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Our understanding of Alzheimer’s disease (AD) pathogenesis has developed with several
hypotheses over the last 40 years, including the Amyloid and Tau hypotheses. More
recently, the p53 protein, well-known as a genome guardian, has gained attention for
its potential role in the early evolution of AD. This is due to the central involvement of
p53’s in the control of oxidative stress and potential involvement in the Amyloid and
Tau pathways. p53 is commonly regulated by post-translational modifications (PTMs),
which affect its conformation, increasing its capacity to adopt multiple structural and
functional states, including those that can affect brain processes, thus contributing to AD
development. The following review will explore the impact of p53 PTMs on its function
and consequential involvement in AD pathogenesis. The greater understanding of the
role of p53 in the pathogenesis of AD could result in more targeted therapies benefiting
the many patients of this debilitating disease.
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INTRODUCTION

Pathology of Alzheimer’s Disease
Alzheimer’s disease (AD) is a pernicious condition of the aging population that leads to
progressive degeneration of brain function, whose characteristic anatomopathological hallmarks,
firstly described by Alois Alzheimer, remain the senile plaques and neurofibrillary tangles which
consist of beta-amyloid peptides and hyperphosphorylated Tau proteins (Querfurth and LaFerla,
2010). The formation of brain plaques begins up to 20 years before any signs of clinical symptoms.
To date, our understanding of AD pathology is still incomplete, with several different models
proposed (Jack and Holtzman, 2013; Fagan et al., 2014).

The amyloid hypothesis of AD pathology suggests that the increased presence of amyloid-
beta (AP) is the triggering factor, which then links directly to Tau protein hyper-phosphorylation,
synapse loss, and cell death (Gao et al., 2018).
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However, the classical amyloid hypothesis has been questioned
(Ricciarelli and Fedele, 2017) and other hypotheses have now
been postulated to describe AD pathology and are discussed in
the following sections.

GSK-3 is a critical cell cycle regulation factor and has an
important function in neurons for Tau regulation. Increased
GSK-3p activity has been shown to be one of the first events
in AD pathology, leading to increased AP production and Tau
hyper-phosphorylation (Braak and del Tredici, 2004). Moreover,
the €4 isoform of Apolipoprotein E (Apo E4), which inhibits
proteolytic degradation of AP, has also been implicated as a
significant genetic risk factor for the sporadic AD (Mulder
et al., 2014; Johnson, 2020). In addition, glutamatergic and
cholinergic dysfunction (Howes and Houghton, 2012), oxidative
stress (Cheignon et al., 2018), prion proteins (Westergard et al.,
2007), a-synuclein (Twohig and Nielsen, 2019), TDP-42 (Tomé
et al, 2020), and inflammation (Latta et al, 2015) are all
implicated in AD pathology.

Mitochondrial dysfunction has also been implicated in AD
pathology, Oxidative stress, damage by free radicals in parallel
with changes in the expression of superoxide dismutase (SOD)
and catalase, both important anti-oxidant enzymes, have been
shown in tissue from AD patients (Marcus et al., 1998; Omar
et al., 1999; Padurariu et al., 2010).

Interestingly, In the AD brain, fatty acid oxidation has been
linked to Tau pathology, and p38 MAPK has been linked as
a potential candidate gene within the relevant MAP Kinase
pathway (Zhu et al., 2000). Further studies have implicated
oxidative stress in A induced neurotoxicity (Mattson, 2007) and
cellular (Behl et al.,, 1994) and rodent (Li et al., 2004; Nishida
et al., 2006) models showed increased oxidative stress is linked
to AP deposits. Accumulation of transition metals along with A
and Tau protein have all been implicated in the loss of redox
balance, and oxidative stress is a well-recognized feature of AD
brains (Pratico, 2008). The metal theory of AD (Deibel et al.,
1996; Bush, 2013) proposes that homeostasis of transition metals
is severely altered in AD, with extracellular pooling of metals
such as Zn and Cu in amyloid, and intraneuronal accumulation
of Fe within the AD brain. Abnormal levels of metal ions, Zn,
Cu, and Fe were shown in AD brains (Deibel et al., 1996). Also,
the presence of transition metals has been highlighted in amyloid
deposits and transgenic murine models (Lovell et al., 1998; Zhang
et al., 2006).

The development of clinical symptoms of AD requires many
decades for pathological changes to develop (McDade et al,
2018). However, during the early stages of the disease, the
body’s cellular defense mechanisms, including the DNA damage
response, will activate and potentially stop the progression of AD
(Jackson and Bartek, 2009).

As seen in cancer, cellular response mechanisms involve
multiple pathways. The role of one of these genes, TP53,
is now being revealed as central to the cellular response to
cancer and other diseases, including obesity and aging-associated
neurodegenerative disorders (Labuschagne et al., 2018). Given
the implication of different mechanisms of cellular stress in AD
pathology, understanding the role and regulation of TP53 and its
protein product p53 in AD could unlock therapies to treat the

disease in its early stages or facilitate AD diagnosis before the
clinical manifestation of the disease.

p53 Conformational Changes: Causes
and Consequences in Alzheimer’s

Disease

Ever since the discovery of p53 (Lane and Crawford, 1979;
Linzer and Levine, 1979) it has been accepted as a central tumor
suppressor that has also been shown to be involved in diseases
other than cancer, acting as a critical gatekeeper for cellular stress.
p53 is a homo-tetrameric, multidomain transcriptional factor
and, by binding of the p53-responsive elements found at target
genes’ promoters, p53 can in turn activate multiple pathways and
genes (Liu et al., 2019).

Tumorigenesis of p53 has been shown in numerous mouse
experiments where p53 loss-of-function predisposes cells to
permanent damage and tumor transformation (Donehower et al.,
1992; Olive et al.,, 2004). Tumorigenesis has also been shown
in p53 wild-type patients, whose cellular p53 pathways are not
functional, due to several causes (Yue et al., 2017). It has also been
demonstrated that p53 functions as a central hub to deal with
cellular oxidative stress. In addition to DNA damage, p53 can
also show a response to many upstream stress signals which can
include oncogene activation, erosion of telomeres, and hypoxia
(Horn and Vousden, 2007). When activated, p53 is a regulator of
multiple cellular processes including cell cycle arrest, DNA repair,
apoptosis, ferroptosis, senescence, that promote cell survival, or
minimize cellular malignant transformation.

p53 has been shown to have further roles including the control
of cell metabolism, pluripotency, epigenetic control, and aging
(Kastenhuber and Lowe, 2017). As p53 has many roles in cellular
maintenance, any alteration of functional activity will greatly
affect its downstream processes (Vousden and Lane, 2007).

The role of p53 is now realized to be much greater than simply
dealing with DNA damage. Thus, p53 should now be regarded
not only as a “genome guardian” but as a “stress guardian.”

There are several cellular mechanisms that control p53
function, and post-translational modifications (PTMs) are the
most common and effective type of regulation (Chen et al., 2020).

p53 Post-translational Modifications of
the Linear Sequence and the Related

Biochemical Reactions

p53 protein’s modular structure is optimized for PTMs including
SUMOylation, neddylation, phosphorylation, acetylation,
methylation, ubiquitination, hydroxylation, O-GlcNAcylation,
ADP-ribosylation, and B-hydroxybutyrylation (Chen et al., 2020;
Figure 1).

Phosphorylation

p53 Phosphorylation occurs mainly at serine and threonine
residues at both C and N-termini. It has been shown that
phosphorylation is critical at Serl5 to allow MDM?2 dissociation
with the p53 protein, with the result of stabilizing the p53
complex (Shieh et al, 1997). AMP-activated protein kinase
(AMPK) pathway can phosphorylate Serl5 and mediates a
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FIGURE 1 | Overview of p53 post-translational modifications (PTMs). The major sites for p53 modifications (B-hydroxybutyrylation, SUMOylation, methylation,
hydroxylation, ubiquitination, neddylation, acetylation, O-GlcNAcylation, ADP-ribosylation, and phosphorylation) are shown in the figure, with different colors to
denote different modifications. TSD, trans activation domain; DBD, DNA binding domain; TMD, tetramerization domain; NTD, N terminal domain. This figure has

been modified from Chen et al. (2020).

G1/S cell cycle block (Jones et al., 2005). p53 phosphorylation
at position 392 can be induced by DNA damage and has
been shown to activate the DNA binding capacity of p53.
Overall, phosphorylation of p53 can alter the formation and
conformation of p53 tetramers, which in turn, can alter their
activity (Chene, 2001).

Acetylation

Acetylation of eight lysine residues of p53 (K120, K164, K370,
K372, K373, K381, K382, and K386) are induced by cytotoxic
stimuli, which results in p53 activation and stabilization (Barlev
et al,, 2001; Brooks and Gu, 2011a). p53 acetylation is important
for the control of the cell cycle, especially the G2 cell cycle
phase (Imbriano et al., 2005). Acetylation of the lysine residues
present at the C-terminal inhibits ubiquitination by MDM2 on
the same residue. This stabilizes the tetramer and improves its
DNA binding ability, allowing transcriptional activators to be
recruited (Itahana et al,, 2009). p53 transactivation is reliant
on a variety of promoters, with acetylation dependent on the
cellular environment.

Methylation

Methylation of lysine and arginine residues is an important
control mechanism of p53 function as it's a reversible process
(Jansson et al., 2008). Interestingly, nuclear lysine methylation
occurring after damage to DNA enhances p53 chromatin
binding; increasing p53 recruitment in p21 regulatory regions;
enhancing p21 activation along with other downstream genes
(Chuikov et al., 2004). p53 activity is also modulated by arginine
methylation and this mechanism regulates the p53 response. Like

lysine methylation, arginine methylation of p53 is also strongly
linked to DNA damage (Jansson et al., 2008). Methylation
by PRMTS5 is also known to influence the activity of p53
oligomerization (Jansson et al., 2008).

Ubiquitination

MDM?2 ubiquitination is critical for maintaining p53 levels in
the cell. This has been postulated to occur by polyubiquitination
of p53 leading to proteasome pathway mediated protein
degradation, which then inhibits p53-mediated transactivation
(Haupt et al., 1997; Brooks and Gu, 2011b). The major MDM?2
ubiquitination sites of p53 have been shown to be located at the
carboxy end (Rodriguez et al., 2000). Interestingly, expression
of MDM?2 is also regulated by p53, creating a negative feedback
loop. Thus, increasing the cellular p53 level will induce MDM2
expression, and subsequently lead to a decrease in p53 expression
and loss of activity (Wu et al., 1993). Additionally, work by Lee
et al. (2008) showed that ubiquitination inhibits p53 binding
leading to apoptosis and finally cell cycle arrest.

Different types of p53 ubiquitination are known to cause
changes in p53 function as well as stabilization, by regulating its
cytosolic location and nuclear export. p53 ubiquitination is also
implicated in the disruption of its binding to promoters of target
genes, similar to the action of transcription factors in the nucleus.
This results in halting the cell cycle and triggering apoptosis
(Lee and Gu, 2009). In unstressed cells, levels of p53 protein
are maintained at low levels due to ubiquitination of MDM?2
and MDM4, which target p53 for proteasomal degradation.
TP53 PTMs modulate TP53 stability as well as its interactions
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with DNA, chromatin, and many cofactors that influence TP53-
mediated transcription or repression of target genes. TP53 is
also known to transcriptionally activate a large number of genes
by binding to response elements that are found proximal to
promoters/enhancers (Riley et al., 2008).

Other Modifications
These include neddylation and SUMOylation (Xirodimas et al,,
2004; Abida et al., 2007; Wu and Cheng, 2009).

These modifications all have several common features: (i)
Multiple sites: on many different amino acids. (ii) Multiple
functions: that are site-specific. (iii) Reversibility: such that there
are functionally modifying and de-modifying mechanisms. (iv)
Cross talk: modifications at certain sites can affect modifications
at other sites (Liu et al., 2019).

Nitrosylation

Aerobic metabolism has several by products including ROS and
reactive nitrogen species (RNS). RNS can initiate signaling that is
transduced through redox-based PTMs of proteins. It is known
that redox signaling is a critical process in cell physiology and
is an important regulator of redox-sensitive proteins (Metodiewa
and Koska, 1999). The brain is a major producer of RNS which
produce two main types of protein modifications, nitrosylation
of thiol groups (S-nitrosylation), and nitration of tyrosine
residues (nitroTyr). S-Nitrosylation is a specific and reversible
modulation that occurs on a physiologically relevant timescale.
Target depending, this results in either activation or inhibition of
cellular pathways (Janssen-Heininger et al., 2008). It is proposed
that S-nitrosylation of Cys residues is the redox-based post-
translational mechanism equivalent to protein phosphorylation
(Hess et al., 2005). In contrast, abnormal S-nitrosylation could
be an important factor in brain aging and the development of
neurodegenerative disease (Finelli, 2020).

Tyrosine Nitration and Alzheimer’s Disease
Pathogenesis

Data suggests a strong link between protein Tyr nitration and
the pathogenesis of AD. For example, Buizza et al. (2013)
demonstrated an elevated expression of nitrated p53 in an in vitro
model of amyloid precursor protein (APP) overexpression-
induced AP load. Concomitantly, they observed an associated
increase in the expression of unfolded p53, and neuronal
dysfunction. Restoring the native conformational state of p53
with Zinc chloride prevented neuronal dysfunction, supporting
the role of p53 in maintaining neuronal functionality (Buizza
et al., 2013). In further studies the unfolded p53 variant was
identified in AD patients (Uberti et al., 2006; Buizza et al., 2012;
Abate et al., 2020a). The review of Abate et al. (2020b) describes
the potential role of p53 in AD pathogenesis and diagnosis. This
review will discuss the functional role of p53, in particular post
translational modifications and AD.

p53 Function and the Link to Alzheimer’s

Disease
p53 protein function has been shown to be closely associated
with many cell stress control mechanisms and is proposed to be

intrinsically involved in defense against neuronal degeneration.
These mechanisms include maintenance of redox control, redox
homeostasis, and inflammation, along with regulation of the
neuronal cell cycle and control of AP peptides (Lanni et al,
2007). Thus, deregulation of a central protein such as p53
could significantly contribute to neuronal dysfunction and play a
critical role in neurodegeneration. Figure 2 summarizes the main
factors that can impact p53 conformation and highlights within
the current models of AD pathogenesis the main areas implicated
and referenced in detail in the sections following.

Oxidative Stress

It is well established that p53 is involved in redox homeostasis
and that loss of its biological activity, caused by changes in
its conformational structure, leads to exacerbation of oxidative
stress (Zhao and Zhao, 2013). Growing evidence proposes
oxidative stress to be a critical factor in both AD initiation
and progression with a strong relationship to AP and Tau-
induced neurotoxicity forming feedback loops to accelerate AD
progression (Mocchegiani et al., 2004; Puca et al., 2008, 2010a;
Lanni et al., 2010a; Zhao and Zhao, 2013).

The cysteine rich metallothionein protein has been implicated
in the cellular detoxification of inorganic species, accomplished
by sequestering metal ions present in increased concentrations.
Specifically, this was shown in the hippocampus of old rats
where metallothionein isoforms I + II and III and interleukin-
6 found in the hippocampus of old rats, where increments in
their expression could potentially lead to neurodegeneration
(Mocchegiani et al., 2004). NADPH Oxidase 1 (Nox1) has also
been postulated to have a role in p53 deacetylation, along with the
suppression of transcriptional activity and apoptosis (Puca et al.,
2010b). Chronic Cerebral Hypoperfusion (CCH) has revealed
Nox1 is activated in the hippocampus, causing oxidative stress,
hippocampal neuronal death, and then cognitive impairment.
Implying Noxl-mediated oxidative stress has a critical role
in neuronal cell death and cognitive dysfunction in dementia
(Choi et al., 2014).

Amyloid Accumulation

Amyloid plaque accumulation in the AD brain has also been
linked to p53 (LaFerla et al., 1996; Lapresa et al., 2019; Abate
et al, 2020a; Farmer et al., 2020). This is not surprising
due to the many functions of p53 in its role as a “cellular
guardian.” Any Deregulation will affect many signaling pathways
implicated in AD, with p53 at the crossroads of a complex
network of stress response pathways (Stanga et al., 2010). The
AB-induced depletion of Homeodomain Interacting Protein
Kinase 2 (HIPK2) has been demonstrated to be involved in
p53 conformational changes toward an unfolded state, thus
contributing to cellular dysfunction (Puca et al., 2008, 2010b;
Lanni et al.,, 2010a). In detail, sublethal amounts of AP inhibit
the Zyxin/HIPK2 signaling axis, upregulating MT2A resulting
in chelated zinc atoms causing a change in p53 conformation
(Abate et al., 2020a). HIPK2 modulation leads to the up-
regulation of MT2A, which chelates Zn ions leading to p53
conformational change (Lanni et al., 2010a, 2013). In the review
of Méplan et al. (2000) further support for the role of Zn ions
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FIGURE 2 | Key factors that affect the generation of the conformational change of p53 to an unfolded conformation in the current model understanding of
Alzheimer’s disease (AD). Each box refers to a significant cellular factor linked to PTMs of the p53 protein.

in this process is evidenced by Zn?>* redox signaling and
transition metals being linked with p53 pathway regulation
(Méplan et al., 2000), where wt-p53 activity was restored in
HIPK2-depleted cells by altering metallothionein and zinc levels
(Puca et al., 2009).

Inflammation

An inflammatory environment has been linked to, specifically an
immune infiltrate localized to amyloid plaques within the AD
brain to AD pathology (Kinney et al., 2018). The presence of
a highly active immune response in the AD brain, consisting
of macrophages and other immune cells, has been implicated
in amyloid and Tau pathology, with microglia-related signaling
mechanisms hypothesized to be involved in AD. However,
the exact mechanisms involved still need to be elucidated
(Kinney et al., 2018).

Cell Cycle Deregulation

Cell cycle deregulation has been implicated in AD as a greater
number of dividing cells have been observed in AD brains vs.
controls (Zhou and Jia, 2010). The cell cycle hypothesis may
explain the slow rate of atrophy during the progression of AD
(Zhou and Jia, 2010).

The areas previously discussed are all regulated by p53,
and deregulation with a subsequent loss of function due to a
PTM-related conformational change to unfolded p53 could link
p53 to the pathogenesis of AD. The impact of the unfolded
conformational variant of p53 is summarized in Figure 3, where
the implicated AD pathways are directly linked to the specific
factors related to the conformational change in p53.

In addition, the functional p53 protein is critical to ensuring
that aging cells are suitably regulated. With most of the research
over the last 40 years completed on p53 and cancer (Feng
et al, 2011; Wu and Prives, 2017) and more recently in other
disease areas, murine studies have been extensively used to study
aging with a number focusing on isoforms of p53. Findings

indicate that over-expression of terminally truncated p53 (as p44)
protein is potentially linked to aging and aggregation of Tau
in NFT’s (Pehar et al.,, 2010, 2014). These aged mice also had
synaptic deficits and a similar decline in cognitive function to AD,
and interestingly a significant increase in Tau phosphorylation
suggesting a Tau/p53 link in AD pathogenesis (Pehar et al., 2010,
2014). Within the human AD brain, Turnquist et al. (2016) have
implicated changes in expression of p53-beta and delta 133 p53
isoforms in the pathology of AD brains compared to controls
(Turnquist et al., 2016).

p53 Signaling Pathways in the
Pathogenesis of Alzheimer’s Disease

As discussed in the previous section, the main regulation of p53 is
by protein-protein interaction, and many PTMs can regulate p53
activity and could be a critical point of dysregulation during the
development of AD (Chen et al., 2020).

During cellular stress, the p53 response can recruit a
number of key signaling proteins, including cell cycle checkpoint
inhibitors and others (Shieh et al., 1997; Budanov, 2014).

Cellular Damage

The normal cellular defense activity of p53 is an action to
repair the cellular damage or to lead the cell to apoptosis; these
are critical processes during cellular aging (Budanov, 2014).
Interestingly, the expression of ataxia-telangiectasia mutated
(ATM) was shown to be increased in a range of mild to moderate
to severe AD patients compared to controls and correlated with
plaque density and Braak stages (Katsel et al., 2013). These data
strongly indicate an active p53 mediated DNA damage response
is being carried out in AD.

Oxidative Stress

The physiological function of p53 is to respond to oxidative
stress, as shown by the activation of antioxidant genes and
their associated signaling pathways. These pathways include
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Manganese Super Oxide Dismutase (MnSOD) and the TP53
induced glycolysis and apoptosis regulator (TIGAR) (Sablina
et al., 2005; Budanov, 2014). An impaired antioxidant response,
with low MnSOD activity was shown in an AD mouse model
(Sompol et al., 2008). However, there are several conflicting
studies showing expression of TIGAR is inversely correlated with
the severity of AD, although in mild dementia, downregulation of
TIGAR was noted in the superior temporal cortex (Sablina et al.,
2005; Katsel et al., 2013).

AB Generation

In vitro experiments on BACE, the rate-limiting enzyme in
the generation of AP, showed its transcription is repressed by
p53, thus affecting potential A accumulation. During oxidative
damage exposure, p53 expression is upregulated. This leads to
a decrease in the level of BACEL expression and potentially
contributes to AD pathogenesis (Singh and Pati, 2015).

mTOR Signaling

The mTOR signaling pathway has been implicated many times
in p53 activity, and interestingly, this pathway has been shown
to be activated in early AD before dementia (Feng et al., 2005;
Li et al., 2005; Yates et al., 2013; Sidorova-Darmos et al., 2018).
An AD transgenic mice study has indicated that a build-up of A
increased the function of the mTOR signaling pathway resulting
in a negative feedback loop inhibiting autophagy and thus the
clearance of AP peptides. This evidence suggests that activation
of the mTOR pathway may be caused by dysregulated p53 but
requires further studies to confirm this hypothesis.

Sirtuin Pathway

A member of the sirtuin family (SIRT1), is known to
regulate cellular metabolic activity through the process
of deacetylation/acetylation. ~ Sirtuins are NAD+-reliant

deacetylases. Sirtuin deficiency disrupts mitophagy in numerous
diseases, including AD (Sidorova-Darmos et al., 2018).

A recent publication has shown another potential p53
regulated pathway involved in AD development involving
sirtuin 6 (SIRT6). The SIRT6 pathway promotes cell longevity
by controlling several different processes including energy
metabolism, genome integrity and inflammation, along with
DNA repair. Interestingly a reduction in the level of the SIRT6
protein has been observed in human AD brain samples (Jung
et al, 2016). The control mechanism was investigated in a
neuronal cell line, where AP 42 post-transcriptionally reduced
p53 protein levels resulting in decreased binding of p53 to the
SIRT6 promoter, downregulating the p53 gene (Jung et al., 2016).

Upregulation of p53 protein by Nutlin-3 avoids SIRT6 decline,
and DNA impairment induced by Af (Jung et al., 2016).

Sirtuin family is both a stimulatory and inhibitory factor
linked to p53 and, in postnatal cortical neurons, the p53
related apoptosis required PUMA transcriptional activation.
PUMA, along with the Bax-mediated permeabilization of the
mitochondrial outer membrane, induces cytochrome C release,
caspase activation, triggering cell death. SIRT1 inhibits the
apoptosis pathway by deacetylation of p53 in several senescence
models (Talebi et al., 2021).

Cyclin Dependent Kinase

Interestingly, a recent study showed the exposure of neurons
to fragments 25-35 of AP peptide activates Cdk5, which
promotes p53 phosphorylation and stabilization (Lapresa et al.,
2019). Mitochondrial dysfunction and neuronal apoptosis were
prevented when Cdk5 and p53 functions were inhibited. Thus,
Cdk5 is activated by fragments 25-35 of AP inducing p53
phosphorylation and stabilization, and this could be an attractive
therapeutic target against an AP induced neurodegeneration
feedback loop (Lapresa et al., 2019).
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p53 Conformational Change
The first evidence of a conformational change of p53 in AD
was shown by Uberti et al., 2002. They showed that an AD
conformational change in p53 occurs in skin fibroblasts isolated
from AD patients. Upon the exposure of these skin fibroblasts
to hydrogen peroxide (H,O,), there is no activation of p53
dependent cell cycle regulators p21, GADD45, and BAX1 genes
(Uberti et al., 2006). This impairment resulted in an accelerated
re-entry and diminished H,O;-related apoptosis when compared
to control fibroblasts. However, this mechanism was not initially
shown in neurons but clearly showed DNA damage repair
mechanism impairment in peripheral cells. Loss of p53 activity
was due to a change in the tertiary structure of the protein
as demonstrated by the use of anti-p53 conformational specific
antibodies. It was later confirmed that the p53 gene was not
mutated, and only the protein conformation had been changed
(Cordani et al,, 2016). The authors proposed this effect was
AD specific as in vitro models expressing the APP-751 protein
exposed to AP 1-40 and AP 1-42, as well as fibroblasts derived
from healthy non-demented subjects, also exposed to Af 1-
40 and AP 1-42, had the same conformational changes. These
changes were specific to AD when compared to other dementias
and cancer. The proposed mechanism was linked to the Zyxin
pathway with AP peptides being implicated in deregulating
the Zyxin protein leading to proteasomal degradation and
downregulation of HIPK2 and the up-regulation of MT2A, which
chelates Zn ions leading to p53 conformational change. This
is a reversible process with the addition of Zn ions increasing
the cellular sensitivity to both cytotoxic damage and the level
of growth-associated protein 43 (GAP-43) (Lanni et al., 2010a;
Buizza et al., 2013). The conformationally changed variant,
an unfolded version of p53, increases APP metabolism and
associated AP load. Increased expression of unfolded p53 results
from the loss of p53 proapoptotic activity in parallel to a decrease
in mRNA and protein levels of GAP-43 (Buizza et al., 2013). As
a control, treating HEK cells with an AB sequestering antibody
resulted in the partial prevention of the p53 conformational
change indicating a direct link to AP (Uberti et al., 2007).
Using immortalized lymphocytes from AD patients induced
nitration of specific tyrosine residues conformational change of
p53 (Buizza et al, 2012). Studies utilizing lymphocytes from
AD patients showed an increase in CD44 when increased
p53 is also observed, which may also link the lymphocytic
control pathways. The evidence supports the hypothesis that the
conformational change of p53 could be a significant contributor
to the dysregulation of the mTOR AD signaling pathway
previously discussed in this review.

The main AD signaling pathways implicated with p53
conformational change are summarized in Figure 3 and are
referenced in detail in this section.

Relationship Between Tau, A, and p53

The relationship between Tau, AB, and p53 has been explored in
many studies and has been considered as a potential therapeutic
target for AD (Jazvinscak Jembrek et al., 2018). The recent
manuscript from Sola et al. (2020) focused on the effect of Tau
on p53 function during the DNA damage response, studying

acute DNA damage in Neuroblastoma cells after Tau depletion.
These conditions altered the stability and activity of p53 resulting
in reduced cell death, confirming the interaction with p53 and
its E3 ubiquitin ligase MDM2 (Sola et al., 2020). Farmer et al.
(2020) further investigated the potential role of Tau and p53 in
AD to an impaired DNA damage response. Farmer et al. (2020)
demonstrated that p53 forms oligomers and fibrils in human
AD brain but not in control brains and that the p53 protein
interacts with Tau oligomers in AD. p53 oligomers also colocalize,
potentially seeding endogenous p53 in primary neurons in the
presence of DNA damage, and phosphorylated p53 was shown
to be blocked outside the nucleus. p53-mediated DNA damage
responders were also shown to be decreased in the AD brains,
with control brains showing a normal DNA damage response
mechanism. This could indicate that in AD a loss of p53’
nuclear function may be due to p53 aggregation and tau oligomer
interactions. A linear p53 hypothesis is proposed in Figure 4.

When AB is present at nanomolar levels, through the HIPK2
inhibition, it induces metallothionein 2A expression and, with
Zn?T -chelating activity, metal ions are sequestered from the p53
DNA binding domain, inducing conformational changes in p53,
inhibiting its activity. This directly links to Farmer et al. (2020),
where the interaction of p-Tau, p-p53, and the localization of
p-p53 outside the nucleus, were observed.

A link between the p53 Conformational Variant and Af
by HIPK2-p53 signaling was confirmed by an in vitro study
(Jazvinscak Jembrek et al., 2018). Furthermore, a study using a
pro-oxidant environment activated p53 intracellular pathways,
affecting tertiary protein structure, inducing conformational
changes and the loss of its activity (Abate et al., 2020b).

p53 regulates a heterogeneous variety of biological functions,
which includes neuronal activities including outgrowth and
protection of connectivity, and redox homeostasis (Li et al.,
2019), these findings reinforce the hypothesis that loss of
function of p53 due to its conformational change in the early
stages of AD may contribute to several associated pathologies
including synapse dysfunction, inflammation, and oxidative
stress. Therefore, the p53 conformational variant could be a
biomarker of early AD pathological events. These will include the
accumulation of A, redox deregulation, and immune activation
leading to oxidative stress and chronic inflammation. The link of
p53 and its conformational variant, caused by PTMs and linked
to Tau and A, is summarized in Figure 4.

the Conformational Variant of p53

Detected in Alzheimer’s Disease

The importance of the unfolded conformational variant of
p53 caused by PTMs has been investigated in several studies
comparing AD patients to controls, and a significantly higher
expression of the conformational variant of p53 was detected in
peripheral blood mononuclear cells (PBMCs) from AD patients
(Uberti et al., 2008; Lanni et al., 2010b; Stanga et al., 2012).
Interestingly, unfolded p53 was independent of apolipoprotein E
epsilon 4 (APOE ¢4) status (Abate et al., 2020a). p53 levels were
increased in PBMCs from preclinical patients with mild cognitive
impairment (MCI) when compared to controls. This led to a
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mTOR Farmet et al (2021),
oB B Inhibition of Zyxin/HIPK2 U-p53 SIRT confirmed that in the brain
’ ap signaling affecting MTA GAP-43 from AD individuals p-tau and
MPRIRAGRAR IR {inction s pe3 : SOD p-p53 colocalize in the
gnggy VW — CD44 - subnuclear area. This
PUMA/BAX colocalization wasn’t detect
Sub-lethal ap accumulation p21 in the brain from healthy
affecting cell processes wt p53 individuals, confirming a

The misfolding of p53 leads its loss

of function,

triggering a cascade reaction
clinically relevant

even at low level of a in AD
(Abate et al, 2020; Jung et al, 2016;
Abate et al, 2021).

FIGURE 4 | p53 hypothesis in AD. Sub-lethal accumulation of AB affects cellular pathways leading to the misfolding of p53 and its loss-of-function, triggering a
clinically relevant cascade reaction. In the AD brain, phosphorylated p53 (p-p53) and p53 aggregates are overexpressed compared to the healthy individuals
(controls), confirming a different protein behavior than the WT isoform. mTOR, SIRT, and GAP-43 highlighted in red are postulated to be the major pathways involved.

different protein behaviour in
AD Pathway.

study indicating increased levels of unfolded p53 protein were
highly predictive of the conversion from amnestic MCI to AD
dementia (Uberti et al., 2008; Lanni et al., 2010a; Stanga et al,,
2012).

As previously discussed, the expression of the unfolded
conformational variant of p53 was investigated in other
dementias, and other brain disorders such as Parkinson’s disease,
where the data indicated that p53 is differentially expressed when
compared to AD patients, thus suggesting specificity for AD
(Uberti et al., 2008).

To further investigate the relationship of unfolded p53
isoforms in AD, Memo and Uberti (2018) developed a
monoclonal antibody (mAb) 2D3A8 to be highly specific
for the p53 conformational variant and targeted to potential
nitrosylation sites. The 2D3A8 antibody was characterized
and shown to recognize a linear epitope between the p53
DNA binding domain and the conjunction region with the
tetramerization domain. The authors proposed this epitope
becomes exposed due to redox PTMs due to the pro-oxidant
environment in AD.

The recent study by Abate et al. (2021) further evaluated the
presence of the conformational variant of p53 using the mAb
2D3A8. Three hundred seventy-five plasma samples from two
longitudinal AD studies were used in conjunction with a machine
learning approach to create an algorithm to predict AD likelihood
risk. The concentration of p53 conformational variant detected
by 2D3A8 and quantified by an in-house plasma ELISA method,
Mini-Mental State Examination (MMSE), and levels of APOE
¢4 were considered. Applying machine learning, the algorithm
identified an AD likelihood risk that showed a robust 86.67%
agreement with clinical diagnosis. A highly significant area under
the curve (AUC = 0.92) was found for amnestic Mild Cognitive
Impairment (aMCI) patients who will develop AD, suggesting
2D3A8-postive p53 as a prognostic biomarker for AD.

The conformational variant of p53, detected by 2D3A8 and
then quantified by mass spectroscopy (identified as U-p534%),
was further validated as a potential prognostic biomarker in AD
in a set of plasma samples from the longitudinal and retrospective

biobank, AIBL (Piccirella et al., 2021). In detail, 482 individuals
(515 total samples) up to 144 months after baseline and at
different stages of cognitive decline due to AD were analyzed. The
U-p5347 was shown to have a high prognostic value, predicting
the progression to AD from preclinical or prodromal AD with a
significant AUC > 0.90, showing prognostic validity more than
6 years prior to signs of clinical symptoms. Additionally, the
prognostic performance of this conformational variant of p53
was shown to be higher than other main risk factors alone or
in combination with amyloid status. U-p534% was also shown to
have high diagnostic performance to segregate cognitively normal
individuals from those with AD (AUC values > 0.90).

CONCLUSION

The exact pathology of AD is controversial and remains to
be fully elucidated. The validity of the amyloid hypothesis is
still being challenged due to the failure of several high-profile
drug trials. A significant amount of evidence supports the
potential role of p53 in AD pathogenesis, particularly due to the
protein’s functional dysregulation and involvement in many AD
pathways. PTMs are an important part of the normal regulation
of p53 cellular function, and the presence of a conformational
change in p53 induced by redox dysfunction in AD, leading
to a loss of function in many cellular response pathways, is
an indication of a central role in AD. Further studies on the
conformational unfolding of p53 showed that the conformational
change of the protein impacts on its role, directly increasing or
decreasing the activation of specific pathways involved in AD.
A recent study has also shown that p53 is expressed in the AD
brain in a phosphorylated isoform in correlation with p-Tau
(Farmer et al., 2020). This study supports the effect of PTMs
on p53 conformation and its role in AD. Recent studies (Abate
et al., 2021; Piccirella et al., 2021) also showed the expression
of a conformational variant of p53 in the plasma samples of
asymptomatic and AD prodromal individuals confirming the role
of the conformational variant of p53 in AD.
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Further studies will be necessary to further elucidate the
mechanism of actions for the specific PTMs of p53 and their
involvement in AD pathways.

AUTHOR CONTRIBUTIONS

JC, SP, and PK defined the review focus. JC and SP
wrote the manuscript. GA, PK, DU, and RK provided

REFERENCES

Abate, G., Frisoni, G. B., Bourdon, J. C., Piccirella, S., Memo, M., and Uberti, D.
(2020a). The pleiotropic role of P53 in functional/dysfunctional neurons: focus
on pathogenesis and diagnosis of Alzheimer’s disease. Alzheimers Res. Ther.
12:160. doi: 10.1186/513195-020-00732-0

Abate, G., Vezzoli, M., Sandri, M., Rungratanawanich, W., Memo, M., and Uberti,
D. (2020b). Mitochondria and cellular redox state on the route from ageing to
Alzheimer’s disease. Mech. Ageing Dev. 192:111385. doi: 10.1016/].MAD.2020.
111385

Abate, G., Vezzoli, M., Polito, L., Guaita, A., Albani, D., Marizzoni, M., et al. (2021).
A conformation variant of P53 combined with machine learning identifies
Alzheimer disease in preclinical and prodromal stages. J. Pers. Med. 11, 1-16.
doi: 10.3390/JPM 11010014

Abida, W. M., Nikolaev, A., Zhao, W., Zhang, W., and Gu, W. (2007). FBXO11
promotes the neddylation of P53 and inhibits its transcriptional activity. J. Biol.
Chem. 282, 1797-1804. doi: 10.1074/JBC.M609001200

Barlev, N. A,, Liu, L., Chehab, N. H., Mansfield, K., Harris, K. G., Halazonetis, T. D.,
et al. (2001). Acetylation of P53 activates transcription through recruitment of
coactivators/histone acetyltransferases. Mol. Cell 8, 1243-1254. doi: 10.1016/
$1097-2765(01)00414-2

Behl, C., Davis, J. B., Lesley, R., and Schubert, D. (1994). Hydrogen peroxide
mediates amyloid B protein toxicity. Cell 77, 817-827. doi: 10.1016/0092-
8674(94)90131-7

Braak, H., and del Tredici, K. (2004). Alzheimer’s disease: intraneuronal alterations
precede insoluble amyloid-p formation. Neurobiol. Aging 25, 713-718. doi:
10.1016/J.NEUROBIOLAGING.2003.12.015

Brooks, C. L., and Gu, W. (2011a). The impact of acetylation and deacetylation on
the P53 pathway. Protein Cell 2, 456-462. doi: 10.1007/S13238-011-1063-9

Brooks, C. L., and Gu, W. (2011b). P53 regulation by ubiquitin. FEBS Lett. 585,
2803-2809. doi: 10.1016/].FEBSLET.2011.05.022

Budanov, A. V. (2014). The role of tumor suppressor P53 in the antioxidant defense
and metabolism. Sub Cell. Biochem. 85, 337-358. doi: 10.1007/978-94-017-
9211-0_18

Buizza, L., Cenini, G., Lanni, C., Ferrari-Toninelli, G., Prandelli, C., Govoni, S.,
et al. (2012). Conformational altered P53 as an early marker of oxidative stress
in Alzheimer’s disease. PLoS One 7:€29789. doi: 10.1371/JOURNAL.PONE.
0029789

Buizza, L., Prandelli, C., Bonini, S. A., Delbarba, A., Cenini, G., Lanni, C,, et al.
(2013). Conformational altered P53 affects neuronal function: relevance for the
response to toxic insult and growth-associated protein 43 expression. Cell Death
Dis. 4:e484. doi: 10.1038/cddis.2013.13

Bush, A. L. (2013). The metal theory of Alzheimer’s disease. J. Alzheimers Dis. 33,
S277-S281. doi: 10.3233/JAD-2012-129011

Cheignon, C., Tomas, M., Bonnefont-Rousselot, D., Faller, P., Hureau, C., and
Collin, F. (2018). Oxidative stress and the amyloid beta peptide in Alzheimer’s
disease. Redox Biol. 14, 450-464. doi: 10.1016/].REDOX.2017.10.014

Chen, L, Liu, S., and Tao, Y. (2020). Regulating tumor suppressor genes: post-
translational modifications. Signal Transd. Target. Ther. 5, 1-25. doi: 10.1038/
541392-020-0196-9

Cheéne, P. (2001). The role of tetramerization in P53 function. Oncogene 20,
2611-2617. doi: 10.1038/sj.onc.1204373

Choi, D. H,, Lee, K. H., Kim, J. H,, Seo, J. H., Kim, H. Y., Shin, C. Y., et al.
(2014). NADPH oxidase 1, a novel molecular source of ROS in hippocampal
neuronal death in vascular dementia. Antioxid. Redox Signal. 21, 533-550.
doi: 10.1089/ARS.2012.5129

approval for publication of the content. All authors
contributed to manuscript revision, read, and approved the
submitted version.

ACKNOWLEDGMENTS

The authors would like to thank Adam Tozer for his medical
writing assistance in support of Diadem srl.

Chuikov, S., Kurash, J. K., Wilson, J. R., Xiao, B., Justin, N., Ivanov, G. S., et al.
(2004). Regulation of P53 activity through lysine methylation. Nature 432,
353-360. doi: 10.1038/nature03117

Cordani, M., Oppici, E., Dando, L, Butturini, E., Pozza, E. D., Nadal-Serrano, M.,
etal. (2016). Mutant P53 proteins counteract autophagic mechanism sensitizing
cancer cells to MTOR inhibition. Mol. Oncol. 10, 1008-1029. doi: 10.1016/].
MOLONC.2016.04.001

Deibel, M. A., Ehmann, W. D., and Markesbery, W. R. (1996). Copper, iron, and
zinc imbalances in severely degenerated brain regions in Alzheimer’s disease:
possible relation to oxidative stress. J. Neurol. Sci. 143, 137-142. doi: 10.1016/
$0022-510X(96)00203-1

Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J., Montgomery, C. A.,
Butel, J. S., et al. (1992). Mice deficient for P53 are developmentally normal
but susceptible to spontaneous tumours. Nature 356, 215-221. doi: 10.1038/
356215a0

Fagan, A. M., Chengjie, X,, Jasielec, M. S., Bateman, R. J., Goate, A. M., Benzinger,
T. L. S, et al. (2014). Longitudinal change in CSF biomarkers in autosomal-
dominant Alzheimer’s disease. Sci. Transl. Med. 6:226ra30. doi: 10.1126/
SCITRANSLMED.3007901

Farmer, K. M., Ghag, G., Puangmalai, N., Montalbano, M., Bhatt, N., and Kayed,
R. (2020). P53 aggregation, interactions with tau, and impaired DNA damage
response in Alzheimer’s disease. Acta Neuropathol. Commun. 8, 1-21. doi:
10.1186/540478-020-01012-6

Feng, Z., Lin, M., and Wu, R. (2011). The regulation of aging and longevity:
a new and complex role of P53. Genes Cancer 2, 443-452. doi: 10.1177/
1947601911410223

Feng, Z., Zhang, H., Levine, A. ], and Jin, S. (2005). The coordinate regulation
of the P53 and MTOR pathways in cells. Proc. Natl. Acad. Sci. U.S.A. 102,
8204-8209. doi: 10.1073/PNAS.0502857102

Finelli, M. J. (2020). Redox post-translational modifications of protein thiols in
brain aging and neurodegenerative conditions—focus on S-nitrosation. Front.
Aging Neurosci. 12:254. doi: 10.3389/FNAGI.2020.00254

Gao, Y., Tan, L., Yu, J.-T., and Tan, L. (2018). Tau in Alzheimer’s disease:
mechanisms and therapeutic strategies. Curr. Alzheimer Res. 15, 283-300. doi:
10.2174/1567205014666170417111859

Haupt, Y., Maya, R., Kazaz, A., and Oren, M. (1997). Mdm2 promotes the rapid
degradation of P53. Nature 387, 296-299. doi: 10.1038/387296a0

Hess, D. T., Matsumoto, A., Kim, S. O., Marshall, H. E., and Stamler, J. S. (2005).
Protein S-nitrosylation: purview and parameters. Nat. Rev. Mol. Cell Biol. 6,
150-166. doi: 10.1038/nrm1569

Horn, H. F., and Vousden, K. H. (2007). Coping with stress: multiple ways to
activate P53. Oncogene 26, 1306-1316. doi: 10.1038/sj.0onc.1210263

Howes, M. J., and Houghton, P. J. (2012). Ethnobotanical treatment strategies
against Alzheimer’s disease. Curr. Alzheimer Res. 9, 67-85. doi: 10.2174/
156720512799015046

Imbriano, C., Gurtner, A., Cocchiarella, F., di Agostino, S., Basile, V., Gostissa, M.,
et al. (2005). Direct P53 transcriptional repression: in vivo analysis of CCAAT-
containing G 2 /M promoters. Mol. Cell. Biol. 25,3737-3751. doi: 10.1128/MCB.
25.9.3737-3751.2005

Itahana, Y., Ke, H., and Zhang, Y. (2009). P53 oligomerization is essential for its
C-terminal lysine acetylation. J. Biol. Chem. 284, 5158-5164. doi: 10.1074/JBC.
M805696200

Jack, C. R., and Holtzman, D. M. (2013). Biomarker modeling of Alzheimer’s
disease. Neuron 80, 1347-1358. doi: 10.1016/J.NEURON.2013.12.003

Jackson, S. P., and Bartek, J. (2009). The DNA-damage response in human biology
and disease. Nature 461, 1071-1078. doi: 10.1038/nature08467

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 835288


https://doi.org/10.1186/s13195-020-00732-0
https://doi.org/10.1016/J.MAD.2020.111385
https://doi.org/10.1016/J.MAD.2020.111385
https://doi.org/10.3390/JPM11010014
https://doi.org/10.1074/JBC.M609001200
https://doi.org/10.1016/S1097-2765(01)00414-2
https://doi.org/10.1016/S1097-2765(01)00414-2
https://doi.org/10.1016/0092-8674(94)90131-7
https://doi.org/10.1016/0092-8674(94)90131-7
https://doi.org/10.1016/J.NEUROBIOLAGING.2003.12.015
https://doi.org/10.1016/J.NEUROBIOLAGING.2003.12.015
https://doi.org/10.1007/S13238-011-1063-9
https://doi.org/10.1016/J.FEBSLET.2011.05.022
https://doi.org/10.1007/978-94-017-9211-0_18
https://doi.org/10.1007/978-94-017-9211-0_18
https://doi.org/10.1371/JOURNAL.PONE.0029789
https://doi.org/10.1371/JOURNAL.PONE.0029789
https://doi.org/10.1038/cddis.2013.13
https://doi.org/10.3233/JAD-2012-129011
https://doi.org/10.1016/J.REDOX.2017.10.014
https://doi.org/10.1038/s41392-020-0196-9
https://doi.org/10.1038/s41392-020-0196-9
https://doi.org/10.1038/sj.onc.1204373
https://doi.org/10.1089/ARS.2012.5129
https://doi.org/10.1038/nature03117
https://doi.org/10.1016/J.MOLONC.2016.04.001
https://doi.org/10.1016/J.MOLONC.2016.04.001
https://doi.org/10.1016/S0022-510X(96)00203-1
https://doi.org/10.1016/S0022-510X(96)00203-1
https://doi.org/10.1038/356215a0
https://doi.org/10.1038/356215a0
https://doi.org/10.1126/SCITRANSLMED.3007901
https://doi.org/10.1126/SCITRANSLMED.3007901
https://doi.org/10.1186/S40478-020-01012-6
https://doi.org/10.1186/S40478-020-01012-6
https://doi.org/10.1177/1947601911410223
https://doi.org/10.1177/1947601911410223
https://doi.org/10.1073/PNAS.0502857102
https://doi.org/10.3389/FNAGI.2020.00254
https://doi.org/10.2174/1567205014666170417111859
https://doi.org/10.2174/1567205014666170417111859
https://doi.org/10.1038/387296a0
https://doi.org/10.1038/nrm1569
https://doi.org/10.1038/sj.onc.1210263
https://doi.org/10.2174/156720512799015046
https://doi.org/10.2174/156720512799015046
https://doi.org/10.1128/MCB.25.9.3737-3751.2005
https://doi.org/10.1128/MCB.25.9.3737-3751.2005
https://doi.org/10.1074/JBC.M805696200
https://doi.org/10.1074/JBC.M805696200
https://doi.org/10.1016/J.NEURON.2013.12.003
https://doi.org/10.1038/nature08467
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Clark et al.

p53 Protein and Alzheimer’s Disease

Janssen-Heininger, Y. M. W., Mossman, B. T., Heintz, N. H., Forman, H. J,,
Kalyanaraman, B., Finkel, T., et al. (2008). Redox-based regulation of signal
transduction: principles, pitfalls, and promises. Free Radic. Biol. Med. 45, 1-17.
doi: 10.1016/]. FREERADBIOMED.2008.03.011

Jansson, M., Durant, S. T., Cho, E.-C., Sheahan, S., Edelmann, M., Kessler, B.,
et al. (2008). Arginine methylation regulates the P53 response. Nat. Cell Biol.
10, 1431-1439. doi: 10.1038/ncb1802

Jazvin§¢ak Jembrek, M., Slade, N., Hof, P. R., and Simi¢, G. (2018). The interactions
of P53 with Tau and Af3 as potential therapeutic targets for Alzheimer’s disease.
Prog. Neurobiol. 168, 104-127. doi: 10.1016/].PNEUROBIO.2018.05.001

Johnson, L. A. (2020). APOE and metabolic dysfunction in Alzheimer’s disease
review. Int. Rev. Neurobiol. 154, 131-151. doi: 10.1016/bs.irn.2020.02.002

Jones, R. G., Plas, D. R., Kubek, S., Buzzai, M., Mu, J., Xu, Y., et al. (2005). AMP-
activated protein kinase induces a P53-dependent metabolic checkpoint. Mol.
Cell 18, 283-293. doi: 10.1016/].MOLCEL.2005.03.027

Jung, E. S., Choi, H., Song, H., Hwang, Y. J., Kim, A., Ryu, H., et al. (2016). P53-
dependent SIRT6 expression protects AB42-induced DNA damage. Sci. Rep. 6,
1-11. doi: 10.1038/srep25628

Kastenhuber, E. R, and Lowe, S. W. (2017). Putting P53 in context. Cell 170,
1062-1078. doi: 10.1016/].CELL.2017.08.028

Katsel, P., Tan, W., Fam, P., Purohit, D. P., and Haroutunian, V. (2013). Cycle
checkpoint abnormalities during dementia: a plausible association with the loss
of protection against oxidative stress in Alzheimer’s disease. PLoS One 8:¢68361.
doi: 10.1371/JOURNAL.PONE.0068361

Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M.,
and Lamb, B. T. (2018). Inflammation as a central mechanism in Alzheimer’s
disease. Alzheimers Dement. Transl. Res. Clin. Intervent. 4, 575-590. doi: 10.
1016/].TRCI.2018.06.014

Labuschagne, C. F., Zani, F., and Vousden, K. H. (2018). Control of metabolism
by P53 - cancer and beyond. Biochim. Biophys. Acta Rev. Cancer 1870, 32-42.
doi: 10.1016/].BBCAN.2018.06.001

LaFerla, F. M., Hall, C. K., Ngo, L., and Jay, G. (1996). Extracellular deposition
of beta-amyloid upon P53-dependent neuronal cell death in transgenic mice.
J. Clin. Investig. 98, 1626-1632. doi: 10.1172/JCI118957

Lane, D. P,, and Crawford, L. V. (1979). T antigen is bound to a host protein in
SY40-transformed cells. Nature 278, 261-263. doi: 10.1038/278261a0

Lanni, C., Nardinocchi, L., Puca, R., Stanga, S., Uberti, D., Memo, M., et al.
(2010a). Homeodomain interacting protein kinase 2: a target for Alzheimer’s
beta amyloid leading to misfolded P53 and inappropriate cell survival. PLoS
One 5:e10171. doi: 10.1371/JOURNAL.PONE.0010171

Lanni, C., Racchi, M., Stanga, S., Mazzini, G., Ranzenigo, A., Polotti, R., et al.
(2010b). Unfolded P53 in blood as a predictive signature of the transition from
mild cognitive impairment to Alzheimer’s disease. J. Alzheimers Dis. 20, 97-104.
doi: 10.3233/JAD-2010-1347

Lanni, C., Necchi, D., Pinto, A., Buoso, E., Buizza, L., Memo, M., et al. (2013).
Zyxin is a novel target for beta-amyloid peptide: characterization of its role
in Alzheimer’s pathogenesis. J. Neurochem. 125, 790-799. doi: 10.1111/JNC.
12154

Lanni, C., Uberti, D., Racchi, M., Govoni, S., and Memo, M. (2007). Unfolded
P53: a potential biomarker for Alzheimer’s disease. J. Alzheimers Dis. 12, 93-99.
doi: 10.3233/JAD-2007-12109

Lapresa, R., Agulla, J., Sinchez-Morén, I, Zamarrefio, R., Prieto, E., Bolafios,
J. P., et al. (2019). Amyloid-88 promotes neurotoxicity by Cdk5-induced P53
stabilization. Neuropharmacology 146, 19-27. doi: 10.1016/]. NEUROPHARM.
2018.11.019

Latta, C. H., Brothers, H. M., and Wilcock, D. M. (2015). Neuroinflammation
in Alzheimer’s disease; a source of heterogeneity and target for personalized
therapy. Neuroscience 302, 103-111. doi: 10.1016/]. NEUROSCIENCE.2014.09.
061

Lee, J. T., and Gu, W. (2009). The multiple levels of regulation by P53
ubiquitination. Cell Death Diff. 17, 86-92. doi: 10.1038/cdd.2009.77

Lee, J. T., Wheeler, T. C,, Li, L., and Chin, L.-S. (2008). Ubiquitination of a-
synuclein by siah-1 promotes a-synuclein aggregation and apoptotic cell death.
Hum. Mol. Genet. 17, 906-917. doi: 10.1093/HMG/DDM363

Li, F,, Calingasan, N. Y., Yu, F., Mauck, W. M., Toidze, M., Almeida, C. G.,
et al. (2004). Increased plaque burden in brains of APP mutant MnSOD
heterozygous knockout mice. J. Neurochem. 89, 1308-1312. doi: 10.1111/].
1471-4159.2004.02455.X

Li, X., Alafuzoff, I, Soininen, H., Winblad, B., and Pei, J.-J. (2005). Levels of MTOR
and its downstream targets 4E-BP1, EEF2, and EEF2 kinase in relationships

with tau in Alzheimer’s disease brain. FEBS J. 272, 4211-4220. doi: 10.1111/].
1742-4658.2005.04833.X

Li, Y., Zhang, M.-C,, Xu, X.-K,, Zhao, Y., Mahanand, C., Zhu, T., et al. (2019).
Functional diversity of P53 in human and wild animals. Front. Endocrinol.
10:152. doi: 10.3389/FENDO.2019.00152

Linzer, D. I. H,, and Levine, A. J. (1979). Characterization of a 54K dalton
cellular SV40 tumor antigen present in SV40-transformed cells and uninfected
embryonal carcinoma cells. Cell 17, 43-52. doi: 10.1016/0092-8674(79)90293-9

Liu, Y., Tavana, O., and Gu, W. (2019). P53 modifications: exquisite decorations
of the powerful guardian. J. Mol. Cell Biol. 11, 564-577. doi: 10.1093/JMCB/
MJZ060

Lovell, M. A., Robertson, J. D., Teesdale, W. J., Campbell, J. L., and Markesbery,
W. R. (1998). Copper, iron and zinc in Alzheimer’s disease senile plaques.
J. Neurol. Sci. 158, 47-52. doi: 10.1016/S0022-510X(98)00092-6

Marcus, D. L., Thomas, C., Rodriguez, C., Simberkoff, K., Tsai, J. S., Strafaci, J. A.,
et al. (1998). Increased peroxidation and reduced antioxidant enzyme activity
in Alzheimer’s disease. Exp. Neurol. 150, 40-44. doi: 10.1006/EXNR.1997.6750

Mattson, M. P. (2007). Calcium and neurodegeneration. Aging Cell 6, 337-350.
doi: 10.1111/).1474-9726.2007.00275.X

McDade, E., Wang, G., Gordon, B. A., Hassenstab, J., Benzinger, T. L. S., Buckles,
V., et al. (2018). Longitudinal cognitive and biomarker changes in dominantly
inherited Alzheimer disease. Neurology 91, e1295-e1306. doi: 10.1212/WNL.
0000000000006277

Memo, M., and Uberti, D. L. (2018). Antibody Binding a Linear Epitope of Human
P53 Anddiagnostic Applications Thereof. EP3201234.

Meéplan, C., Richard, M. J., and Hainaut, P. (2000). Redox signaling and transition
metals in the control of the P53 pathway. Biochem. Pharmacol. 59, 25-33.
doi: 10.1016/S0006-2952(99)00297-X

Metodiewa, D., and Koska, C. (1999). Reactive oxygen species and reactive nitrogen
species: relevance to cyto(Neuro)toxic events and neurologic disorders. An
overview. Neurotox. Res. 1,197-233. doi: 10.1007/BF03033290

Mocchegiani, E., Giacconi, R., Fattoretti, P., Casoli, T., Cipriano, C., Muti, E.,
et al. (2004). Metallothionein isoforms (I + II and III) and Interleukin-
6 in the hippocampus of old rats: may their concomitant increments
lead to neurodegeneration? Brain Res. Bull. 63, 133-142. doi: 10.1016/].
BRAINRESBULL.2004.02.004

Mulder, S. D., Nielsen, H. M., Blankenstein, M. A., Eikelenboom, P., and Veerhuis,
R. (2014). Apolipoproteins E and ] interfere with amyloid-beta uptake by
primary human astrocytes and microglia in vitro. Glia 62, 493-503. doi: 10.
1002/GLIA.22619

Nishida, Y., Yokota, T., Takahashi, T., Uchihara, T., Jishage, K. L., and Mizusawa, H.
(2006). Deletion of vitamin E enhances phenotype of Alzheimer disease model
mouse. Biochem. Biophys. Res. Commun. 350, 530-536. doi: 10.1016/].BBRC.
2006.09.083

Olive, K. P., Tuveson, D. A, Ruhe, Z. C,, Yin, B., Willis, N. A,, Bronson, R. T.,
et al. (2004). Mutant P53 gain of function in two mouse models of Li-fraumeni
syndrome. Cell 119, 847-860. doi: 10.1016/J.CELL.2004.11.004

Omar, R. A, Chyan, Y.-J, Andorn, A. C., Poeggeler, B., Robakis, N. K., and
Pappolla, M. A. (1999). Increased expression but reduced activity of antioxidant
enzymes in Alzheimer’s disease. J. Alzheimers Dis. 1, 139-145. doi: 10.3233/
JAD-1999-1301

Padurariu, M., Ciobica, A., Hritcu, L., Stoica, B., Bild, W., and Stefanescu, C.
(2010). Changes of some oxidative stress markers in the serum of patients with
mild cognitive impairment and Alzheimer’s disease. Neurosci. Lett. 469, 6-10.
doi: 10.1016/].NEULET.2009.11.033

Pehar, M., Ko, M. H,, Li, M., Scrable, H., and Puglielli, L. (2014). P44, the
‘Longevity-Assurance’ isoform of P53, regulates tau phosphorylation and is
activated in an age-dependent fashion. Aging Cell 13, 449-456. doi: 10.1111/
ACEL.12192

Pehar, M., O’Riordan, K. J., Burns-Cusato, M., Andrzejewski, M. E., del
Alcazar, C. G., Burger, C,, et al. (2010). Altered longevity-assurance activity
of P53:P44 in the mouse causes memory loss, neurodegeneration and
premature death. Aging Cell 9, 174-190. doi: 10.1111/].1474-9726.2010.
00547.X

Piccirella, S., van Neste, L., Fowler, C., Masters, C. L., Fripp, J., Doecke, J. D., et al.
(2021). A Conformational variant of P53 (U-P53AZ) as blood-based biomarker
for the prediction of the onset of symptomatic Alzheimer’s disease. MedRxiv
[Preprint]. doi: 10.1101/2021.08.23.21261848

Pratico, D. (2008). Oxidative stress hypothesis in Alzheimer’s disease: a reappraisal.
Trends Pharmacol. Sci. 29, 609-615. doi: 10.1016/].TIPS.2008.09.001

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 835288


https://doi.org/10.1016/J.FREERADBIOMED.2008.03.011
https://doi.org/10.1038/ncb1802
https://doi.org/10.1016/J.PNEUROBIO.2018.05.001
https://doi.org/10.1016/bs.irn.2020.02.002
https://doi.org/10.1016/J.MOLCEL.2005.03.027
https://doi.org/10.1038/srep25628
https://doi.org/10.1016/J.CELL.2017.08.028
https://doi.org/10.1371/JOURNAL.PONE.0068361
https://doi.org/10.1016/J.TRCI.2018.06.014
https://doi.org/10.1016/J.TRCI.2018.06.014
https://doi.org/10.1016/J.BBCAN.2018.06.001
https://doi.org/10.1172/JCI118957
https://doi.org/10.1038/278261a0
https://doi.org/10.1371/JOURNAL.PONE.0010171
https://doi.org/10.3233/JAD-2010-1347
https://doi.org/10.1111/JNC.12154
https://doi.org/10.1111/JNC.12154
https://doi.org/10.3233/JAD-2007-12109
https://doi.org/10.1016/J.NEUROPHARM.2018.11.019
https://doi.org/10.1016/J.NEUROPHARM.2018.11.019
https://doi.org/10.1016/J.NEUROSCIENCE.2014.09.061
https://doi.org/10.1016/J.NEUROSCIENCE.2014.09.061
https://doi.org/10.1038/cdd.2009.77
https://doi.org/10.1093/HMG/DDM363
https://doi.org/10.1111/J.1471-4159.2004.02455.X
https://doi.org/10.1111/J.1471-4159.2004.02455.X
https://doi.org/10.1111/J.1742-4658.2005.04833.X
https://doi.org/10.1111/J.1742-4658.2005.04833.X
https://doi.org/10.3389/FENDO.2019.00152
https://doi.org/10.1016/0092-8674(79)90293-9
https://doi.org/10.1093/JMCB/MJZ060
https://doi.org/10.1093/JMCB/MJZ060
https://doi.org/10.1016/S0022-510X(98)00092-6
https://doi.org/10.1006/EXNR.1997.6750
https://doi.org/10.1111/J.1474-9726.2007.00275.X
https://doi.org/10.1212/WNL.0000000000006277
https://doi.org/10.1212/WNL.0000000000006277
https://doi.org/10.1016/S0006-2952(99)00297-X
https://doi.org/10.1007/BF03033290
https://doi.org/10.1016/J.BRAINRESBULL.2004.02.004
https://doi.org/10.1016/J.BRAINRESBULL.2004.02.004
https://doi.org/10.1002/GLIA.22619
https://doi.org/10.1002/GLIA.22619
https://doi.org/10.1016/J.BBRC.2006.09.083
https://doi.org/10.1016/J.BBRC.2006.09.083
https://doi.org/10.1016/J.CELL.2004.11.004
https://doi.org/10.3233/JAD-1999-1301
https://doi.org/10.3233/JAD-1999-1301
https://doi.org/10.1016/J.NEULET.2009.11.033
https://doi.org/10.1111/ACEL.12192
https://doi.org/10.1111/ACEL.12192
https://doi.org/10.1111/J.1474-9726.2010.00547.X
https://doi.org/10.1111/J.1474-9726.2010.00547.X
https://doi.org/10.1101/2021.08.23.21261848
https://doi.org/10.1016/J.TIPS.2008.09.001
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Clark et al.

p53 Protein and Alzheimer’s Disease

Puca, R., Nardinocchi, L., Bossi, G., Sacchi, A., Rechavi, G., Givol, D., et al.
(2009). Restoring Wtp53 activity in HIPK2 depleted MCF?7 cells by modulating
metallothionein and zinc. Exp. Cell Res. 315, 67-75. doi: 10.1016/].YEXCR.2008.
10.018

Puca, R, Nardinocchi, L., Gal, H., Rechavi, G., Amariglio, N., Domany, E.,
et al. (2008). Reversible dysfunction of wild-type P53 following homeodomain-
interacting protein kinase-2 knockdown. Cancer Res. 68, 3707-3714. doi: 10.
1158/0008-5472.CAN-07-6776

Puca, R., Nardinocchi, L., Givol, D., and D’Orazi, G. (2010a). Regulation of P53
activity by HIPK2: molecular mechanisms and therapeutical implications in
human cancer cells. Oncogene 29, 4378-4387. doi: 10.1038/0nc.2010.183

Puca, R,, Nardinocchi, L., Starace, G., Rechavi, G., Sacchi, A., Givol, D., et al.
(2010b). Noxl is involved in P53 deacetylation and suppression of its
transcriptional activity and apoptosis. Free Radic. Biol. Med. 48, 1338-1346.
doi: 10.1016/]. FREERADBIOMED.2010.02.015

Querfurth, H. W., and LaFerla, F. M. (2010). Alzheimer’s disease. N. Engl. J. Med.
362, 329-344. doi: 10.1056/NEJMRA0909142

Ricciarelli, R., and Fedele, E. (2017). The amyloid cascade hypothesis in Alzheimer’s
disease: it’s time to change our mind. Curr. Neuropharmacol. 15:926. doi: 10.
2174/1570159X15666170116143743

Riley, T., Sontag, E., Chen, P., and Levine, A. (2008). Transcriptional control of
human P53-regulated genes. Nat. Rev. Mol. Cell Biol. 9, 402-412. doi: 10.1038/
nrm2395

Rodriguez, M. S., Desterro, J. M. P., Lain, S., Lane, D. P., and Hay, R. T. (2000).
Multiple C-terminal lysine residues target P53 for ubiquitin-proteasome-
mediated degradation. Mol. Cell. Biol. 20, 8458-8467. doi: 10.1128/MCB.20.22.
8458-8467.2000

Sablina, A. A., Budanov, A. V,, Ilyinskaya, G. V., Agapova, L. S., Kravchenko,
]. E., and Chumakov, P. M. (2005). The antioxidant function of the P53 tumor
suppressor. Nat. Med. 11, 1306-1313. doi: 10.1038/nm1320

Shieh, S. Y., Ikeda, M., Taya, Y., and Prives, C. (1997). DNA damage-induced
phosphorylation of P53 alleviates inhibition by MDM2. Cell 91, 325-334. doi:
10.1016/S0092-8674(00)80416-X

Sidorova-Darmos, E., Sommer, R., and Eubanks, J. H. (2018). The role of SIRT3 in
the brain under physiological and pathological conditions. Front. Cell. Neurosci.
12:196. doi: 10.3389/FNCEL.2018.00196

Singh, A. K., and Pati, U. (2015). CHIP stabilizes amyloid precursor protein via
proteasomal degradation and P53-mediated trans-repression of B-secretase.
Aging Cell 14, 595-604. doi: 10.1111/ACEL.12335

Sola, M., Magrin, C., Pedrioli, G., Pinton, S., Salvade, A., Papin, S., et al. (2020). Tau
affects P53 function and cell fate during the DNA damage response. Commun.
Biol. 3, 1-15. doi: 10.1038/s42003-020-0975-4

Sompol, P., Ittarat, W., Tangpong, J., Chen, Y., Doubinskaia, I., Batinic-Haberle,
I, et al. (2008). A neuronal model of Alzheimer’s disease: an insight into the
mechanisms of oxidative stress-mediated mitochondrial injury. Neuroscience
153, 120-130. doi: 10.1016/].NEUROSCIENCE.2008.01.044

Stanga, S., Lanni, C., Govoni, S., Uberti, D., D’Orazi, G., and Racchi, M. (2010).
Unfolded P53 in the pathogenesis of Alzheimer’s disease: is HIPK2 the link?
Aging 2:545. doi: 10.18632/AGING.100205

Stanga, S., Lanni, C., Sinforiani, E., Mazzini, G., and Racchi, M. (2012). Searching
for predictive blood biomarkers: misfolded P53 in mild cognitive impairment.
Curr. Alzheimer Res. 9, 1191-1197. doi: 10.2174/156720512804142886

Talebi, M., Talebi, M., Kakouri, E., Farkhondeh, T., Pourbagher-Shahri, A. M.,
Tarantilis, P. A., et al. (2021). Tantalizing role of P53 molecular pathways and
its coherent medications in neurodegenerative diseases. Int. J. Biol. Macromol.
172, 93-103. doi: 10.1016/].]JBIOMAC.2021.01.042

Tomé, S. O., Vandenberghe, R., Ospitalieri, S., van Schoor, E., Tousseyn, T.,
Otto, M., et al. (2020). Distinct molecular patterns of TDP-43 pathology in
Alzheimer’s disease: relationship with clinical phenotypes. Acta Neuropathol.
Commun. 8, 1-22. doi: 10.1186/540478-020-00934-5

Turnquist, C., Horikawa, 1., Foran, E., Major, E. O., Vojtesek, B., Lane, D. P.,
et al. (2016). P53 isoforms regulate astrocyte-mediated neuroprotection and
neurodegeneration. Cell Death Diff. 23, 1515-1528. doi: 10.1038/cdd.2016.37

Twohig, D., and Nielsen, H. M. (2019). a-synuclein in the pathophysiology of
Alzheimer’s disease. Mol. Neurodegener. 14, 1-19. doi: 10.1186/5S13024-019-
0320-X

Uberti, D., Cenini, G., Olivari, L., Ferrari-Toninelli, G., Porrello, E., Cecchi, C.,
et al. (2007). Over-expression of amyloid precursor protein in HEK cells alters

P53 conformational state and protects against doxorubicin. J. Neurochem. 103,
322-333. doi: 10.1111/].1471-4159.2007.04757.X

Uberti, D., Carsana, T., Bernardi, E., Rodella, L., Grigolato, P., Lanni, C,, et al.
(2002). Selective impairment of p53-mediated cell death in fibroblasts from
sporadic Alzheimer’s disease patients. J. Cell Sci. 115, 3131-3138. doi: 10.1242/
jes.115.15.3131

Uberti, D., Lanni, C., Carsana, T., Francisconi, S., Missale, C., Racchi, M., et al.
(2006). Identification of a mutant-like conformation of P53 in fibroblasts from
sporadic Alzheimer’s disease patients. Neurobiol. Aging 27, 1193-1201. doi:
10.1016/].NEUROBIOLAGING.2005.06.013

Uberti, D., Lanni, C., Racchi, M., Govoni, S., and Memo, M. (2008).
Conformationally altered P53: a putative peripheral marker for Alzheimer’s
disease. Neurodegener. Dis. 5, 209-211. doi: 10.1159/000113704

Vousden, K. H., and Lane, D. P. (2007). P53 in health and disease. Nat. Rev. Mol.
Cell Biol. 8, 275-283. doi: 10.1038/nrm2147

Westergard, L., Christensen, H. M., and Harris, D. A. (2007). The cellular prion
protein (PrPC): its physiological function and role in disease. Biochim. Biophys.
Acta Mol. Basis Dis. 1772, 629-644. doi: 10.1016/].BBADIS.2007.02.011

Wu, D., and Prives, C. (2017). Relevance of the P53-MDM2 axis to aging. Cell
Death Differ. 25, 169-179. doi: 10.1038/cdd.2017.187

Wu, S.-Y., and Cheng, C.-M. (2009). P53 sumoylation: mechanistic insights from
reconstitution studies. Epigenetics 4, 445-451. doi: 10.4161/EP1.4.7.10030

Wu, X., Bayle, J. H.,, Olson, D., and Levine, A. J. (1993). The P53-Mdm-2
autoregulatory feedback loop. Genes Dev. 7, 1126-1132. doi: 10.1101/GAD.7.
7A.1126

Xirodimas, D. P., Saville, M. K., Bourdon, J. C., Hay, R. T., and Lane, D. P.
(2004). Mdm2-mediated NEDD8 conjugation of P53 inhibits its transcriptional
activity. Cell 118, 83-97. doi: 10.1016/J.CELL.2004.06.016

Yates, S. C., Zafar, A., Hubbard, P., Nagy, S., Durant, S., Bicknell, R, et al.
(2013). Dysfunction of the MTOR PATHWAY IS A RISK FACTOR for
Alzheimer’s disease. Acta Neuropathol. Commun. 1, 1-15. doi: 10.1186/2051-
5960-1-3

Yue, Y., Song, M., Qiao, Y., Li, P., Yuan, Y., Lian, J., et al. (2017). Gene function
analysis and underlying mechanism of esophagus cancer based on microarray
gene expression profiling. Oncotarget 8:105222. doi: 10.18632/ONCOTARGET.
22160

Zhang, J., Liu, Q., Chen, Q., Liu, N.-Q., Li, F.-L,, Lu, Z.-B., et al. (2006). Nicotine
attenuates the f-amyloid neurotoxicity through regulating metal homeostasis.
FASEB . 20, 1212-1214. doi: 10.1096/F].05-5214FJE

Zhao, Y., and Zhao, B. (2013). Oxidative stress and the pathogenesis of Alzheimer’s
disease. Oxid. Med. Cell. Longev. 2013:316523. doi: 10.1155/2013/316523

Zhou, X., and Jia, J. (2010). P53-mediated G1/S checkpoint dysfunction in
lymphocytes from Alzheimer’s disease patients. Neurosci. Lett. 468, 320-325.
doi: 10.1016/].NEULET.2009.11.024

Zhu, X., Rottkamp, C. A., Boux, H., Takeda, A., Perry, G., and Smith, M. A.
(2000). Activation of P38 kinase links tau phosphorylation, oxidative stress, and
cell cycle-related events in Alzheimer disease. J. Neuropathol. Exp. Neurol. 59,
880-888. doi: 10.1093/JNEN/59.10.880

Conflict of Interest: JC, PK, and SP were employed by Diadem srl.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Clark, Kayed, Abate, Uberti, Kinnon and Piccirella. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 835288


https://doi.org/10.1016/J.YEXCR.2008.10.018
https://doi.org/10.1016/J.YEXCR.2008.10.018
https://doi.org/10.1158/0008-5472.CAN-07-6776
https://doi.org/10.1158/0008-5472.CAN-07-6776
https://doi.org/10.1038/onc.2010.183
https://doi.org/10.1016/J.FREERADBIOMED.2010.02.015
https://doi.org/10.1056/NEJMRA0909142
https://doi.org/10.2174/1570159X15666170116143743
https://doi.org/10.2174/1570159X15666170116143743
https://doi.org/10.1038/nrm2395
https://doi.org/10.1038/nrm2395
https://doi.org/10.1128/MCB.20.22.8458-8467.2000
https://doi.org/10.1128/MCB.20.22.8458-8467.2000
https://doi.org/10.1038/nm1320
https://doi.org/10.1016/S0092-8674(00)80416-X
https://doi.org/10.1016/S0092-8674(00)80416-X
https://doi.org/10.3389/FNCEL.2018.00196
https://doi.org/10.1111/ACEL.12335
https://doi.org/10.1038/s42003-020-0975-4
https://doi.org/10.1016/J.NEUROSCIENCE.2008.01.044
https://doi.org/10.18632/AGING.100205
https://doi.org/10.2174/156720512804142886
https://doi.org/10.1016/J.IJBIOMAC.2021.01.042
https://doi.org/10.1186/S40478-020-00934-5
https://doi.org/10.1038/cdd.2016.37
https://doi.org/10.1186/S13024-019-0320-X
https://doi.org/10.1186/S13024-019-0320-X
https://doi.org/10.1111/J.1471-4159.2007.04757.X
https://doi.org/10.1242/jcs.115.15.3131
https://doi.org/10.1242/jcs.115.15.3131
https://doi.org/10.1016/J.NEUROBIOLAGING.2005.06.013
https://doi.org/10.1016/J.NEUROBIOLAGING.2005.06.013
https://doi.org/10.1159/000113704
https://doi.org/10.1038/nrm2147
https://doi.org/10.1016/J.BBADIS.2007.02.011
https://doi.org/10.1038/cdd.2017.187
https://doi.org/10.4161/EPI.4.7.10030
https://doi.org/10.1101/GAD.7.7A.1126
https://doi.org/10.1101/GAD.7.7A.1126
https://doi.org/10.1016/J.CELL.2004.06.016
https://doi.org/10.1186/2051-5960-1-3
https://doi.org/10.1186/2051-5960-1-3
https://doi.org/10.18632/ONCOTARGET.22160
https://doi.org/10.18632/ONCOTARGET.22160
https://doi.org/10.1096/FJ.05-5214FJE
https://doi.org/10.1155/2013/316523
https://doi.org/10.1016/J.NEULET.2009.11.024
https://doi.org/10.1093/JNEN/59.10.880
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Post-translational Modifications of the p53 Protein and the Impact in Alzheimer's Disease: A Review of the Literature
	Introduction
	Pathology of Alzheimer's Disease
	p53 Conformational Changes: Causes and Consequences in Alzheimer's Disease
	p53 Post-translational Modifications of the Linear Sequence and the Related Biochemical Reactions
	Phosphorylation
	Acetylation
	Methylation
	Ubiquitination
	Other Modifications
	Nitrosylation
	Tyrosine Nitration and Alzheimer's Disease Pathogenesis

	p53 Function and the Link to Alzheimer's Disease
	Oxidative Stress
	Amyloid Accumulation
	Inflammation
	Cell Cycle Deregulation

	p53 Signaling Pathways in the Pathogenesis of Alzheimer's Disease
	Cellular Damage
	Oxidative Stress
	A Generation
	mTOR Signaling
	Sirtuin Pathway
	Cyclin Dependent Kinase
	p53 Conformational Change
	Relationship Between Tau, A, and p53

	the Conformational Variant of p53 Detected in Alzheimer's Disease

	Conclusion
	Author Contributions
	Acknowledgments
	References


