
in a FOXO3a-dependent manner [89]. Pink-1 has a cytosolic and mitochondrial localization,
and its AICD-FOXO3a-mediated regulation has repercussions on mitochondrial functions
and mitophagy [89]. Taken together, the above-mentioned studies suggest that, in the
nucleus, AICD-mediated transcriptional modulation controls key molecular pathways that
result in compromised processes leading to AD.

2.2. Amyloid-β Nuclear Localization and DNA Binding Properties

In the last decade, research has identified and examined the nuclear function of
Aβ42. An important contribution to the study of Aβ as a putative transcriptional regulator
arises from the in vitro identification of a specific Aβ binding domain on DNA [90]. An
electrophoretic mobility shift assay (EMSA) identified the DNA guanine-rich sequence
“KGGRKTGGGG” (where K is guanine or thymine, and R is a purine) as an Aβ-interacting
consensus sequence. Such a sequence is recognized in the promoter of genes involved
in AD pathogenesis, including APP, BACE1, and APOE [90]. Other works have con-
firmed that Aβ induces the expression of BACE1, suggesting a role in the regulation of its
own metabolism [91].

In concert with these studies, ChIP experiments have shown that Aβ binds the APP
promoter [92], and in SH-SY5Y neuroblastoma cells, Aβ exposure leads to an increase in
APP transcription [93]. Conversely, in cortical primary neurons, Aβ exerts an opposite
effect on APP mRNA levels, inducing suppression of its expression [91]. Moreover, such a
discrepancy might be dependent on the dose and the time of exposure and on differences
in the regulation mechanisms occurring in diverse kinds of cells.

Importantly, confocal imaging and electron transmission microscopy approaches
have confirmed that Aβ42 localizes in the nuclei of neuroblastoma cells and APP/PS1
hippocampal neurons, supporting a nuclear role of Aβ42 [93]. A genome-wide DNA
microarray conducted in neuroblastoma cells led to the identification of genes upregulated
on Aβ exposure. Among them, gene encoding was identified for the Insulin-Like Growth
Factor Binding Protein 3 and 5, whose levels increase even in the transgenic mouse expressing
human APP (TgCRND8 mouse line) [94]. It is important to note that Aβmight act even as
a transcriptional repressor, as reported for Irp1 and KAI1 promoters [29].

Notably, oxidative stress [92] and antibiotic treatment [95] trigger Aβ nuclear transloca-
tion, suggesting that Aβ-mediated changes in gene expression are required upon different
stimuli in response to cellular stress. Although Aβ localizes in the nucleus [93] and has
DNA binding properties [90,92], the mechanisms by which it enters the nucleus are not un-
derstood, and Aβ partners in the transcriptional control remain unidentified. Furthermore,
whether the exogenous and endogenous intracellular Aβmight reach the nucleus through
the same mechanisms and trigger the activation/repression of the same nuclear pathways
has not yet been clarified. In this regard, the employment of patient-derived human in-
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duced pluripotent stem cells (iPSCs), a potent tool for modeling brain diseases, might
provide an important contribution. Although different studies on AD took advantage of
such cellular system, Aβ nuclear localization and function have not been explored in iPSCs
yet. Moreover, iPSC-derived neurons might represent an important tool for understanding
Aβ nuclear trafficking and its relevance in gene expression control. These observations
leave many open questions regarding Aβ nuclear functions, but at same time present new
perspectives for therapeutic interventions aimed at restoring physiological activity.

3. The Relevance of Nuclear Tau in Alzheimer’s Disease Pathogenesis

The tau protein was first described as an essential cytosolic factor involved in stabiliz-
ing microtubule assembly [96]. As reported above, tau aggregates are a common feature of
several neurodegenerative disorders (termed tauopathies), including AD. Tau is expressed
in the adult human brain in six different isoforms, which derive from the alternative splic-
ing of exons 2, 3, and 10 of the MAPT gene, located on chromosome 17q21.1 [97,98]. The
resulting proteins can have 0 (0N tau isoform), 1 (1N tau isoform), or 2 (2N tau isoform)
inserts in the N-terminal domain, and 3 (3R tau isoform) or 4 (4R tau isoform) microtubule
binding repeats in the C-terminal region [99]. Although the majority of current research
on neuronal tau has focused on its role in the cytoplasmic compartment, a nuclear form
of tau has also been characterized. In particular, it has been shown that each tau isoform
has a preferred subcellular localization and thus a precise function [100]. In addition, the
tau protein undergoes post-translational modifications and, therefore, it is important to
understand whether these modifications can further influence its localization to the nucleus
and its functional relevance.

Various effective studies on nuclear tau have been conducted, but several discrepan-
cies have also emerged. In general, both phosphorylated and dephosphorylated isoforms
have been detected in the nuclear compartment, which may vary depending on cell type
and intranuclear localization. For example, the nuclear compartment of neuronal cells is
characterized by the presence of dephosphorylated forms of tau [101–105]. Moreover, in
human brains, dephosphorylated forms of tau have a specific localization in the nucleo-
lus [102,106,107], while in murine neurons, it is diffusely expressed in the whole nuclear
compartment [104]. Several in vitro studies have demonstrated the capability of tau to
bind DNA [108,109]. These findings have also been confirmed in a cellular environment:
14% of total tau localizes in the chromatin fraction containing DNA, chromatin, and associ-
ated proteins [101].

Data obtained from cell cultures as well as mouse and human brains have established
the involvement of nuclear tau in mechanisms of nucleoplasmic and ribosomal DNA
(rDNA) protection against different cellular stressors, such as thermal denaturation [110]
and hydroxyl free radical (–OH)-triggered double-strand DNA breakage [111,112]. Such
stresses induce changes in tau phosphorylation states, causing the dephosphorylation of
cytoplasmic tau and the consequent nuclear shuttling. The stressor dismission coincides
with a decrease in nuclear tau to basal levels, while the phosphorylated level of cytoplasmic
form increases. These findings suggest that tau phosphorylation/dephosphorylation
represents a major mechanism of regulation for the trafficking of tau from the nucleus to
the cytoplasm [113].

Tau–DNA interaction is mediated through tau’s proline-rich domain (PRD) and micro-
tubule binding domain (MBD) with the DNA minor groove in order to form protein–DNA
complexes [114]. However, tau has an additional interaction with DNA—more precisely, it
co-localizes with dimethylated lysine 9 of histone 3 (H3K9me2)-rich DNA sequences, creat-
ing further protein–DNA complexes with the AT-rich α-satellite DNA sequences, organized
as constitutive heterochromatin [107]. In order to highlight the tau protein’s physiological
role, tau has been overexpressed in Drosophila melanogaster, and it has been shown that it
relaxes heterochromatin [115]. On the other hand, experiments conducted on KO-tau mice
have highlighted its function as an arranger of nucleolar and/or heterochromatinization of
a portion of antisense noncoding RNAs [116]. In addition, the depletion of tau results in an
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increase in rDNA transcription with an associated decrease in heterochromatin and DNA
methylation, suggesting that under physiological conditions, tau is involved in silencing
the rDNA. How tau is able to affect chromatin conformation remains unclear. However, it
has been described that tau associates with TIP5 in the heterochromatin, a key player in
genome stability [117].

Notably, the widespread loss of heterochromatin organization, which could be rescued
by overexpressing nuclear human tau protein in KO tau neurons, has also been observed in
AD neurons that displayed pathological hyperphosphorylated tau [116]. Heterochromatin
loss likely permits increased expression of nonprotein-coding RNA transcripts. Indeed,
increased expression of a regulatory RNA has already been implicated in the pathogenesis
of AD. In particular, a noncoding antisense transcript for BACE1 (BACE1-AS) is augmented
in human AD brains, triggering upregulation of BACE1 mRNA and protein levels [118]. The
loss of heterochromatin, and the consequent aberrant gene expression, are toxic effectors of
tau-induced neurodegeneration, underlining the role of chromatin structure as a potential
therapeutic target in AD [115].

A further epigenetic mechanism involved in the organization of the chromatin struc-
ture and reflecting changes in gene activity is H3K9 acetylation (H3K9ac). Klein and
colleagues used H3K9 acetylation (H3K9ac) as a marker in an epigenome-wide association
study to reveal a tau-driven disorganization of chromatin in AD affecting 5990 out of
26,384 H3K9ac domains [119]. Together, these findings suggest that AD involves a recon-
figuration of the epigenome, and the identification of this process highlights potential
epigenetic strategies for early-stage disease treatment [119,120].

Tau is also detectable in a specific region of acrocentric chromosomes of dividing
cells, called the nuclear organizer region (NOR). This site is enriched in rRNA genes
and represents the sub-nucleolar compartment where the formation of nucleolus takes
place [121,122]. A post-translational modification of tau involving phosphorylation plays
a key role in regulating its function and interaction. Indeed, NOR-associated tau is de-
phosphorylated, and its phosphorylation induces tau detachment from the DNA [114].
Since tau hyperphosphorylation is a hallmark of AD, this event can enhance tau–DNA
dissociation. Notably, in AD patients, the dentate gyrus (DG) and the CA1 region of the
hippocampus display an altered mRNA expression and altered protein levels in rRNA
transcription key regulators, such as upstream binding factor (UBF), nucleolin (NLC), and
nucleophosmin (NMP1). These factors are decreased in the AD hippocampi from the first
stages of pathology, even before neuron loss [123]. These alterations may represent an
early sign of AD, which precedes the reduction in dendritic arborization and the synaptic
reduction in CA1 and DG neurons, finally resulting in hippocampal atrophy.

A recent study highlighted a further transcriptional pathway aberrantly changed in
AD. Through examination of AD post-mortem brain tissues and Drosophila melanogaster
models, a direct correlation between the increased activation/mobilization of transposable
elements (TEs) and the pathogenic activity of tau has been demonstrated [124]. This event
represents a key driver of anomalous cell cycle activation in neurons and subsequent neu-
ronal death. Among upregulated transposable elements in human tauopathy, the human
endogenous retrovirus (HERV) family (including HERV-K) has emerged [125]. Interest-
ingly, a causal association between HERV-K and neuronal dysfunction has previously been
established, as the expression of HERV-K or the retroviral envelope protein that it encodes
decrease synaptic activity in mice [126].

Recent research has further described a mechanism of transcription regulation gov-
erned by tau, lacking a direct interaction with DNA but depending on the modulation of
nuclear calcium (Ca2+) levels. During synaptic plasticity events, an influx of Ca2+ occurs,
resulting in the regulation of transcription through the activation of CREB. Using an ani-
mal model of tauopathy (tauR406W Transgenic Drosophila) and iPSC-derived neurons from
AD patients, Mahoney and colleagues highlighted an aberrant depletion of nuclear Ca2+.
Synapse-to-nucleus communication is mainly governed by Ca2+ [127], and pathogenic tau
directly contributes to CREB and calcium depletion. Indeed, CREB-regulated genes are



Biomolecules 2021, 11, 1261 8 of 17

significantly over-represented in tauR406W transgenic Drosophila. In addition, pharmaco-
logical activation of big potassium (BK) channels is able to restore nuclear Ca2+ levels and
suppress neurodegeneration in tauR406W transgenic Drosophila [128]. Although it is not
yet evident whether the regulation of such genes is a direct consequence of tau-induced
CREB depletion, these findings provide a deeper understanding of the involvement of tau
in AD pathogenesis.

4. APOE ε4 as a Transcriptional Regulator

As described in the introduction, APOE ε4 allele represents the strongest genetic risk
factor for AD [38]. In the mammal brain, APOE proteins are mainly expressed in astrocytes
and microglia; moreover, neurons may produce them under stress and in reaction to toxic
events [129–132]. Interestingly, it has been shown that APOE proteins can translocate to the
nucleus, where they are able to bind DNA and function as a transcription factor in human
glioblastoma cells [133]. Furthermore, in neuroblastoma, APOE ε4 negatively regulates the
Brain-Derived Neurotropic Factor (BDNF) through a mechanism involving the enhancement
of the nuclear translocation of histone deacetylases [134], suggesting that APOE ε4 controls
the expression of key genes involved in brain functioning.

In a recent work, the effect of APOE proteins was tested on human neuronal cultures
depleted of glia to exclude the contribution of the secreted proteins to the APOE-mediated
phenotype in neurons. Neurons were plated on MEFs and transfected with recombinant
APOE ε2, APOE ε3, and APOE ε4 [135]. From such experiments, an intriguing mechanism
regarding APOE-mediated signaling has emerged. APOE is, in fact, able to activate a
noncanonical MAP kinase signaling pathway. In particular, APOE binds the receptors
on the cell surface, triggering the activation of map kinase kinase Dual Leucine Zipper
Kinase (DLK), which phosphorylates the map kinase Mitogen-Activated Protein Kinase
Kinase 7 (MKK7), leading to the phosphorylation of the MAP kinase Extracellular Signal-
Related Kinase 1/2 (ERK1/2). Such a signaling cascade results in the stimulation of c-Fos
phosphorylation and in the consequent AP-1-dependent APP transcription, which triggers
an increment in Aβ production, with an efficacy increasing from APOE ε2 to APOE ε3 to
APOE ε4 [135]. Notably, other studies have shown that APOE ε4 interacts with APP and
controls its metabolism, inducing a decrease in sAPP production [136].

The advent of new technologies allowing for the generation of 2D and 3D cultures
derived from iPSCs is a strong in vitro tool and was recently implied in combination with
the gene editing technique CRISPR/Cas9 for the study of APOE ε4 contribution to AD [137].
Although in this study, a direct APOE ε4-mediated regulation of gene expression was not
assessed, transcriptomic analysis conducted in APOE ε4-expressing neurons showed that
the genes that were primarily downregulated were associated with synaptic functions [137].
In addition, APOE ε4 neurons show an increment in Aβ42 with respect to the isogenic line
expressing APOE ε3 [137], thus confirming the APOE ε4 impact on AD-related dysfunctions.
Furthermore, ChIP experiments followed by high-throughput DNA sequencing (ChIP-seq)
led to the identification of APOE ε3 or APOE ε4 target genes [133]. A total of 1700 genes were
found regulated by APOE ε4 and not by APOE ε3, 76 of which were related to AD [133].

It is important to underline that APOE is involved in the transcriptional control of
APP pathway players. The promoter of Sirtuin1 (SirT1), a transcriptional activator of the α-
secretase ADAM10 gene [138], has been identified among the promoters bound by APOE. In
particular, APOE ε4 acts as a transcriptional repressor of SirT1 [133]. Accordingly, APOE ε4
expression leads to a reduction in SirT1 levels in AD brains and primary neurons [136]. The
role of APOE ε4 as a negative transcriptional regulator was confirmed for at least three other
genes, i.e., MAP Kinase Activating Death Domain (MADD), Activity Dependent Neuroprotective
Protein (ADNP), and COMM Domain 6 (COMMD6) [133]. Moreover, it is not possible
to exclude an additional function as a transcriptional activator. These studies provide
evidence that APOE proteins play a key role in the modulation of neuronal transcriptome; in
particular, they indicate that APOE ε4 controls (both directly and indirectly) the expression
of genes implicated in AD, confirming its contribution to this pathology. As described
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above, the isogenic conversion of APOE ε4 to APOE ε3 ameliorates AD-related phenotypes
in AD iPSCs-derived brain cell types [137] and iPSCs-derived cerebral organoids [139].
Furthermore, APOE ε4, but not APOE ε3, induces changes in the expression of AD related
genes [133]. Such observations suggest that the genetic conversion APOE ε4 allele to APOE
ε3 isoform might represent a promising therapeutic tool. The CRISPR/Cas9 approach
allows the genetic correction of DNA mutation and constitutes a new frontier for molecular
biology research and gene therapy. Once ethical concerns are overcome, this technique
might provide a powerful instrument for long-lasting genetic modifications aimed at
restoring gene functions as in the case of APOE ε4-APOE ε3 conversion.

5. Conclusions

A growing number of studies have focused on nuclear and transcriptional dysfunc-
tions in AD [140–142]. In the era of omics, high-throughput approaches, and big data
generation, many reports have highlighted changes in the transcriptomic profiles of AD for
in vitro and in vivo models and patients [143–148]. In addition, gene association studies
have identified several putative AD-associated risk factors genes [149]. Such studies shed
light on the unexplored mechanisms involved in the pathogenesis of this neurodegenera-
tive disorder. Moreover, other research has provided new insights into the nuclear function
of the “canonical” AD-associated molecules, such as the APP metabolites Aβ and AICD,
tau, and APOE ε4 (Figure 1).

Aβ, AICD, and APOE are able to bind DNA [66,68,72,79,88,90,92,133,138] and act as
transcriptional regulators. Importantly, they modulate the expression of key players of
AD pathogenesis. APOE regulates APP [136] and the transcriptional activator of ADAM10
secretase, SirT1 [133]. Aβ can bind APP, BACE1, and APOE promoters [90], while AICD
regulates, both in vitro and in vivo, the expression of Neprilysin [68–70], a protease involved
in Aβ clearance, just to cite the most relevant regulated genes (Figure 1 and Table 1).
Such evidence suggests a feedback mechanism that must be finely tuned in physiological
conditions; such equilibrium is disrupted in AD, in a vicious cycle that feeds itself.

Tau has also been described to play nuclear functions, and a nuclear form of tau has
been identified. When tau protein is dephosphorylated it is involved in DNA protection
against cellular stressors [111–113], as well as in the rearrangement of a heterochromatin
portion enriched in noncoding RNAs [117] (Figure 1 and Table 1). Since AD pathogenesis is
characterized by abnormal tau hyperphosphorylation, the loss of heterochromatin and the
resultant anomalous gene expression could be the toxic effectors of tau-induced neurode-
generation. Effectively, altered levels of rRNA transcription key regulators are reported in
post-mortem analysis of AD brains from the first stages of pathology [123]. Overall, these
findings provide new insights into tau-induced alterations, suggesting potential strategies
for early-stage disease treatment.

All the studies examined in this report underline the importance of proper nuclear
signaling in the context of AD and indicate that correction of transcriptional defects might
provide a novel therapeutic approach.
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Figure 1. Schematic representation of how AD effectors contribute to neuronal dysfunction by modu-
lating transcription. APP undergoes intramembrane proteolysis mediated by β- and γ-secretases to
generate Aβ and AICD. The intracellular metabolite AICD binds Fe65, which promotes its nuclear
translocation and the consequent interaction with the DNA. The AICD/Fe65/DNA complex controls
the expression of Stathmin1 (STMN1), activates Neprilysin (NEP) promoter, and induces the expression
of Glycogen Synthase Kinase 3β (GSK3β). The Aβ monomers, generated by APP cleavage, translocate
to the nucleus and recognize a sequence in the promoter of genes involved in AD pathogenesis,
including APP, BACE1, and APOE. Tau hyperphosphorylated aggregates result in an anomalous
activation of transposable elements (TEs) and an aberrant CREB-regulated genes over-representation.
When nuclear tau is dephosphorylated, it is involved in DNA protection against cellular stressors
and the rearrangement of heterochromatin, enriched in noncoding RNAs. AD pathogenesis is
characterized by abnormal tau hyperphosphorylation, causing tau detachment from DNA and the
consequent loss of heterochromatin and anomalous noncoding RNAs expression. APOE ε4 binding
to its receptor activates a noncanonical signaling pathway which triggers the APP transcription and
Aβ40/42 production. When APOE ε4 interacts with DNA, it acts as a transcriptional repressor of
Sirtuin1 (SirT1), a transcriptional activator of the α-secretase ADAM10 gene. (Red and blue arrows
indicate the increase and the decrease in gene transcription respectively. Question mark (?) shows an
unknown effect (activation or repression) of transcription).

Table 1. Nuclear functions and target genes of AD players.

Molecules DNA
Binding Nuclear Function Target Genes References

AICD yes Transcription
regulator

STMN1
KAI1
NEP

GSK3β
Pink-1

[67]
[66]

[68–70,75]
[72,74]

[89]
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Table 1. Cont.

Molecules DNA
Binding Nuclear Function Target Genes References

Aβ yes Transcription
regulator

APP
BACE
APOE
IRP1
KAI1

[90,93]
[90]
[90]
[29]
[29]

tau yes

DNA protection
Chromatin
remodeling

Genome stability

Unknown genes
[111,112]
[107,115]

[117]

APOEε4 yes Transcription
regulator

APP
SirT1

MADD
ADNP

COMMD6
1700 other genes

[135,136]
[133,138]

[133]
[133]
[133]
[133]

Author Contributions: Writing—original draft preparation, L.D., R.S. and E.M.; editing and revision
M.D.L. and E.M. All authors have read and agreed to the published version of the manuscript.

Funding: This project has received funding from the Italian Ministry of University and Research
(PRIN 2017MYJ5TH to M.D.L., PRIN 2017B9NCSX to E.M., MIUR Progetto Eccellenza), from the
Fondazione Cariplo to EM (Grant no. 2018-0511), from an intramural grant of the University of
Milan to EM (PSR2019_EMARC). This work was supported by MIUR - PON “Ricerca e Innovazione”
PerMedNet id project ARS01_01226.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Cartoons used in Figure 1 have been downloaded from Servier Medical Art
(smart.servier.com).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Patterson, C. Alzheimer’s Disease International World Alzheimer Report 2018–The State of the Art of Dementia Research; Alzheimer’s

Disease International: London, UK, 2018.
2. Livingston, G.; Sommerlad, A.; Orgeta, V.; Costafreda, S.G.; Huntley, J.; Ames, D.; Ballard, C.; Banerjee, S.; Burns, A.;

Cohen-Mansfield, J.; et al. Dementia prevention, intervention, and care. Lancet 2017, 390, 2673–2734. [CrossRef]
3. Sperling, R.A.; Aisen, P.S.; Beckett, L.A.; Bennett, D.A.; Craft, S.; Fagan, A.M.; Iwatsubo, T.; Jack, C.R.; Kaye, J.; Montine, T.J.;

et al. Toward defining the preclinical stages of Alzheimer’s disease: Recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7, 280–292.
[CrossRef] [PubMed]

4. Albert, M.S.; DeKosky, S.T.; Dickson, D.; Dubois, B.; Feldman, H.H.; Fox, N.C.; Gamst, A.; Holtzman, D.M.; Jagust, W.J.;
Petersen, R.C.; et al. The diagnosis of mild cognitive impairment due to Alzheimer’s disease: Recommendations from the
National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s
Dement. 2011, 7, 270–279. [CrossRef]

5. Vermunt, L.; Sikkes, S.A.M.; van den Hout, A.; Handels, R.; Bos, I.; van der Flier, W.M.; Kern, S.; Ousset, P.J.; Maruff, P.; Skoog, I.;
et al. Duration of preclinical, prodromal, and dementia stages of Alzheimer’s disease in relation to age, sex, and APOE genotype.
Alzheimer’s Dement. 2019, 15, 888–898. [CrossRef]

6. Selkoe, D.J. Alzheimer’s disease. Cold Spring Harb. Perspect. Biol. 2011, 3, a004457. [CrossRef] [PubMed]
7. Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595–608. [CrossRef]
8. Glenner, G.G.; Wong, C.W. Alzheimer’s disease: Initial report of the purification and characterization of a novel cerebrovascular

amyloid protein. Biochem. Biophys. Res. Commun. 1984, 120, 885–890. [CrossRef]

http://doi.org/10.1016/S0140-6736(17)31363-6
http://doi.org/10.1016/j.jalz.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21514248
http://doi.org/10.1016/j.jalz.2011.03.008
http://doi.org/10.1016/j.jalz.2019.04.001
http://doi.org/10.1101/cshperspect.a004457
http://www.ncbi.nlm.nih.gov/pubmed/21576255
http://doi.org/10.15252/emmm.201606210
http://doi.org/10.1016/S0006-291X(84)80190-4


Biomolecules 2021, 11, 1261 12 of 17

9. Marcello, E.; Epis, R.; Gardoni, F.; Di Luca, M. The amyloid cascade: The old and the new. J. Nutr. Health Aging 2008, 12, 58S–60S.
[CrossRef]

10. Haass, C.; Hung, A.Y.; Schlossmacher, M.G.; Teplow, D.B.; Selkoe, D.J. β-Amyloid peptide and a 3-kDa fragment are derived by
distinct cellular mechanisms. J. Biol. Chem. 1993, 268, 3021–3024. [CrossRef]

11. Vassar, R.; Bennett, B.D.; Babu-Khan, S.; Kahn, S.; Mendiaz, E.A.; Denis, P.; Teplow, D.B.; Ross, S.; Amarante, P.; Loeloff, R.; et al.
β-Secretase cleavage of Alzheimer’s amyloid precursor protein by the transmembrane aspartic protease BACE. Science 1999, 286,
735–741. [CrossRef]

12. Yan, R.; Blenkowski, M.J.; Shuck, M.E.; Miao, H.; Tory, M.C.; Pauley, A.M.; Brashler, J.R.; Stratman, N.C.; Mathews, W.R.;
Buhl, A.E.; et al. Membrane-anchored aspartyl protease with Alzheimer’s disease β- secretase activity. Nature 1999, 402, 533–537.
[CrossRef]

13. Sinha, S.; Anderson, J.P.; Barbour, R.; Basi, G.S.; Caccaveffo, R.; Davis, D.; Doan, M.; Dovey, H.F.; Frigon, N.; Hong, J.; et al.
Purification and cloning of amyloid precursor protein β-secretase from human brain. Nature 1999, 402, 537–540. [CrossRef]

14. Voytyuk, I.; De Strooper, B.; Chávez-Gutiérrez, L. Modulation of γ- and β-Secretases as Early Prevention Against Alzheimer’s
Disease. Biol. Psychiatry 2018, 83, 320–327. [CrossRef]

15. Wolfe, M.S.; Xia, W.; Ostaszewski, B.L.; Diehl, T.S.; Kimberly, W.T.; Selkoe, D.J. Two transmembrane aspartates in presenilin-1
required for presenilin endoproteolysis and γ-secretase activity. Nature 1999, 398, 513–517. [CrossRef]

16. Zhou, R.; Yang, G.; Guo, X.; Zhou, Q.; Lei, J.; Shi, Y. Recognition of the amyloid precursor protein by human g-secretase. Science
2019, 363, eaaw0930. [CrossRef]

17. Lammich, S.; Kojro, E.; Postina, R.; Gilbert, S.; Pfeiffer, R.; Jasionowski, M.; Haass, C.; Fahrenholz, F. Constitutive and regulated
α-secretase cleavage of Alzheimer’s amyloid precursor protein by a disintegrin metalloprotease. Proc. Natl. Acad. Sci. USA 1999,
96, 3922–3927. [CrossRef] [PubMed]

18. Kuhn, P.H.; Wang, H.; Dislich, B.; Colombo, A.; Zeitschel, U.; Ellwart, J.W.; Kremmer, E.; Roßner, S.; Lichtenthaler, S.F. ADAM10
is the physiologically relevant, constitutive α-secretase of the amyloid precursor protein in primary neurons. EMBO J. 2010, 29,
3020–3032. [CrossRef] [PubMed]

19. Marcello, E.; Borroni, B.; Pelucchi, S.; Gardoni, F.; Di Luca, M. ADAM10 as a therapeutic target for brain diseases: From
developmental disorders to Alzheimer’s disease. Expert Opin. Ther. Targets 2017, 21, 1017–1026. [CrossRef] [PubMed]

20. Pontrello, C.G.; Sun, M.Y.; Lin, A.; Fiacco, T.A.; DeFea, K.A.; Ethell, I.M. Cofilin under control of β-arrestin-2 in NMDA-dependent
dendritic spine plasticity, long-term depression (LTD), and learning. Proc. Natl. Acad. Sci. USA 2012, 109, E442–E451. [CrossRef]

21. Terrill-Usery, S.E.; Colvin, B.A.; Davenport, R.E.; Nichols, M.R. Aβ40 has a subtle effect on Aβ42 protofibril formation, but to a
lesser degree than Aβ42 concentration, in Aβ42/Aβ40 mixtures. Arch. Biochem. Biophys. 2016, 597, 1–11. [CrossRef] [PubMed]

22. Cline, E.N.; Bicca, M.A.; Viola, K.L.; Klein, W.L. The Amyloid-β Oligomer Hypothesis: Beginning of the Third Decade.
J. Alzheimer’s Dis. 2018, 64, S567–S610. [CrossRef]

23. Lambert, M.P.; Barlow, A.K.; Chromy, B.A.; Edwards, C.; Freed, R.; Liosatos, M.; Morgan, T.E.; Rozovsky, I.; Trommer, B.;
Viola, K.L.; et al. Diffusible, nonfibrillar ligands derived from Aβ1-42 are potent central nervous system neurotoxins. Proc. Natl.
Acad. Sci. USA 1998, 95, 6448–6453. [CrossRef]

24. Walsh, D.M.; Klyubin, I.; Fadeeva, J.V.; Cullen, W.K.; Anwyl, R.; Wolfe, M.S.; Rowan, M.J.; Selkoe, D.J. Naturally secreted oligomers
of amyloid β protein potently inhibit hippocampal long-term potentiation in vivo. Nature 2002, 416, 535–539. [CrossRef] [PubMed]

25. Shankar, G.M.; Bloodgood, B.L.; Townsend, M.; Walsh, D.M.; Selkoe, D.J.; Sabatini, B.L. Natural oligomers of the Alzheimer
amyloid-β protein induce reversible synapse loss by modulating an NMDA-type glutamate receptor-dependent signaling
pathway. J. Neurosci. 2007, 27, 2866–2875. [CrossRef] [PubMed]

26. Cleary, J.P.; Walsh, D.M.; Hofmeister, J.J.; Shankar, G.M.; Kuskowski, M.A.; Selkoe, D.J.; Ashe, K.H. Natural oligomers of the
amyloid-β protein specifically disrupt cognitive function. Nat. Neurosci. 2005, 8, 79–84. [CrossRef] [PubMed]

27. Lesné, S.; Koh, M.; Kotilinek, L.; Kayed, R.; Glabe, C.G.; Yang, A.; Gallagher, M.; Ashe, K.H. A Specific Amyloid-beta Protein
Assembly in the Brain Impairs Memory. Nature 2006, 440, 352–357. [CrossRef] [PubMed]

28. Esparza, T.J.; Zhao, H.; Cirrito, J.R.; Cairns, N.J.; Bateman, R.J.; Holtzman, D.M.; Brody, D.L. Amyloid-beta oligomerization in
Alzheimer dementia versus high-pathology controls. Ann. Neurol. 2013, 73, 104–119. [CrossRef] [PubMed]

29. Perez-Nievas, B.G.; Stein, T.D.; Tai, H.C.; Dols-Icardo, O.; Scotton, T.C.; Barroeta-Espar, I.; Fernandez-Carballo, L.; De Munain, E.L.;
Perez, J.; Marquie, M.; et al. Dissecting phenotypic traits linked to human resilience to Alzheimer’s pathology. Brain 2013, 136,
2510–2526. [CrossRef]

30. Iqbal, K.; Zaidi, T.; Wen, G.Y.; Grundke-Iqbal, I.; Merz, P.A.; Shaikh, S.S.; Wisniewski, H.M.; Alafuzoff, I.; Winblad, B. Defective
brain microtuble assembly in Alzheimer’s disease. Lancet 1986, 2, 421–426. [CrossRef]

31. Spires-Jones, T.L.; Attems, J.; Thal, D.R. Interactions of pathological proteins in neurodegenerative diseases. Acta Neuropathol.
2017, 134, 187–205. [CrossRef]

32. Braak, H.; Del Tredici, K. The pathological process underlying Alzheimer’s disease in individuals under thirty. Acta Neuropathol.
2011, 121, 171–181. [CrossRef]

33. Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 1991, 82, 239–259. [CrossRef]
34. Hutton, M.; Lendon, C.L.; Rizzu, P.; Baker, M.; Froelich, S.; Houlden, H.H.; Pickering-Brown, S.; Chakraverty, S.; Isaacs, A.;

Grover, A.; et al. Association of missense and 5′-splice-site mutations in tau with the inherited dementia FTDP-17. Nature 1998,
393, 702–705. [CrossRef]

http://doi.org/10.1007/BF02982588
http://doi.org/10.1016/S0021-9258(18)53650-4
http://doi.org/10.1126/science.286.5440.735
http://doi.org/10.1038/990107
http://doi.org/10.1038/990114
http://doi.org/10.1016/j.biopsych.2017.08.001
http://doi.org/10.1038/19077
http://doi.org/10.1126/science.aaw0930
http://doi.org/10.1073/pnas.96.7.3922
http://www.ncbi.nlm.nih.gov/pubmed/10097139
http://doi.org/10.1038/emboj.2010.167
http://www.ncbi.nlm.nih.gov/pubmed/20676056
http://doi.org/10.1080/14728222.2017.1386176
http://www.ncbi.nlm.nih.gov/pubmed/28960088
http://doi.org/10.1073/pnas.1118803109
http://doi.org/10.1016/j.abb.2016.03.017
http://www.ncbi.nlm.nih.gov/pubmed/27013205
http://doi.org/10.3233/JAD-179941
http://doi.org/10.1073/pnas.95.11.6448
http://doi.org/10.1038/416535a
http://www.ncbi.nlm.nih.gov/pubmed/11932745
http://doi.org/10.1523/JNEUROSCI.4970-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17360908
http://doi.org/10.1038/nn1372
http://www.ncbi.nlm.nih.gov/pubmed/15608634
http://doi.org/10.1038/nature04533
http://www.ncbi.nlm.nih.gov/pubmed/16541076
http://doi.org/10.1002/ana.23748
http://www.ncbi.nlm.nih.gov/pubmed/23225543
http://doi.org/10.1093/brain/awt171
http://doi.org/10.1016/S0140-6736(86)92134-3
http://doi.org/10.1007/s00401-017-1709-7
http://doi.org/10.1007/s00401-010-0789-4
http://doi.org/10.1007/BF00308809
http://doi.org/10.1038/31508


Biomolecules 2021, 11, 1261 13 of 17

35. Saraceno, C.; Musardo, S.; Marcello, E.; Pelucchi, S.; Di Luca, M. Modeling Alzheimer’s disease: From past to future. Front.
Pharmacol. 2013, 19, 77. [CrossRef]

36. Epis, R.; Gardoni, F.; Marcello, E.; Genazzani, A.; Canonico, P.L.; Di Luca, M. Searching for new animal models of Alzheimer′s
disease. Eur. J. Pharmacol. 2010, 626, 57–63. [CrossRef] [PubMed]

37. Bateman, R.J.; Xiong, C.; Benzinger, T.L.S.; Fagan, A.M.; Goate, A.; Fox, N.C.; Marcus, D.S.; Cairns, N.J.; Xie, X.; Blazey, T.M.; et al.
Clinical and biomarker changes in dominantly inherited Alzheimer’s disease. N. Engl. J. Med. 2012, 367, 795–804. [CrossRef]

38. van der Lee, S.J.; Wolters, F.J.; Ikram, M.K.; Hofman, A.; Ikram, M.A.; Amin, N.; van Duijn, C.M. The effect of APOE and other
common genetic variants on the onset of Alzheimer’s disease and dementia: A community-based cohort study. Lancet Neurol.
2018, 17, 434–444. [CrossRef]

39. Reiman, E.M.; Arboleda-Velasquez, J.F.; Quiroz, Y.T.; Huentelman, M.J.; Beach, T.G.; Caselli, R.J.; Chen, Y.; Su, Y.; Myers, A.J.;
Hardy, J.; et al. Exceptionally low likelihood of Alzheimer’s dementia in APOE2 homozygotes from a 5000-person neuropatholog-
ical study. Nat. Commun. 2020, 11, 667. [CrossRef] [PubMed]

40. Rebeck, W.G.; Reiter, J.S.; Strickland, D.K.; Hyman, B.T. Apolipoprotein E in sporadic Alzheimer’s disease: Allelic variation and
receptor interactions. Neuron 1993, 11, 575–580. [CrossRef]

41. Serrano-Pozo, A.; Qian, J.; Monsell, S.E.; Betensky, R.A.; Hyman, B.T. APOEε2 is associated with milder clinical and pathological
Alzheimer disease. Ann. Neurol. 2015, 77, 917–929. [CrossRef] [PubMed]

42. Ossenkoppele, R.; Jansen, W.J.; Rabinovici, G.D.; Knol, D.L.; van der Flier, W.M.; van Berckel, B.N.M.; Scheltens, P.; Visser, P.J.;
Verfaillie, S.C.J.; Zwan, M.D.; et al. Prevalence of amyloid PET positivity in dementia syndromes: A meta-analysis. JAMA 2015,
313, 1939–1949. [CrossRef]

43. Hashimoto, T.; Serrano-Pozo, A.; Hori, Y.; Adams, K.W.; Takeda, S.; Banerji, A.O.; Mitani, A.; Joyner, D.; Thyssen, D.H.;
Bacskai, B.J.; et al. Apolipoprotein e, especially apolipoprotein E4, increases the oligomerization of amyloid β peptide. J. Neurosci.
2012, 32, 15181–15192. [CrossRef]

44. Hori, Y.; Hashimoto, T.; Nomoto, H.; Hyman, B.T.; Iwatsubo, T. Role of apolipoprotein E in β-amyloidogenesis: Isoform-specific
effects on protofibril to fibril conversion of Aβ in vitro and brain Aβ deposition in vivo. J. Biol. Chem. 2015, 290, 15163–15174.
[CrossRef] [PubMed]

45. Liu, C.C.; Zhao, N.; Fu, Y.; Wang, N.; Linares, C.; Tsai, C.W.; Bu, G. ApoE4 Accelerates Early Seeding of Amyloid Pathology.
Neuron 2017, 96, 1024–1032. [CrossRef] [PubMed]

46. Castellano, J.M.; Kim, J.; Stewart, F.R.; Jiang, H.; DeMattos, R.B.; Patterson, B.W.; Fagan, A.M.; Morris, J.C.; Mawuenyega, K.G.;
Cruchaga, C.; et al. Human APOE isoforms differentially regulate brain amyloid-β peptide clearance. Sci. Transl. Med. 2011, 3, 89.
[CrossRef] [PubMed]

47. Deane, R.; Sagare, A.; Hamm, K.; Parisi, M.; Lane, S.; Finn, M.B.; Holtzman, D.M.; Zlokovic, B.V. apoE isoform-specific disruption
of amyloid β peptide clearance from mouse brain. J. Clin. Investig. 2008, 118, 4002–4013. [CrossRef]

48. Serrano-Pozo, A.; Das, S.; Hyman, B.T. APOE and Alzheimer’s disease: Advances in genetics, pathophysiology, and therapeutic
approaches. Lancet Neurol. 2021, 20, 68–80. [CrossRef]

49. Lichtenthaler, S.F.; Haass, C.; Steiner, H. Regulated intramembrane proteolysis–Lessons from amyloid precursor protein process-
ing. J. Neurochem. 2011, 117, 779–796. [CrossRef]

50. Selkoe, D.; Kopan, R. Notch and Presenilin: Regulated intramembrane proteolysis links development and degeneration. Annu.
Rev. Neurosci. 2003, 26, 565–597. [CrossRef]

51. De Strooper, B.; Iwatsubo, T.; Wolfe, M.S. Presenilins and γ-secretase: Structure, function, and role in Alzheimer disease. Cold
Spring Harb. Perspect. Med. 2012, 2, a006304. [CrossRef]

52. Cao, X.; Sudhof, T.C. A transcriptionally [correction of transcriptively] active complex of APP with Fe65 and histone acetyltrans-
ferase Tip60. Science 2001, 293, 115–120. [CrossRef]

53. von Rotz, R.C.; Kohli, B.M.; Bosset, J.; Meier, M.; Suzuki, T.; Nitsch, R.M.; Konietzko, U. The APP intracellular domain forms
nuclear multiprotein complexes and regulates the transcription of its own precursor. J. Cell Sci. 2004, 117, 4435–4448. [CrossRef]

54. Edbauer, D.; Willem, M.; Lammich, S.; Steiner, H.; Haass, C. Insulin-degrading enzyme rapidly removes the β-amyloid precursor
protein intracellular domain (AICD). J. Biol. Chem. 2002, 277, 13389–13393. [CrossRef]

55. Lu, D.C.; Rabizadeh, S.; Chandra, S.; Shayya, R.F.; Ellerby, L.M.; Ye, X.; Salvesen, G.S.; Koo, E.H.; Bredesen, D.E. A second
cytotoxic proteolytic peptide derived from amyloid β-protein precursor. Nat. Med. 2000, 6, 397–404. [CrossRef] [PubMed]

56. Cupers, P.; Orlans, I.; Craessaerts, K.; Annaert, W.; De Strooper, B. The amyloid precursor protein (APP) -cytoplasmic frag-
ment generated by gamma-secretase is rapidly degraded but distributes partially in a nuclear fraction of neurones in culture.
J. Neurochem. 2001, 78, 1168–1178. [CrossRef] [PubMed]

57. Kimberly, W.T.; Zheng, J.B.; Gue, S.Y.; Selkoe, D.J. The Intracellular Domain of the betaamyloid precursor protein is stabilized by
Fe65 and translocates to the nucleus in a notch-like Manner. J. Biol Chem. 2001. [CrossRef]

58. Fiore, F.; Zambrano, N.; Minopoli, G.; Donini, V.; Duilio, A.; Russo, T. The regions of the Fe65 protein homologous to the
phosphotyrosine interaction/phosphotyrosine binding domain of Shc bind the intracellular domain of the Alzheimer’s amyloid
precursor protein. J. Biol. Chem. 1995. [CrossRef]

http://doi.org/10.3389/fphar.2013.00077
http://doi.org/10.1016/j.ejphar.2009.10.020
http://www.ncbi.nlm.nih.gov/pubmed/19836370
http://doi.org/10.1056/NEJMoa1202753
http://doi.org/10.1016/S1474-4422(18)30053-X
http://doi.org/10.1038/s41467-019-14279-8
http://www.ncbi.nlm.nih.gov/pubmed/32015339
http://doi.org/10.1016/0896-6273(93)90070-8
http://doi.org/10.1002/ana.24369
http://www.ncbi.nlm.nih.gov/pubmed/25623662
http://doi.org/10.1001/jama.2015.4669
http://doi.org/10.1523/JNEUROSCI.1542-12.2012
http://doi.org/10.1074/jbc.M114.622209
http://www.ncbi.nlm.nih.gov/pubmed/25918154
http://doi.org/10.1016/j.neuron.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29216449
http://doi.org/10.1126/scitranslmed.3002156
http://www.ncbi.nlm.nih.gov/pubmed/21715678
http://doi.org/10.1172/JCI36663
http://doi.org/10.1016/S1474-4422(20)30412-9
http://doi.org/10.1111/j.1471-4159.2011.07248.x
http://doi.org/10.1146/annurev.neuro.26.041002.131334
http://doi.org/10.1101/cshperspect.a006304
http://doi.org/10.1126/science.1058783
http://doi.org/10.1242/jcs.01323
http://doi.org/10.1074/jbc.M111571200
http://doi.org/10.1038/74656
http://www.ncbi.nlm.nih.gov/pubmed/10742146
http://doi.org/10.1046/j.1471-4159.2001.00516.x
http://www.ncbi.nlm.nih.gov/pubmed/11553691
http://doi.org/10.1074/jbc.C100447200
http://doi.org/10.1074/jbc.270.52.30853


Biomolecules 2021, 11, 1261 14 of 17

59. Bressler, S.L.; Gray, M.D.; Sopher, B.L.; Hu, Q.; Hearn, M.G.; Pham, D.G.; Dinulos, M.B.; Fukuchi, K.I.; Sisodia, S.S.; Miller, M.A.;
et al. cDNA cloning and chromosome mapping of the human Fe65 gene: Interaction of the conserved cytoplasmic domains of
the human β-amyloid precursor protein and its homologues with the mouse Fe65 protein. Hum. Mol. Genet. 1996, 5, 1589–1598.
[CrossRef] [PubMed]

60. Minopoli, G.; De Candia, P.; Bonetti, A.; Faraonio, R.; Zambrano, N.; Russo, T. The beta-amyloid precursor protein functions as a
cytosolic anchoring site that prevents Fe65 nuclear translocation. J. Biol. Chem. 2001, 276, 6545–6550. [CrossRef]

61. Ando, K.; Iijima, K.I.; Elliott, J.I.; Kirino, Y.; Suzuki, T. Phosphorylation-dependent regulation of the interaction of amyloid
precursor protein with Fe65 affects the production of beta-amyloid. J. Biol. Chem. 2001, 276, 40353–40361. [CrossRef] [PubMed]

62. Perkinton, M.S.; Standen, C.L.; Lau, K.F.; Kesavapany, S.; Byers, H.L.; Ward, M.; McLoughlin, D.M.; Miller, C.C.J. The c-Abl
tyrosine kinase phosphorylates the Fe65 adaptor protein to stimulate Fe65/amyloid precursor protein nuclear signaling. J. Biol.
Chem. 2004, 279, 22084–22091. [CrossRef]

63. Kinoshita, A.; Whelan, C.M.; Smith, C.J.; Berezovska, O.; Hyman, B.T. Direct visualization of the gamma secretase-generated
carboxyl-terminal domain of the amyloid precursor protein: Association with Fe65 and translocation to the nucleus. J. Neurochem.
2002, 82, 839–847. [CrossRef] [PubMed]

64. Augustin, V.; Kins, S. Fe65: A Scaffolding Protein of Actin Regulators. Cells 2021, 25, 1599. [CrossRef]
65. Nensa, F.M.; Neumann, M.H.D.; Schrotter, A.; Przyborski, A.; Mastalski, T.; Susdalzew, S.; Looβe, C.; Helling, S.; El Magraoui, F.;

Erdmann, R.; et al. Amyloid beta a4 precursor protein-binding family b member 1 (FE65) interactomics revealed synaptic vesicle
glycoprotein 2a (SV2A) and sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2) as new binding proteins in the
human brain. Mol. Cell. Proteom. 2014, 13, 475–488. [CrossRef] [PubMed]

66. Baek, S.H.; Ohgi, K.A.; Rose, D.W.; Koo, E.H.; Glass, C.K.; Rosenfeld, M.G. Exchange of N-CoR corepressor and Tip60 coactivator
complexes links gene expression by NF-kappaB and beta-Amyloid Precursor Protein. Cell. 2002, 110, 55–67. [CrossRef]

67. Müller, T.; Schrötter, A.; Loosse, C.; Pfeiffer, K.; Theiss, C.; Kauth, M.; Meyer, H.E.; Marcus, K. A ternary complex consisting of
AICD, FE65, and TIP60 down-regulates Stathmin1. Biochim. Biophys. Acta 2013, 1834, 387–394. [CrossRef]

68. Belyaev, N.D.; Nalivaeva, N.N.; Makova, N.Z.; Turner, A.J. Neprilysin gene expression requires binding of the amyloid precursor
protein intracellular domain to its promoter: Implications for Alzheimer disease. EMBO Rep. 2009, 10, 94–100. [CrossRef]

69. Pardossi-piquard, R.; Petit, A.; Kawarai, T.; Sunyach, C.; Alves, C.; Vincent, B.; Ring, S.; Adamio, L.D.; Shen, J.; Müller, U.; et al.
Presenilin-dependent transcriptional control of the Abeta-degrading enzyme neprilysin by intracellular domains of beta APP and
APLP. Neuron. 2005, 46, 541–554. [CrossRef]

70. Grimm, M.O.W.; Mett, J.; Stahlmann, C.P.; Grösgen, S.; Haupenthal, V.J.; Blümel, T.; Hundsdörfer, B.; Zimmer, V.C.; Mylonas, N.T.;
Tanila, H.; et al. APP intracellular domain derived from amyloidogenicβ- and γ-secretase cleavage regulates neprilysin expression.
Front. Aging Neurosci. 2015, 19, 77. [CrossRef]

71. Grimm, M.O.W.; Mett, J.; Stahlmann, C.P.; Haupenthal, V.J.; Zimmer, V.C.; Hartmann, T. Neprilysin and Aβ clearance: Impact of
the APP Intracellular Domain in NEP Regulation and Implications in Alzheimer’s Disease. Front. Aging Neurosci. 2013, 23, 95–98.
[CrossRef] [PubMed]

72. Kim, H.S.; Kim, E.; Lee, J.; Park, C.H.; Kim, S. C-terminal fragments of amyloid precursor protein exert neurotossicity by inducing
glycogen synthase kinase-3beta expression. FASEB J. 2003, 17, 1951–1953. [CrossRef]

73. Ozaki, T.; Li, Y.; Kikuchi, H.; Tomita, T.; Iwatsubo, T.; Nakagawara, A. The intracellular domain of the amyloid precursor protein
(AICD) enhances the p53-mediated apoptosis. Biochem. Biophys. Res. Commun. 2006, 351, 57–63. [CrossRef] [PubMed]

74. Chang, K.; Kim, H.; Ha, T.; Ha, J.; Shin, K.Y.; Jeong, Y.H.; Lee, J.; Park, C.; Kim, S.; Baik, T.; et al. Phosphorylation of
amyloid precursor protein (APP) at Thr668 regulates the nuclear translocation of the APP intracellular domain and induces
neurodegeneration. Mol. Cell. Biol. 2006, 26, 4327–4338. [CrossRef]

75. Liu, Y.; Hsu, W.; Ma, Y.; Lee, E.H.Y. Melatonin Induction of APP Intracellular Domain 50 SUMOylation Alleviates AD through
Enhanced Transcriptional Activation and AβDegradation. Mol. Ther. 2021, 29, 376–395. [CrossRef]

76. Pastorino, L.; Sun, A.; Lu, P.; Zhou, X.Z.; Balastik, M.; Finn, G.; Wulf, G.; Lim, J.; Li, S.; Li, X.; et al. The prolyl isomerase Pin1
regulates amyloid precursor protein processing and amyloid-beta production. Nature 2006, 440, 528–534. [CrossRef] [PubMed]

77. Ryan, K.A.; Pimplikar, S.W. Activation of GSK-3 and phosphorylation of CRMP2 in transgenic mice expressing APP intracellular
domain. J. Cell Biol. 2005, 171, 327–335. [CrossRef] [PubMed]

78. Kirouac, L.; Rajic, A.J.; Cribbs, D.H.; Padmanabhan, J. Activation of Ras-ERK Signaling and GSK-3 by Amyloid Precursor Protein
and Amyloid Beta Facilitates Neurodegeneration in Alzheimer’s disease. eNeuro 2017, 4. [CrossRef] [PubMed]

79. Zhou, F.; Gong, K.; Van Laar, T.; Gong, Y.; Zhang, L. Wnt /β-catenin signal pathway stabilizes APP intracellular domain (AICD)
and promotes its transcriptional activity. Biochem. Biophys. Res. Commun. 2011, 412, 68–73. [CrossRef] [PubMed]

80. Jia, L.; Piña-crespo, J.; Li, Y. Restoring Wnt/β-catenin signaling is a promising therapeutic strategy for Alzheimer’s disease. Mol.
Brain 2019, 12, 104. [CrossRef]

81. Zhou, F.; Gong, K.; Song, B.; Ma, T.; Van Laar, T.; Gong, Y.; Zhang, L. The APP intracellular domain (AICD) inhibits Wnt signalling
and promotes neurite outgrowth. Biochim. Biophys. Acta 2012, 1823, 1233–1241. [CrossRef]

82. Ghosal, K.; Stathopoulos, A.; Pimplikar, S.W. APP intracellular domain impairs adult neurogenesis in transgenic mice by inducing
neuroinflammation. PLoS ONE 2010, 5, e11866. [CrossRef]

83. Ghosal, K.; Fan, Q.; Dawson, H.N.; Pimplikar, S.W. Tau Protein Mediates APP Intracellular Domain (AICD) -Induced Alzheimer
’s-Like Pathological Features in Mice. PLoS ONE 2016, 11, e0159435. [CrossRef]

http://doi.org/10.1093/hmg/5.10.1589
http://www.ncbi.nlm.nih.gov/pubmed/8894693
http://doi.org/10.1074/jbc.M007340200
http://doi.org/10.1074/jbc.M104059200
http://www.ncbi.nlm.nih.gov/pubmed/11517218
http://doi.org/10.1074/jbc.M311479200
http://doi.org/10.1046/j.1471-4159.2002.01016.x
http://www.ncbi.nlm.nih.gov/pubmed/12358789
http://doi.org/10.3390/cells10071599
http://doi.org/10.1074/mcp.M113.029280
http://www.ncbi.nlm.nih.gov/pubmed/33498133
http://doi.org/10.1016/S0092-8674(02)00809-7
http://doi.org/10.1016/j.bbapap.2012.07.017
http://doi.org/10.1038/embor.2008.222
http://doi.org/10.1016/j.neuron.2005.04.008
http://doi.org/10.3389/fnagi.2015.00077
http://doi.org/10.3389/fnagi.2013.00098
http://www.ncbi.nlm.nih.gov/pubmed/24391587
http://doi.org/10.1096/fj.03-0106fje
http://doi.org/10.1016/j.bbrc.2006.09.162
http://www.ncbi.nlm.nih.gov/pubmed/17054906
http://doi.org/10.1128/MCB.02393-05
http://doi.org/10.1016/j.ymthe.2020.09.003
http://doi.org/10.1038/nature04543
http://www.ncbi.nlm.nih.gov/pubmed/16554819
http://doi.org/10.1083/jcb.200505078
http://www.ncbi.nlm.nih.gov/pubmed/16230462
http://doi.org/10.1523/ENEURO.0149-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28374012
http://doi.org/10.1016/j.bbrc.2011.07.040
http://www.ncbi.nlm.nih.gov/pubmed/21798242
http://doi.org/10.1186/s13041-019-0525-5
http://doi.org/10.1016/j.bbamcr.2012.05.011
http://doi.org/10.1371/journal.pone.0011866
http://doi.org/10.1371/journal.pone.0159435


Biomolecules 2021, 11, 1261 15 of 17

84. Ma, Q.; Futagawa, T.; Yang, W.; Jiang, X.; Zeng, L.; Takeda, Y.; Xu, X.; Bagnard, D.; Schachner, M.; Furley, A.J.; et al. A TAG1-APP
signalling pathway through Fe65 negatively modulates neurogenesis. Nat. Cell. Biol. 2008, 10, 283–294. [CrossRef]

85. Coronel, R.; Lachgar, M.; Bernabeu-zornoza, A.; Palmer, C.; Domínguez-alvaro, M.; Revilla, A.; Ocaña, I.; Fernández, A.;
Martínez-serrano, A.; Cano, E.; et al. Neuronal and Glial Differentiation of Human Neural Stem Cells Is Regulated by Amyloid
Precursor Protein (APP) Levels. Mol. Neurobiol. 2019, 56, 1248–1261. [CrossRef] [PubMed]

86. Shu, R.; Wong, W.; Ma, Q.H.; Yang, Z.Z.; Zhu, H.; Liu, F.J.; Wang, P.; Ma, J.; Yan, S.; Polo, J.M.; et al. APP intracellular domain acts
as a transcriptional regulator of miR-663 suppressing neuronal differentiation. Cell Death Dis. 2015, 6, e1651. [CrossRef] [PubMed]

87. Jiang, M.; Vanan, S.; Tu, H.; Zhang, W.; Zhang, Z.; Chia, S.; Eun, S.; Zeng, X.; Yu, W.; Xu, J.; et al. Amyloid precursor protein
intracellular domain-dependent regulation of FOXO3a inhibits adult hippocampal neurogenesis. Neurobiol. Aging 2020, 95,
250–263. [CrossRef] [PubMed]

88. Law, B.M.; Guest, A.L.; Pullen, M.W.J.; Perkinton, M.S. Increased Foxo3a Nuclear Translocation and Activity is an Early Neuronal
Response to βγ-Secretase-Mediated Processing of the Amyloid-β Protein Precursor: Utility of an APP-GAL4 Reporter Assay.
J. Alzheimer’s Dis. 2018, 61, 673–688. [CrossRef] [PubMed]

89. Goiran, T.; Duplan, E.; Chami, M.; Bourgeois, A.; El Manaa, W.; Rouland, L.; Dunys, J.; Lauritzen, I.; You, H.; Stambolic, V.; et al.
β-Amyloid Precursor Protein Intracellular Domain Controls Mitochondrial Function by Modulating Phosphatase and Tensin
Homolog—Induced Kinase 1 Transcription in Cells and in Alzheimer Mice Models. Biol. Psychiatry 2018, 83, 416–427. [CrossRef]

90. Maloney, B.; Lahiri, D.K. The Alzheimer’s amyloid β -peptide (Aβ) binds a specific DNA Aβ-interacting domain (AβID) in the
APP, BACE1, and APOE promoters in a sequence-specific manner: Characterizing a new regulatory motif. Gene 2011, 488, 1–12.
[CrossRef]
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