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Protein phosphorylation of serine, threonine, and tyrosine residues is one of the most prevalent post-
translational modifications fundamental in mediating diverse cellular functions in living cells. Aberrant protein
phosphorylation is currently recognized as a critical step in the pathogenesis and progression of Alzheimer
disease (AD). Changes in the pattern of protein phosphorylation of different brain regions are suggested to
promote AD transition from a presymptomatic to a symptomatic state in response to accumulating amyloid 3-
peptide (AR).

Protein phosphorylation Several experimental approaches have been utilized to profile alteration of protein phosphorylation in the brain,
Alzheimer disease including proteomics. Among central pathways regulated by kinases/phosphatases those involved in the
p53 activation/inhibition of both pro survival and cell death pathways play a central role in AD pathology.

Insulin We discuss in detail how aberrant phosphorylation could contribute to dysregulate p53 activity and insulin-
Proteomics mediated signaling. Taken together these results highlight that targeted therapeutic intervention, which can
restore phosphorylation homeostasis, either acting on kinases and phosphatases, conceivably may prove to be
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beneficial to prevent or slow the development and progression of AD.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer disease (AD) is an irreversible cognitive disorder that
affects the integrity of the central nervous system and is the leading
cause of dementia in the elderly. Slow and progressive degeneration
of neurons in brain regions involved in learning and memory results
in gradual cognitive decline, loss of memory, personality changes, and
impairment of normal social and emotional behaviours. Extensive
synapse and neuron loss in selective brain regions are key hallmarks
of AD along with two other main histological lesions, amyloid plaques
and neurofibrillary tangles.

Senile plaques are extracellular deposits resulting from the aggrega-
tion of amyloid-3 (AB) peptides surrounded by dying neuritis [ 1], while
neurofibrillary tangles [2] result from the intracellular accumulation of
hyperphosphorylated tau, a microtubule-associated protein that is
involved in stabilizing microtubules, necessary for axonal transport
and other functions [3].

Growing evidence indicates that the progressive atrophy of the AD
brain is due to cell and synaptic loss, however the precise mechanisms/
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types of cell death have to be clarified yet. Considering that AD is an
age dependent neurodegenerative disease it is reasonable to speculate
that neuronal death is the result of the accumulation of multiple “chron-
ic” insults that alone are insufficient to lead to disease onset [4]. Among
putative pathways, it is likely that disturbance of cell cycle machinery
and/or increasing oxidative stress conditions make neurons vulnerable
to further insults. If from one side low levels of ROS can activate physio-
logical intracellular signaling and induce compensatory changes, from
the other side with “chronic” progressive stress the majority of neurons
become irreversibly damaged and may undergo neuronal loss [4].
Indeed, increased levels of oxidative stress are associated with mitochon-
drial dysfunction, sustained inflammation, axonal degeneration and
impairment of synaptic transmission that contribute to neuronal death,
possibly by apoptosis. Neuronal loss is particularly evident in vulnerable
brain areas such as entorhinal cortex, hippocampus and association
regions of the neocortex.

Cell survival and cell death pathways are mainly regulated by
orchestrated signaling cascades due to a number of post-translational
modifications (PTMs) of selected protein targets, among which
phosphorylation/de-phosphorylation is the most prominent. The
addition of phosphate groups to proteins is a major modification for
initiating, coordinating and controlling complex cellular functions
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such as energy production, cell growth and survival. Phosphorylation
can have profound effects on protein activity, function and localization
in the cell, both in health and disease.

Because phosphorylation is fast, reversible, and highly specific, it is
the most efficient way to temporarily modulate protein function, i.e.
induce or inhibit enzyme activity, facilitate or disrupt protein interac-
tions, alter protein conformations, or target proteins for clearance.
Protein phosphorylation and dephosphorylation are catalyzed by over
500 kinases and 100 phosphatases and are themselves regulated by
phosphorylation, revealing a complex crosstalk among multiple
signaling pathways [5].

However, despite this great number of kinases and phosphatases in
the brain, it is probably the aberrant regulation of a few that represent
the triggering events leading to the spread of an aberrant signaling in
AD. In particular, the role of the kinases regulating learning and memory
is noteworthy of mention. In this context, the dysregulation of the
calcium/calmodulin-dependent kinase Il (CaMKII), the calcium/calmod-
ulin kinase cascade, extracellular signal regulated kinase 1 and 2 (ERK1/
2), cAMP-dependent protein kinase A (PKA), cGMP-dependent protein
kinase G (PKG), the phosphatidylinositol 3-kinase (PI3K) pathway,
and protein kinase M z (PKMz) could represent the starting signal,
which promotes neurotoxic outcomes [6,7]. Indeed, these kinases
have a main role in the regulation of a number of different molecular
mechanisms involved either in the control of neuronal functions or in
the maintenance of neuronal structures including: (1) regulation of
ion channel density and/or conductivity, which impacts on synaptic
transmission (e.g., regulation of AMPA receptor trafficking); and (2) reg-
ulation of gene transcription and/or local translation, which impact on
structural growth of existing synapses and/or synaptogenesis
(reviewed in [7]). This picture is further complicated by the fact that, a
given kinase may regulate different processes. Furthermore, it should
be noted that other than the kinases described above, a long list of
other kinases play key roles in the regulation of neuronal plasticity
and have been found to be altered in AD [8,9]. For example, PKMzeta
and iota, another form of PKC, have specific roles in spine plasticity.
The receptor tyrosine kinase TrkB, binding the neurotrophin BDNF,
has been implicated in regulating spine plasticity through CREB-
dependent transcription and local protein synthesis. Cdk5, a predomi-
nantly neural-specific serine/threonine kinase, regulates spine plasticity
through phosphorylating NR2A subunits of NMDA receptors, and seems
pivotal in the regulation of spine morphology by inhibiting, indirectly,
actin polymerization and reducing the number of stubby-shaped spines
[6,7].

A crucial kinase in AD pathology is FYN kinase, that belongs to the
Src family of nonreceptor tyrosine kinases [15]. Fyn activity, like that
of other Src family kinases, is regulated by intramolecular interactions
upon tyrosine phosphorylation and de-phosphorylation [16]. Fyn
possesses diverse biological functions such as T-cell receptor signaling,
cell division and adhesion, platelet function, synaptic function and
plasticity, and central nervous system myelination [17]. Of particular
interest for AD is the link between Fyn kinase and synaptic function.
Shirazi and Wood reported that a subset of neurons from AD brain
exhibited strong Fyn immunoreactivity compared with control brains,
and that these neurons were also positive for abnormally phosphorylat-
ed Tau protein [18]. Conversely, Fyn negative cells are protected against
Ap-induced neurotoxicity [19]. Further, the finding that tau-negative
cells are also protected against Ap-induced neurotoxicity leads to
speculation that the interaction between Fyn and tau has a crucial role
in the neurodegenerative process [15]. Thus, Fyn represents a promising
therapeutic target in AD as it is involved both in AB signal transduction
and also has major functional interactions with Tau, thereby unifying
the two pathological hallmarks of AD.

In addition, dysregulation of protein phosphatases is of extreme
importance due to the fact that: i) their activity is often regulated by
kinase-dependent phosphorylation; and ii) they are responsible of
protein de-phosphorylation. Although tau-associated phosphatases

are widely investigated in AD [10], other phosphates could be of rele-
vance to AD, especially because they regulate the activity of the kinase
cited above. These include, e.g., CD45 [11], PTP1B [12] PTEN [13], PP2A
and PP2B [14], which have been also identified as possible target for
AD treatment.

Aberrant phosphorylation of several proteins occurs in the brain of
AD patients and also in its prodromal phase, amnestic mild cognitive
impairment (MCI) [20,21]. Several experimental approaches have
been utilized to profile alteration of protein phosphorylation in the
brain, including proteomics platforms and top-down approaches, sug-
gesting that the protein phosphorylation/dephosphorylation system
might be dysregulated in AD brain. Among central pathways regulated
by kinases/phosphatases those involved in the activation/inhibition of
either pro-survival or cell death pathways play a central role in disease
pathology, both in cancer and in neurodegeneration.

Emerging evidence obtained from brain tissue derived from patients
with chronic neurodegenerative diseases and animal models implicates
the p53 tumor suppressor protein in the regulation of neuronal cell
death. Recent observations suggest that p53 plays a crucial role in
aging and in neurodegenerative disorders. However, there is still an
open debate whether brain aging is due to a programmed process or
is the consequence of failed mechanisms for regeneration and/or repair.
Although p53 promotes longevity by decreasing the risk of cancer
through activation of apoptosis or cellular senescence, several findings
suggest that the uncontrolled increase of its activity may have deleteri-
ous effects leading to “abnormal” aging phenotypes [22-24].

Phosphorylation cascades also are crucial in transducing pro-
survival responses. Among these, key survival pathways mediated by
several kinases are controlled by insulin and insulin growth factor
(IGF1). In the brain, insulin contributes to synaptic maintenance,
neuronal outgrowth and survival, learning and memory, as well as
weight and sexual maintenance and regulation [25]. Increasing studies
report that aberrant insulin signaling contributes to neurodegeneration
in AD by affecting all the above-mentioned pathways [26].

In the sections below, we report proteomics results showing
aberrant phosphorylation of specific proteins in AD brain that suggest
the impairment of several neuronal functions. In addition, we will
discuss in detail how aberrant phosphorylation could contribute to
dysregulation of p53 activity and insulin-mediated signaling. Taken
together, these results highlight that therapeutic intervention that can
restore phosphorylation homeostasis, either acting on kinases and
phosphatases, may prove to be beneficial to prevent or slow the
development and progression of AD.

2. Phosphoproteomics: a tool to identify aberrant signaling in
Alzheimer brain

Protein phosphorylations is one of the most prevalent PTMs that
mediates diverse cellular functions in living cells [27]. It is estimated
that at least one-third of eukaryotic proteins are phosphorylated, how-
ever only a subset these are modified by any given stimulus [28-31]. A
highly dynamic network of about 500 kinases and 100 phosphatases
regulates protein phosphorylation. The complex cooperation between
the different classes of kinases and phosphatases triggers the dynamics
of phosphorylation cycles regulating major cellular processes like prolif-
eration, differentiation, apoptosis, protein subcellular localization and
degradation [32,33]. Aberrant protein phosphorylation is generally
accepted as a critical step in the onset or progression of neurodegener-
ative disorders such as AD [34,35]. Changes in the pattern of protein
phosphorylation of different brain regions is likely crucial to promote
AD transition from a presymptomatic to a symptomatic state in
response to accumulating amyloid PB-peptide (AR) [36]. Indeed,
phosphorylation changes contribute to disturbance of multiple
signaling pathways and, in part, contribute to the transition to a
pathological state postulated to be necessary for cognitive decline
[37]. The hyperphosphorylation of tau, which leads to the formation of
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neurofibrillary tangles, is one of the most extensively studied aberrant
phosphorylation event in neurodegenerative disease. Tau phosphoryla-
tion represents an early event in AD progression and strongly correlates
with impairment of episodic memory and cognitive decline [38]. Tau
hyperphosphorylation is a primary example of “phospho-pathology”,
in which progressive alterations in phosphorylation status alter the
capacity of tau to stabilize microtubules thereby impairing axonal trans-
port [39]. However, tau hyperphosphorylation has been found to be
associated also with other neurotoxic effects in AD, thus highlighting
multiple roles for this protein [40,41]. Among these (1) iron accumula-
tion [42], (2) dysfuntion of motor proteins [43], (3) impairment of the
long-term depression (LTD), which results in a deficit in spatial reversal
learning [43], (4) NMDA receptor hypofunction [44], (5) impaired
neuronal hyperexcitability [45] and (6) reduced Fyn-induced Src family
kinase activity [46] have been detected following tau dysregulation.

Aberrant phosphorylation of several other proteins also has been
found to be associated with AD [29,31,47-49]. The imbalance between
kinase- and/or phosphatase- function seems the primary cause of
aberrant protein phosphorylation. Indeed, in AD brain, a growing list
of kinases such as Akt, extracellular signal-regulated kinase 1 and 2
(ERK1/2), cAMP- dependent protein kinase (PKA), glycogen synthase
kinase-33 (GSK-3p), p70S6 kinase, and cyclin-dependent protein
kinases 5 (Cdk5) was found with increased expression or activity,
whereas decreased activity was observed for protein phosphatases
such as PP1, PP2A and PP5 [50-52].

Several hypotheses have been proposed to clarify the altered
phosphorylation events in AD. A role has been suggested for insulin sig-
naling that appears impaired in AD brain [26,53]. The binding of insulin
to insulin receptor leads to its autophosphorylation and activation of its
kinase activity, and this in turn phosphorylates different substrates acti-
vating various downstream signaling partners and signaling cascades
such as MAPK pathway [54]. Recent studies posted that the reduction
of brain glucose metabolism contributes to the pathogenesis of AD
also through the modulation of the phosphorylation pattern of brain
proteins [55,56]. Impaired brain glucose metabolism decreases
hexsosamine biosynthesis pathway flux and, consequently, alters O-
GlcNAcylation, leading to abnormal phosphorylation [55,57-60]. The
recent development of novel phosphoproteomics approaches, applied
to the analysis of the AD brain proteome, has been crucial in identifying
the alteration of key signaling networks and of their cross-talk, thereby
providing to acquire additional insights into the onset and progression
of the pathology [21,34,61-64] (Table 1).

In 2008 Xia et al. described the phosphoproteome analysis of post-
mortem AD brain tissue proteins using calcium phosphate precipitation
(CPP) enrichment directly coupled with the LC-MS/MS approach. Before
CPP and LC-MS/MS the protein samples were resolved by one-
dimensional polyacrylamide gel electrophoresis and subjected to gel
excision and in-gel digestion [61]. A total of 466 phosphorylation sites
on 185 proteins, including tau protein, were identified. The further
selection of the 20 proteins most frequently identified, among which
were present the microtubule-associated protein 1B, syntaxin 1A and
HSP90, reported the identification of a number of novel phosphoryla-
tion sites [61].

In 2010 Rudrabhatla and co-workers applied the isobaric tag for
relative and absolute quantitation (iTRAQ) technique to the quantitative
phosphoproteomic approach for the characterization of the high-
molecular-weight neurofilament protein (NF-H) and the medium-
molecular-weight neurofilament (NF-M) phosphorylation sites in AD
brain [65]. The authors identified 13 hyperphosphorylated sites of NF-
M; 9 Lys-Ser-Pro (KSP) sites; 2 variant motifs, Glu-Ser-Pro (ESP) Ser-
736 and Leu-Ser-Pro (LSP) Ser-837; and 2 non-S/T-P motifs, Ser-783
and Ser-788. All the Ser/Thr residues were phosphorylated at
significantly greater abundance in AD brain compared with control
brain. In addition, ten hyperphosphorylated KSP sites were identified on
the C- terminal tail domain of NF-H, with greater abundance of
phosphorylation in AD brain compared with control brain. This study

Table 1

Summary of phosphoproteomics studies on human and on mouse model brains from early and late pathological stages of AD.

References

Biological function

Proteins aberrantly phosphorylated

Method of
analysis

Samples

Xia et al. [61]

Neuronal structure, molecular chaperones,

synaptic transmission.

185 proteins (e.g. MAPs NF3, NF-H, Adducin

1-2, Ankyrin 2,

Calcium phosphate precipitation + LC-MS/MS

Human AD total brain

Syntaxin 1, GAP-43, BASP1, AKAP12, MARKS, NCAM1, HSP90)

NF-M, NF-H

Rudrabhatla et al. [65]

Neuronal structure

iTRAQ + MS/MS
LC-MS/MS

Human AD total brain

Rudrabhatla et al. [64]

Neuronal structure

Tau, MAP1B, MAP2

Human AD total brain

Di Domenico et al. [34]

Signal transduction, energy metabolism, anabolic
pathways, neuronal structure and trafficking.
Energy metabolism, neuronal structure and

transport, iron homeostasis.

MEK1, GDI2, GNAO1, GAPDH, ENOA-G, FBA, CRMP2, IMMT,
GFAP, VPC, CKB, SIRT2, NDUFS3, 6PGD, GRHPR, QDPR.

2DE proteomics + ESI-MS/MS

Human AD hippocampus

Zahid et al. [72]

FBA, GAPDH, TPI, CRMP2, GFAP, MDH, AAT, APEH, FTH.

2DE proteomics + Q-ToF MS

Human AD cortex and substantia nigra

Wang et al. [36]

Synaptic transmission, neuronal structure,

signal transduction

139 phosphopeptides, 36 directly interacting proteins

(e.g. SHANK3, CRMP1-5, MAP1A, tau)

Ti**- IMAC + nanoflow LC-MS/MS.

TgCRND8 AD mouse model hippocampus

Tagawa et al. [63]

Synaptic transmission, energy metabolism,

neuronal structure, spine formation

ACON, ADDB, ATPA-B, NFH-L, SPTA2, BASP1, CLH, G3P,

2D LC-MS/MS

APP-Tg2576, PS1-dE9, PS2-M1, 5XFAD

GPRIN1, MARCKS, NEUM, SRRM2,HS90A,Marcksl1, SYT1

(common to >2 AD model/sample)

and P301S mouse models brain +

human AD occipital lobe
Human AD frontal cortex

Dammer et al. [73]

Neuronal structure, molecular chaperones,

synaptic transmission, cell junction

253 phosphopeptides (e.g. tau, HSP27, CRYAB)

IMAC + LC-MS/MS

Triplett et al. [59]

Energy metabolism, cellular signaling, Neuronal

PCAD vs. CTR: HSP70, Gsn, SMP30, SP2, BVR-B, LDHB,

VDAC1, CNP1.

2DE proteomics + ESI-MS/MS

Human, AD, MCI and PCAD inferior

structure, oxidative stress response, proteostasis

network

parietal lobule

AD vs. CTR: VDAC1-2, LDHB, GNAO, Efhd1, Gsn, SMP30,

MCI vs. CTR: EFhd1, CS, VCP, SMP30, Gsn.
CRMP2, Stm, Stxbp, SOD1, CBR1, Prdx1.
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provided the direct evidence that NF- M/H are hyperphosphorylated in
AD compared with control brain and suggested a role for both proline-
directed and non-proline-directed protein kinases in AD [65]. The same
authors also performed LC-MS/MS of NFT tryptic digests [64]. The
phosphoproteomics of NFTs clearly identified NF-M phosphopeptides
corresponding to Ser685, and to Ser736, and an NF-H phosphopeptide
corresponding to Ser942. Mass spectrometry revealed Tau phospho-
peptides corresponding to Thr231, Ser235, Thr181, Ser184, Ser185,
Thr212, Thr217, Ser396, and Ser403. And finally, phosphopeptides corre-
sponding to MAP1B (corresponding to Ser1270, Ser1274, and Ser1779)
and MAP2 (corresponding to Thr350, Ser1702, and Ser1706) were identi-
fied. In corresponding matched control preparations of PHF/NFTs, none of
these phosphorylated neuronal cytoskeletal proteins were found [64].

In 2011 a study conducted by Di Domenico and co-workers
employed a multiplexed 2DE proteomics approach to analyze alter-
ations of the AD hippocampus phosphoproteome compared to healthy
subjects (CTR) [34]. The methodology took advantage of a fluorescent
phosphosensor, Pro-Q Diamond, capable of sensitive detection of
phosphoserine-, phosphothreonine-, and phosphotyrosine-containing
proteins. The data obtained by MS/MS protein identification confirmed
the altered phosphorylation in AD samples compared to CTR, detecting
seventeen proteins with either increased or decreased phosphorylation
[34]. The proteins identified belong to critical neuronal processes and
could be classified according their function into four groups including:
signal transduction, energy metabolism, anabolic pathways and neuro-
nal structure and trafficking. Map kinase kinase 1 (MEK1) and Rab GDP
dissociation inhibitor beta (GDI2), found aberrantly phosphorylated in
AD, are part of the MAPK and GDI family involved in neuronal signaling
in response to growth factor stimulus [66,67]. The altered phosphoryla-
tion of metabolic enzymes glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), enolase (ENO), and fructose bisphosphate aldolase (FBA),
contribute to the impairment of energy metabolism and reduced
glucose utilization occurring in AD [68]. Moreover, the altered
phosphorylation of structural proteins, such as collapsin response
mediator protein 2 (CRMP2), inner membrane protein, mitochondrial
(IMMT), glial fibrillary acidic protein (GFAP) and transitional endoplas-
mic reticulum ATPase (VCP) observed [34], could contribute to the
known altered neuronal architecture and the altered neurotransmission
in AD [69,70]. It is interesting to note that also a number of proteins
found with altered phosphorylation are known to be also targets of
oxidative modification in AD, suggesting a potential cause-effect
relationship between different PTMs [71].

In 2012 Zahid and colleagues applied the same 2D multiplexed
approach to the cortex and the substantia nigra of AD patients
compared to healthy subjects [72]. Altered phosphorylation was found
for 9 proteins involved in cell metabolism, signal transduction, cytoskel-
eton integration, and synaptic function. This study confirmed the
aberrant phosphorylation of GAPDH, FBA, enolase and DRP2 (CRMP2)
reported in [34] as a characteristic feature of AD brain. Moreover the
identification of further proteins with impaired phosphorylation
pattern such as aspartate aminotransferase (AAT), triosephosphate
isomerase (TPI), malate dehydrogenase (MDH), ferritin heavy chain
(FECH) and acylamino-acid-releasing (ACY1) enzyme that suggested
their alteration could contribute to AD progression [72].

In 2013 Wang et al. utilized an unbiased proteomic approach to
compare the phosphoproteome of brain from TgCRND8 mouse model
of AD, identifying the disruptions of a network of signaling pathways
implicated in the manifestation of behavioural indices of learning and
memory impairment [36]. Methodologically, the authors applied
phosphopeptide enrichment with triple isotopic dimethylation labeling
combined with online multidimensional separation and MS-to-profile
phosphoproteome changes to the analysis of the hippocampus from
presymptomatic (2-month-old) and symptomatic (6-month-old) Tg
mice compared to non-Tg littermates. A total of 1026 phosphopeptides,
representing 1168 phosphorylation sites (83% pS, 15% pT, and 2% pY)
from 476 unique proteins were identified [36]. Of these, 595

phosphopeptides from 293 unique proteins were reliably quantified
and 139 phosphopeptides were found to change significantly in the
hippocampus of TgCRND8 mice following conversion from a presymp-
tomatic to a symptomatic state. Taken together, these data further
identify the subset of phospho-signaling targets that are altered during
the transition to symptomatic state of Tg mice. By network analysis the
authors identified a subset of 36 phosphoproteins that directly interact
each others and whose phosphorylation status is consistently altered
upon conversion from a presymptomatic to a symptomatic state. This
protein interaction network comprises changes in proteins involved in
synaptic function and in cytoskeletal maintenance such as SH3 and mul-
tiple ankyrin repeat domains protein 3 (SHANK3), CRMP1-5, MAP1a
and tau, thus supporting once again that the aberrant phosphorylation
of proteins involved in neuronal structure and architecture is a key fea-
ture in this AD model [36].

In 2015 Tagawa and colleagues screened phosphoproteins and
phosphopeptides in four types of AD mouse models: APP-Tg2576
(KM670/671NL), PS1-AE9 (Exon9-deleted), PS2-M1 (N141I) and
5xFAD (APP, KM670/671NL, 1716V, V7171. + PS1, M146L, L286V.), one
type of Tau (P301S) transgenic mice and human AD postmortem brains
using 2D LC-MS/MS analysis [63]. The changes in the phosphoproteome
observed in mouse models and AD brain were investigated using super
computer analysis and methods of systems biology. Interestingly, the
authors identified seventeen phosphoproteins altered among the
groups of comparison (Tg mice vs. WT mice), known to be involved in
energy production, axonal and dendritic spine formation, synapse vesi-
cle function and the cytoskeleton. By using experimentally verified pro-
tein - protein interaction databases authors found that twelve of
seventeen proteins were directly connected and three proteins, were
linked via one independent protein, therefore all forming a functional
network linked to synaptic spine formation [63]. The changes of the
identified core network of phosphoproteins started at a preclinical
stage even before histological AR deposition, suggesting a primary role
in neurodegeneration. Moreover, the authors identified phosphoryla-
tion of myristoylated alanine-rich C-kinase substrate (MARCKS) by
overactivated kinases are an initial event to trigger synapse pathology
at the earliest stage of mouse AD pathology far before clinical onset
and even before histological AR deposition [63]. A subsequent two-
photon microscopy analyses revealed that genetic and pharmacological
manipulations targeting MARCKS and candidate kinases is able to re-
cover the loss of spines in the mouse models employed in the study
supporting the hypothesis formulated by the authors and based on
phosphoproteome data [63].

In the same year Dammer and colleagues employed immobilized
metal ion affinity chromatography (IMAC) followed by LC-MS/MS to
identify phosphopeptides from postmortem human brain tissues of
AD patients and age-matched control [73]. The researchers identified
5569 phosphopeptides in frontal cortex across all 16 cases in which
phosphopeptides represented 80% of all MS/MS spectra. Comparative
marker selection software analysis identified 253 significantly altered
phosphopeptides by precursor intensity, changed by at least 1.75-fold
relative to controls. Approximately 21% of all significantly altered
phosphopeptides in AD tissue were derived from tau [73]. The other
142 proteins hyperphosphorylated in AD, were mainly part of HSPs,
membranes, synapses and cell junction structures. Of these, the authors
validated differential phosphorylation of HSP27 and crystallin-alpha-B
as hyperphosphorylated in AD [73]. In addition, it was highlighted
that sites of increased phosphorylation of small HSPs highly correlated
and potentially co-regulated with kinase phosphorylation events during
AD, thus supporting the notion that a number of kinases are regulating
and/or are regulated by the small HSP folding network [73].

A parallel study by Tan and co-workers analyzed AD phospho-
proteome by a pilot TiO, enrichment coupled with high resolution LC-
MS/MS [62]. Using this method, the authors analyzed the phospho-
proteome of 1 mg of digested AD brain lysate, identifying 5243
phosphopeptides containing 3715 non-redundant phosphosites on
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1455 proteins, including 31 phosphosites on the tau protein. This study,
beyond supporting the use of an effective and robust method for
dissecting the phosphoproteome, identified also a number of novel
phosphorylated sites of AD post mortem brain proteins [62].

Recently, Triplett et al. evaluated changes in protein phosphoryla-
tion states in the inferior parietal lobule of subjects with AD, amnestic
MCI, pre-clinical AD (PCAD), and control brains [59] using the 2D
multiplexed approach described before [34]. These analyses led to the
identification of 19 proteins differentially phosphorylated in the disease
states. In particular: 8 proteins were found to have significantly altered
phosphorylation levels in the comparison of PCAD and control brains
(Heat shock protein70, gelsolin, regucalcin, L-lactate dehydrogenase,
voltage dependent anion channel 1, septin 2, flavin reductase
[NADPH] (also known as BVR-B) and 2, 3-cyclic nucleotide-3-phospho-
diesterase); 5 proteins were found to have significantly altered phos-
phorylation levels in the comparison of MCI and control specimens
(citrate synthase, VCP, gelsolin, regucalcin and EF-hand domain-
containing protein D1); 14 proteins were found to have significantly
altered phosphorylation levels in the comparison between AD and
control brains (voltage-dependent anion-selective channel protein 1,
voltage dependent anion-selective channel protein 2, gelsolin, L-
lactate dehydrogenase, CRMP2, guanine nucleotide-binding protein G
(o), EF-hand domain-containing protein D1, VCP, Cu/Zn superoxide dis-
mutase, peroxiredoxin 1, regucalcin, stathmin, syntaxin-binding protein
1 and carbonyl reductase 1) [59]. Interestingly, some of the proteins are
common to two or more groups of comparison (e.g. gelsolin;
regucalcin) suggesting their involvement in disease progression from
early stages of AD, while others such as CRMP2 or VCP are common to
other phosphoproteomic studies [34,72], thus supporting their involve-
ment in AD progression. Overall the authors suggest that aberrant phos-
phorylation in different AD stages mainly target proteins that contribute
to altered Ca® ™ signaling, energy metabolism, neuronal plasticity, signal
transduction, and oxidative stress response. These findings illustrate the
impact and contribution that the diseased-state phosphoproteome has
on the brain starting in the early non-demented PCAD stage that may
lead to progressive cognitive decline in MCI and escalates to dementia
of AD [59].

So far, phosphoproteomics studies of AD samples (brain from
human and mouse models) have been crucial in identifying the alter-
ations of protein phosphorylation pattern, which results in the impair-
ment of neuronal function, in aberrant neuronal architecture, and in
increased neuronal death, thereby contributing to cognitive decline.

3. Cell death pathway in Alzheimer disease: role of p53 and Pin1

The crosstalk between kinases and phosphatases regulates the
dynamics of phosphorylation cycles [74], which in turn switch on/off a
plethora of cellular processes including proliferation, differentiation,
apoptosis, protein subcellular localization and degradation. In the
brain of healthy subjects, the number of neurons in different regions is
relatively constant and originates during early developmental stages
through complex interactions and tuned signaling [75]. Moreover,
under physiological conditions, cell death plays a central role in estab-
lishing the number of connections among neurons during development.

A major regulator of cell death pathways is p53, at the hub of numer-
ous signaling pathways that are initiated in response to particular
stresses (Fig. 1). Thus, p53 and its down-stream mediators contribute
to induction of apoptosis or cell-cycle arrest in response to DNA damage,
thereby maintaining genetic stability by transcriptional and non-
transcriptional mechanisms [76]. The demonstration that p53 promotes
apoptosis has important implications for the central nervous system
(CNS), where cell death is observed normally during development, in
response to injury, and during neurodegeneration, including AD. A
possible role for p53-related modulation of neuronal viability has been
suggested by the finding that p53 expression is elevated in damaged
neurons in acute models of injury such as ischemia and epilepsy and
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Fig. 1. Sustained activation of p53 pathway contributes to neuronal death. Accumulation
and transcriptional activation of p53 occurs in response to different stresses such as
DNA damage, oxidative stress, excitotoxicity, etc. p53 undergoes PTMs that critically
control its stability and function among which phosphorylation plays a crucial role in
the activation of p53 transcriptional activity. It is likely that chronic, toxic stimuli,
including APP-AB-0S-insult, damage neurons and may be responsible for increased
susceptibility of neurons to death. p53 is able to integrate different signals that may lead
to a pro-apoptotic phenotype that contributes to the development of AD.

in brain tissue samples derived from patients with chronic neurodegen-
erative diseases [77]. Moreover, the absence of p53 has been shown to
protect neurons from a wide variety of toxic insults by upregulating
antioxidant and other protective systems [23,78].

The regulatory events that affect the amount, stability and activity of
p53 are the result of different PTMs, including phosphorylation,
ubiquitination and acetylation [79]. One of the first events that stimu-
late p53 activity are the DNA damage and various toxic insults that
could cause genomic instability of cells, such as oxidative stress, hypox-
ia, oncogene activation, changes in metabolism, aberrant intracellular
signaling and also depletion of nutrients, among others (Fig. 1).

In normal cells, p53 protein has a relatively short half-life and is
degraded by a ubiquitin-proteasome dependent pathway through the
action of E3 ubiquitin ligases including MDM2, PirH2, COP-1, and CHIP
[80]. Following stress, p53 is phosphorylated at multiple residues, there-
by modifying its biochemical functions required for increased activity as
a transcription factor. The biochemical functions include sequence-
specific DNA binding and protein-protein interactions. Among multiple
phospho-acceptor sites reported on p53 only three (Ser15, Thr18,
Ser20) are highly conserved among humans [81]. Biochemical and
genetic studies show that phosphorylation can activate p53 function.
However, the many other sites of covalent modification on p53 also
likely play important roles in p53 function or regulation [81]. p53
activity could also be impaired as consequence of a conformational
change. p53 may lose its transcriptional activity due to an unfolded
tertiary structure which determines a reduction in its affinity for specific
DNA target sequence. Recent observations confirm that p53 structural
changes can play a central role in aging and in AD.

Among stress conditions, increased oxidative stress plays, at least,
two distinct roles in the p53 pathway [4]. First, reactive oxygen species
(ROS) are important activators of p53 through their capacity to induce
DNA strand breaks [82]. Second, they regulate the DNA-binding activity
of p53 by modulating the redox state of a critical set of cysteines in the
DNA-binding domain, which in turn induces conformational changes
[83,84].

Several studies investigated the relevance of p53 as a marker/effec-
tor of AD pathology. Kitamura et al. reported a consistent increase in
p53 expression in the pathological temporal cortex areas, and more
precisely at the glial level [85]. This astrocytic localization was partly
confirmed by a concomitant study showing that indeed, p53 detection
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by in situ immunolocalization revealed enhanced p53 expression not
only in astrocyte and oligodendrocyte populations of frontal and tempo-
ral lobes but also in numerous cortical neurons [86]. The increased p53
expression was also accompanied by enhanced DNA fragmentation and
Fas expression, suggesting that p53 could be responsible, at least in part,
for cell death observed in AD brain [86]. Interestingly, the same results
were also collected by analyzing Down syndrome (DS)-affected brains
[87], which are characterized by AD-like histological alterations [88],
likely due to the extra copy of chromosome 21.

Studies from our group recently reported the increased acetylation
and phosphorylation of p53, coupled to reduced MDM2/p53 complex
level and lower levels of SIRT1 [89]. Further, the activation of p53 was
associated with a number of targets (BAX, PARP1, caspase-3, p21, heat
shock proteins and PGC1a) that were modulated in both DS and DS/
AD compared with age-matched controls. In particular, the most
relevant changes (increased p-p53, acetyl-p53 and reduced formation
of MDM2/p53 complex) were found to be modified only in the presence
of AD pathology in DS. Taken together, these data suggest that a pro-
apoptotic phenotype may contribute to accelerated development of
AD neuropathology in DS population [89].

Data obtained in the superior temporal gyrus showed enhanced
levels of p53 [90] as well as in the inferior parietal lobule of AD-
affected brains [91]. Interestingly, the enhanced p53 expression was
correlated with markers observed in oxidative stress-induced neuronal
cell death [92]. The same authors, in agreement with studies from
others, proposed that p53 could be conformationally altered in AD
[93]. The first evidence of immunological characterization of unfolded
p53 were obtained from fibroblasts of AD-affected patients at early
stages of the disease [94]. These structural alterations of p53 translate
into functional changes such as altered DNA binding properties and im-
pairment of its transcriptional activity [95]. However, it should be noted
that such unfolded p53 species were not detected in the brain and that
they were observed very early in the blood of MCl-affected patients.
Therefore, it is likely that unfolded p53 could be a peripheral and early
signature of AD, independent of the cell death observed in the central
nervous system.

Recent evidence suggests that enhanced susceptibility of neurons to
p53-mediated cell death is exacerbated by genetic mutations associated
with AD, such as amyloid precursor protein (APP) [96]. A differentiated
neuronal cell line, that express wt human APP, are reportedly protected
from cell death in response to elevated p53 expression induced by UV
irradiation, staurosporine treatment and p53-adenovirus [97].
Conversely, mutant forms of APP, known to be associated with
familial-early onset forms of AD failed to be neuroprotective. Though
p53 protein levels or p53 nuclear translocation were not altered in
both conditions, wild-type APP, in contrast to mutant APP, suppressed
p53-mediated transcriptional activation from a p53-responsive
promoter. The mechanism by which APP-mediated signaling altered
P53 activation has not yet been identified. In addition, it has also recent-
ly been observed that AP itself (AB1.42), binds the p53 promoter and
enhances transcription [98].

p53 was found to induce phosphorylation of human 2N4R tau at
the tau-1/AT8 epitope in HEK293a cells [90]. Pathological and
prolonged expression of p53 in adult brain might contribute to tau
hyperphosphorylation, which is critical in the formation of NFTs. In-
terestingly, the same authors previously observed that an other
member of the p53 family, TAp73, induces tau phosphorylation in
HEK293a cells at the tau-1 site and at the PHF-1 epitopes [99].

Akey “supplementary” role in the regulation of phosphorylation/de-
phosphorylation cycle is played by Pin1. Phosphorylation of the amino
acids serine or threonine that precede proline (pSer/Thr-Pro) is a central
signaling mechanism that regulates many cellular processes [100]. This
proline-directed phosphorylation is catalyzed by a large family of en-
zymes, such as cyclin-dependent protein kinases (CDKs) and a large
family of stress-activated protein kinases. Intriguingly, Pin1 is a unique
enzyme that, through its WW domain, changes the shape of target

proteins by acting on the prolyl residue of the target protein to change
its conformation from cis to trans and vice versa. This conformational
change affects protein function and is a major signaling and regulatory
mechanism in the cell [100].

Abnormal regulation of Pin1 has been associated with aging and
several pathological processes, including AD [101]. Age-related Pin1 de-
regulation provides a link between AB and Tau abnormalities as well as
neuronal loss. In the brain of people with AD, Pin1 has lower activity;
consequently, tau, with cis proline conformation, is accumulated in
early stages of AD. Further, APP also is a target of Pin1, and cis proline
conformation at residue 669 leads to an increased production of beta-
amyloid. When in their trans-conformations, tau and APP are healthy
and functional. Therefore, Pin1 can lead to production of both tangle
and plaque pathology when damaged. As a result, Pin1-deficient mice
develop age-dependent tau and AP pathologies and neuronal degener-
ation and loss [101].

Increasing evidence suggests that Pin1 activity is regulated by multi-
ple PTMs [102]. Pin1 is oxidatively modified, which inhibits its PPlase ac-
tivity [103]. Moreover, the oxidized Pin1/total Pin1 levels is elevated in
the early stage of AD pathology [104]. Since Pin1 regulates activities of
a critical tau kinase (GSK-3() and a phosphotau phosphatases (PP2A),
oxidation of Pin1 likely contributes to the hyperphosphorylation of tau
and subsequent deleterious pathology in MCI and AD brain [51].

Oxygen/glucose deprivation can trigger partial inhibition of Pin1 en-
zymatic activity and also increase Ser16 phosphorylation. The fact that
Pin1 is highly expressed in neurons and is oxidized and inactivated in
the hippocampus of patients with MCI and AD suggests that it may
take part in the early response to oxidative stress. Taken together,
these data support the view that down regulation and/or inactivation
of Pin1 may perturb healthy aging and promotes neurodegenerative
phenomena.

Taken together, these findings suggest that phosphorylation plays a
central role in regulating protein activity, being the most abundant PTM
within the cells. However, considering that many proteins undergo
multiple PTMs at the same time, among which some of these may
compete for the same residue, the picture becomes quite complex and
understanding if these concomitant events are cooperative or antago-
nist requires further knowledge.

4. The pro-survival effect of the IR/BVR-A axis is disrupted in AD

Insulin and the insulin growth factor (IGF)-1 have intense effects in
the CNS, regulating key processes such as energy homeostasis, neuronal
survival, longevity, learning and memory [105]. Insulin and IGF-1 bind
to tyrosine kinase receptors, IR, and IGF-1R, which share a high degree
of identity in their structure and function [105]. IR and IGF-1R are selec-
tively distributed in the brain with a higher density in the olfactory bulb,
hypothalamus, as well as in two of the main brain areas affected by AD
pathology, i.e., hippocampus and cerebral cortex [105]. According to the
canonical pathway of the insulin signaling, binding of insulin or IGF-1
induces a conformational change of the receptor leading to their auto-
phosphorylation on specific tyrosine residues on the P-subunit
(Y1158, Y1162, Y1163) [106-108] with the consequent recruitment of
the insulin receptor substrate-1 (IRS1) [105]. This latter, in turn, acti-
vates two main signaling pathways: (i) the PI3K pathway, which,
among other functions, is involved in the maintenance of synaptic plas-
ticity and memory consolidation [109], AB-induced memory loss [110],
synthesis of nitric oxide (NO), which in turn plays a role in learning and
memory processes [111]; and (ii) the MAPK cascade, which is responsi-
ble both for the induction of several genes required for neuronal and
synapse growth, maintenance and repair processes, as well as serving
as a modulator of hippocampal synaptic plasticity that underlies
learning and memory [112] (Fig. 2).

However, IRS1, or even the other members of the IRSs family, are not
the unique targets of the IR kinase activity. In fact, in 2005 Maines and
her group reported for the first time that biliverdin reductase-A (BVR-



M. Perluigi et al. / Biochimica et Biophysica Acta 1862 (2016) 1871-1882 1877

FoxO
c-fos
c-jun
HO-1
> /NOS

CREB

VA

Fig. 2. Insulin signaling. Under normal conditions binding of insulin to the membrane
resident insulin receptor (IR) promotes IR activation through IR dimerization and
autophosphorylation of specific tyrosine (pTyr) residues. Stimulation of IR kinase
activity is then followed by tyrosine phosphorylation of a variety of endogenous
substrates, including the cytosolic insulin receptor substrate IRS-1. These events lead to
the activation of multiple signaling pathways required for insulin's pleiotropic action,
including: (i) the phosphoinositide-3-kinase (PI3K) pathway; and (ii) the mitogen-
activated protein kinase (MAPK) pathway, which finally result in the induction of gene
expression of cell survival pathways (FoxO, c-fos, c-jun, HO-1, iNOS, CREB).
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A) - primarily known for its canonical activity (reductase activity)
named for the reduction of biliverdin (BV) into the powerful antioxi-
dant and antinitrosative molecule bilirubin (BR) [113,114] - is a direct
substrate of the IR kinase activity [115]. Indeed, IR promotes the phos-
phorylation of specific Tyr residues of BVR-A (Y198, Y228 and Y291), re-
sponsible for the activation of BVR-A Ser/Thr/Tyr kinase activity [115].
Through this kinase activity, BVR-A controls either the activation of
IRS1 or those of several members of the insulin signaling pathway of
fundamental importance in the regulation of cell death and survival
(MAPK and PKC) or cell stress response [c-fos, c-jun, heme oxygenase
-1 (HO1), the inducible isoform of nitric oxide synthase (iNOS) and
CREB/ATF-2] (reviewed in [116]).

With regard to IRS1, it is of interest to note that BVR-A represents an
upstream regulator of [RS1 activation since BVR-A is able to phosphory-
late IRS1 on inhibitory domains [human(h)/mouse(m): hSer307/
mSer302, hSer312/mSer307 and hSer616/mSer612] critical for insulin
signaling [115]. Interestingly, phosphorylation of IRS1 by BVR-A is in-
creased when both proteins are available to IR, thus possibly reflecting
a direct interaction of BVR-A and IRS1 [115]. This latter is not a rare
case since changes in conformation of a kinase initiated by ligand bind-
ing can function both in directing proteins to subcellular targets and in
modulating their activity [117-119]. In the case of BVR-A, because
three tyrosines in the protein potentially can be phosphorylated by IR,
a change in conformation of the protein caused by IRS1 binding may po-
sition a larger number of tyrosine residues for phosphorylation by IR
[115].

Due to its neurotrophic functions [120-122], the insulin signaling
pathway is therefore a perfect example of how phosphorylation of the
different components could impact the progression of neurodegenera-
tion, i.e. AD pathology, in the brain. Importantly, neurons are vulnerable

to excitotoxic stress, and with some notable exceptions, there is a slow
rate of neurogenesis in the brain. Hence, neurons remain postmitotic,
and any increased stress or reduced repair mechanism can accumulate
over time. The impairment of insulin signaling in the brain could well
play a role in the development of neurodegenerative disorders, as it
leaves neurons more exposed to toxic influences [123].

To note, several studies reported about the phenomenon of brain
insulin resistance (BIR), whose onset and progression is dependent
on changes of IR/BVR-A/IRS1 phosphorylation both during normal
aging and AD [54,124,125]. Indeed, BIR - defined as the inadequate
response to insulin by target cells [112] - is clearly characterized
by a reduced IR/IGF-1R activation and/or an increased IRS1 inactiva-
tion [126-128].

Due to the complexity and the numerous mechanisms of regulation
characterizing the insulin signaling cascade- whose analysis is out of the
scope of this review- we will focus on the main changes affecting the IR/
BVR-A axis and on how they correlate with the maintenance of neuronal
survival in AD. In fact, despite a large literature that addresses the role of
the insulin signaling in the brain, there is the tendency to mainly focus
on the downstream targets of the pathway, e.g. PI3K, Akt or MAPK,
which, although representing essential parts of the signaling cascade,
are not exclusive to insulin signaling. Therefore, changes affecting
these proteins also could be independent of insulin. Rather, changes oc-
curring in upstream proteins of the pathway would be of great interest
in order to clarify the onset of insulin resistance in AD. Furthermore,
many papers already reviewed the importance if [RS1 inhibitory phos-
phorylation in the context of insulin resistance in AD [26,129].

As noted, neurons express both the IR and the IGF-1R, which are
similar in terms of structure and activity [130]. Interestingly, although
insulin and IGF1 could potentially bind both receptors, ex vivo tests re-
vealed selective signaling effects of these hormones depending on the
concentration [126]. Indeed, at low deses (around 1 nM) insulin and
IGF-1 are selective for the respective receptor, whereas at higher
doses (around 10 nM) they lack selectivity [126]. Although IR/IGF1-R
auto-phosphorylation represents a central event in the insulin signaling
cascade, because it is the starting point from which all the other
downstream modifications derive, the evaluation of IR/IGF1-R phos-
phorylation in AD has been only partially analyzed.

After the first evidence about changes of IR density in the brain of AD
was reported [131], the evaluation of IGF1-R levels several years later,
did not reveal any significant change with respect to control brain,
thus proposing a potential compensatory role of IGF1-R in AD [132].
However, evidence for normal or increased IR/IGF1-R levels also exists
[126,133]. Rather, the evaluation IR/IGF1-R phosphorylation clearly re-
vealed a reduction of tyrosine kinase activity in AD [126,134], probably
mediated by AR peptides, which compete for insulin binding to the in-
sulin receptor, thus preventing IR auto-phosphorylation [135,136].

A detailed analysis of brain/neuron-specific insulin receptor knock-
out (NIRKO) mice revealed that IR activation mediates anti-apoptotic
effects in neurons [ 137]. These data confirm the fact that insulin is capa-
ble of inhibiting apoptosis and demonstrate that this response is
completely dependent on the presence of the IR, whose activation
seems to be important for the phosphorylation and activation of the
anti-apoptotic Akt [137]. In addition, NIRKO mice are characterized by
tau hyperphosphorylation at sites associated with neurodegenerative
disease [137]. These observations provide an in vivo molecular mecha-
nism in which altered insulin signaling in the brain leads to one of the
hallmarks of AD and demonstrate how neuronal insulin resistance po-
tentially predisposes the brain for the development of neurodegenera-
tion [137]. Similarly, the block of IGF1-R activity in rat brain led to
brain amyloidosis, cognitive disturbance and hyperphosphorylated tau
deposits together with other changes found in AD such as gliosis and
synaptic protein loss [138]. While these disturbances were mostly
corrected by restoring receptor function, blockade of the IGF1-R exacer-
bated AD-like pathology in old mutant mice already affected by brain
amyloidosis and cognitive derangement [138].
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Efforts to study the effect of insulin resistance in the brain have been
also based on the use of streptozotocin (STZ) known to impair insulin
secretion. Griinblatt et al. found that i.c.v. administration of STZ led to
an unchanged or even elevated phosphorylation of the IR tyrosine resi-
dues in 3-month old rats brain, which may point to imbalances between
the generation of proteins and their turnover and between protein
phosphorylation and dephosphorylation under pathological conditions
[139]. Indeed, these changes were associated with an increased tau
phosphorylation and an impairment of cognitive functions [139]. In ad-
dition, quite recently, King and colleagues, also showed that STZ-
induced insulin resistance in the hippocampus of rats and that constant
insulin administration (0.1-1 nM) can improve IR phosphorylation and
protect neurons from neuropathology [140].

Among the mechanisms responsible for the reduced IR/IGF1-R phos-
phorylation in AD, Zhao et al., for the first time, showed that signal
transduction by neuronal IR is strikingly sensitive to disruption by solu-
ble AB oligomers [136]. AP oligomers caused a rapid and substantial loss
of neuronal surface IRs specifically on dendrites bound by Ap oligomers
[136]. Removal of dendritic IRs was associated with increased receptor
immunoreactivity in the cell body, indicating redistribution of the re-
ceptors. Furthermore, AP oligomers caused a marked decrease of IR
auto-phosphorylation and thus a loss of neuronal IR functions [136]. In-
terestingly, AP oligomers interactions with IR were relatively specific, as
the oligomers did not bind to IGF1-R nor affect IGF1-R activity [136].

However, another group reported that AR oligomers facilitated IGF-
1R phosphorylation together with an increased expression of the p75
neurotrophin receptor (p75NTR), whereas the co-administration of an
IGF1-R kinase inhibitor, blocked AR oligomers-induced p75NTR expres-
sion [141]. This aspect appears of interest because the p75NTR is a
member of the tumor necrosis factor receptor superfamily and controls
survival, shape and function of neurons especially in the early stage of
the life [142]. Conversely, with aging the activation p75NTR can also
promote cell death as observed in various pathological conditions, in-
cluding epilepsy, axotomy and neurodegeneration [141,142]. Interest-
ingly, 6-month-old APPPswe/PSIAE9 AD model mice showed
significantly increased IGF1-R phosphorylation together higher
P75NTR expression than age-matched wild-type mice. These observa-
tions all together possibly indicate that AB oligomers could stimulate
the p75NTR protein expression in the hippocampus through the IGF1-
R signaling [141].

Although these latter results seem to be different than those pro-
posed by Zhao et al. [136], it has to be highlighted that they have been
obtained by using different models (cells vs. animals) and therefore
this aspect would require further elucidations. Notwithstanding, it is
conceivable that AR oligomers at low doses could promote an increased
phosphorylation of IR or IGF1-R followed by a reduction of their activa-
tion, which develops with A accumulation in the brain. Whether Ap
mediates these effects directly of indirectly is still under investigation.
However, AB-induced oxidative/nitrosative stress levels increase could
play a major role in driving these molecular changes, since it has been
previously reported that oxidative and nitrosative stress can promote
the phosphorylation of the IR at low levels or in a short-time period
whereas it becomes toxic at higher levels [54,143-145]. Furthermore,
data collected in the hippocampus of another mouse model of AD pa-
thology, i.e., the 3xTg-AD mouse, revealed a hyper-activation of the IR
in young mice followed by a reduced IR phosphorylation in older ani-
mals, which progress with both AP and oxidative stress accumulation
in the brain [54].

In addition, due to the fact that brain: i) is the organ with the highest
energetic demands; ii) is the most susceptible to energy deficits and iii)
is responsible for coordinating behavioural and physiological responses
related to food foraging and intake, the effects of dietary interventions
have been taken into consideration in order to extend lifespan and
delay the appearance of age-related pathological conditions, associated
with brain functional decline. Notably, Tg2576 mice fed with an high fat
diet (known to promote insulin resistance [147]), were characterized by

a 2-fold reduction of p-IRY1162/Y1163 \without changes of total IR levels,
which were associated with an increased gamma-secretase activity
[148]. These data provided the first evidence that reduced insulin sig-
naling could play a role in the shift from the non-amyloidogenic to the
amyloidogenic pathway in the brain [148]. Conversely, Tg2576 mice
that underwent a caloric restriction regimen for approximately
6 months showed an elevation of p-IRY!162/Y1163 i the brain, which
are functionally associated with caloric restriction-mediated prevention
of AD-type amyloid neuropathology through the regulation of the
forkhead transcription factor FoxO3a [149]. Indeed, FoxO transcription
factors are pivotal downstream targets of insulin/IGF- 1 signaling and
regulate various downstream target genes involved in the cell cycle
and cell death [150]. FOXO transcription factors have been postulated
to influence longevity in part by conferring increased resistance to oxi-
dative stress and slowing the accumulation of oxidative damage that
might accelerate neurodegeneration [150].

As explained above, once phosphorylated, IR leads to the phosphor-
ylation of BVR-A, which is essential for the correct functioning of the in-
sulin signaling [54,115]. Interestingly, in 2011, our group reported for
the first time alterations of the BVR-A activation state by showing de-
creased Tyr phosphorylation and increased oxidative/nitrosative post-
translational modifications in the brain of subjects with AD and
amnestic MCI [151]. These data shed light on an aspect often neglected
in previous studies, that is, changes of BVR-A protein levels are not al-
ways associated with the same trend in terms of phosphorylation/acti-
vation. Indeed, at least in MCI and AD hippocampus, total BVR-A
protein levels were increased while BVR-A phosphorylation was re-
duced, thus clearly showing an impairment of BVR-A activity [151]. In-
deed, BVR-A undergoes nitrosative stress-induced modifications in AD
as demonstrated by the elevation of 3-NT modification on BVR-A
[151]. Since it is well known that oxidative/nitrosative post-
translational modifications alter protein structure [152] and most
often result in a reduced function [153-155], it is plausible to argue
that the increased 3-NT levels on BVR-A could be responsible at least
in part for the observed reduced phosphorylation/activation [151]. In-
deed, nitration and phosphorylation processes occur on the same resi-
dues, i.e., Tyr residues [156]. Currently, it is not known if exactly the
same Tyr residues are the substrate of these kinds of modifications,
but it is conceivable that, due to the decreased Tyr phosphorylation
and the increased Tyr nitration, a competition between nitration and
phosphorylation processes could occur. Certainly, from a chemical
point of view, steric hindrance of the NO, group on the 3-position of
Tyr could significantly modulate activity of Tyr kinases for the 4-OH
group. This notion strengthens the hypothesis that nitrosative stress
prevents/inhibits Tyr phosphorylation on BVR-A [151].

Because the pivotal role of BVR-A in the insulin signaling cascade,
the observation of nitrosative stress-associated reduced BVR-A phos-
phorylation in AD led to further analyses aimed to characterize the
role of BVR-A in the onset of BIR in AD. These studies revealed that re-
duced BVR-A phosphorylation is an early event, which starts prior the
accumulation of AR and tau pathology in the hippocampus of 3xTg-AD
mice [54]. Reduced BVR-A phosphorylation is, therefore, firstly respon-
sible for a sustained activation of IRS1, which then causes the stimula-
tion of negative feedback mechanisms such as mTOR, aimed to turn-
off IRS1 hyper-activity and thereby BIR results [54]. Similar alterations
also characterize the normal aging process in mice, positing BVR-A im-
pairment as one possible bridge in the transition from normal aging to
AD [54].

Due to the fact that BVR-A, once phosphorylated by IR/IGF-1R, can
act independently of the insulin signaling cascade [116], its dysfunction
also possibly negatively impact survival pathways such as the MAPK
signaling, thus worsening the already impaired neuropathological pic-
ture of AD brain. Indeed, phosphorylated BVR-A is an essential scaffold
protein for the activation of ERK1/2 by MEK1/2 and then of Elk1 by
ERK1/2 [157]. Therefore, the reduced phosphorylation of BVR-A coupled
with the decreased interaction with ERK2 found in AD hippocampus
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[151] lend support to the hypothesis that BVR-A could be responsible, at
least in part, for the ERK1/2 dysregulation detected in this brain area in
AD subjects [158] [35,36].

In addition, data collected to date have identified BVR-A as a key
modulator of PKC isozymes including PKC-BII, PKC-¢ and PKC-6 [116].
This aspect is fascinating for two main reasons: 1) PKCs represent a
bridge linking the two arms of the insulin/IGF-1 signaling cascade and
2) PKCs have a fundamental role in signaling mechanisms of differenti-
ation, development, proliferation, apoptosis, stress-response-related
protein synthesis, cell death and survival, and modulation of ion chan-
nels [116,159]. BVR-A, through its kinase activity, seems to have a role
in regulating PKCs intracellular trafficking [116]. Age-related changes
in PKC translocation have been linked to tau hyperphosphorylation
and the phosphorylation of glycogen synthase kinase 33 (p-GSK3p)
[160]. Stress-related dysfunction of PKC isoforms with age is linked to
a progressive decline of memory and cognition with the potential for
dementia and tau-related pathology [160]. Transgenic animals with a
PKC-p or PKC-¢ knockout have disrupted memory formation as well
as poor memory recall [161,162]. Furthermore, if PKCR is not
translocated, it can hyperphosphorylate tau and substantially contrib-
ute to AD pathology [163]. In contrast, restoration of the PKC cytosol-
to-cell membrane translocation and activity decrease both NFTs and
AP deposition in transgenic animal models [11]. In preclinical studies,
PKC activators have been shown to increase the expression and activity
of PKC isozymes, thereby restoring PKC signaling and downstream
activity, including stimulation of neurotrophic activity, synaptic/struc-
tural remodeling, and synaptogenesis in the hippocampus and related
cortical areas [164]. PKC activators also reduce the accumulation of
neurotoxic AP and tau protein hyperphosphorylation and support
anti-apoptotic processes in the brain [164]. These observations suggest
that restoring PKC activity may rescue at least in part AD neuropatholo-
gy. Whether reduced BVR-A phosphorylation/activation also affects
PKCs in AD remains to be elucidated, even if previous data seems to
agree with this possibility.

Summarizing this discussion, the impaired phosphorylation of the
IR/BVR-A axis in AD emerges as a field to be investigated more deeply
for its role in cell survival. Although BVR-A is an essential part of the in-
sulin signaling cascade, its pleiotropic functions confer to this protein a
pivotal role in neuroprotection. However, because BVR-A needs to be
activated by IR/IGF-1R and both IR and BVR-A activation are reduced
in AD, it appears evident that BVR-A functions are closely dependent
on IR activation. Therefore, the impairment of the insulin signaling in
AD not only produces negative effects related to its downstream targets,
but also impairs BVR-A-associated effects on cell growth, apoptosis and
stress-response.

5. Concluding remarks

Several observations indicate that senescent-related cognitive de-
cline is due not only to neuronal loss, but is the result of functional
changes occurring over time. Among age-dependent changes, distur-
bance of protein phosphorylation/de-phosphorylation cycles may
contribute to neuronal dysfunctions. Indeed, protein phosphorylation
regulates fundamental intracellular processes such as transcription
and translation, regulation of the cell cycle, signaling within and
among cells, synaptic function among others. Recent findings reveal
how phosphorylation dependent signaling cascades may control
lifespan with prime examples being the activation of p53 and the
insulin-signaling pathway, as important regulators of lifespan, even if
from opposite directions. Many of the functional changes that occur
during aging such as impaired learning and memory and altered energy
metabolism are controlled by protein phosphorylation and it is,
therefore, important to understand how mechanisms of protein
phosphorylation may either mediate aging or eventually exacerbate
age-associated neurodegeneration. Increasing studies showed that ab-
normalities in protein phosphorylation contribute to the pathogenesis

ALZHEIMER DISEASE BRAIN

Microtubules 2.

R RRR
3333

Cell structure

Cell cycle
arrest

Bax—»| Apoptosis

Fig. 3. Aberrant phosphorylation in AD brain leads to disturbance of cell structure
integrity, cell survival and cell death pathways.

and progression of AD by impairing neuronal architecture, energy
metabolism, cell survival and cell death pathways among others (Fig. 3).

However, increasing evidence shows that regulation of protein func-
tion results not only from one single modification but also by multiple
PTMs, among which some of these may compete for the same residue.
Understanding if these concomitant events are cooperative or antago-
nist is difficult and further investigations are needed. Therapeutic inter-
vention that can restore phosphorylation homeostasis, either acting on
kinases and phosphatases, may prove to be beneficial to prevent or slow
the development of AD.

Conflict of interest declaration
None of the authors of this manuscript have a conflict of interest.
Transparency document

The Transparency document associated with this article can be
found, in online version.

Acknowledgments

All authors state that they have no conflicts of interest. This work
was partially supported by Fondi di Ateneo Sapienza to M.P. and F.D.D.
and funding from the People Programme (Marie Curie Actions) of the
European Union's Seventh Framework Programme (FP7/2007-2013)
under REA grant agreement no. 624341 to E.B. and M.P.

References

[1] E.S. Musiek, D.M. Holtzman, Three dimensions of the amyloid hypothesis: time,
space and ‘wingmen’, Nat. Neurosci. 18 (2015) 800-806.

[2] M.G. Spillantini, M. Goedert, Tau protein pathology in neurodegenerative diseases,
Trends Neurosci. 21 (1998) 428-433.


http://topics.sciencedirect.com/topics/page/Apoptosis
http://dx.doi.org/10.1016/j.bbadis.2016.07.005
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0005
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0005
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0010
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0010

1880

3]

[4

[5

[6]

[7

8

[9

(10]

[11]

(12]

[13]
(14]
[15]

[16]

[17]
(18]

[19]

[20]
[21]
[22]

(23]

[24]

(25]

[26]

[27]
(28]
(29]
(30]
(31]

(32]

M. Perluigi et al. / Biochimica et Biophysica Acta 1862 (2016) 1871-1882

L. Buee, L. Troquier, S. Burnouf, K. Belarbi, A. Van der Jeugd, T. Ahmed, F. Fernandez-
Gomez, R. Caillierez, M.E. Grosjean, S. Begard, B. Barbot, D. Demeyer, H. Obriot, I.
Brion, V. Buee-Scherrer, C.A. Maurage, D. Balschun, R. D'Hooge, M. Hamdane, D.
Blum, N. Sergeant, From tau phosphorylation to tau aggregation: what about neu-
ronal death? Biochem. Soc. Trans. 38 (2010) 967-972.

C. Lanni, M. Racchi, M. Memo, S. Govoni, D. Uberti, p53 at the crossroads between
cancer and neurodegeneration, Free Radic. Biol. Med. 52 (2012) 1727-1733.

E.L. Huttlin, M.P. Jedrychowski, J.E. Elias, T. Goswami, R. Rad, S.A. Beausoleil, J.
Villen, W. Haas, M.E. Sowa, S.P. Gygi, A tissue-specific atlas of mouse protein phos-
phorylation and expression, Cell 143 (2010) 1174-1189.

E.A. van der Zee, Synapses, spines and kinases in mammalian learning and memo-
ry, and the impact of aging, Neurosci. Biobehav. Rev. 50 (2015) 77-85.

K.P. Giese, K. Mizuno, The roles of protein kinases in learning and memory, Learn.
Mem. 20 (2013) 540-552.

Z.H. Cheung, N.Y. Ip, From understanding synaptic plasticity to the development of
cognitive enhancers, Int. J. Neuropsychopharmacol. 14 (2011) 1247-1256.

AlJ. Koleske, Molecular mechanisms of dendrite stability, Nat. Rev. Neurosci. 14
(2013) 536-550.

L. Martin, X. Latypova, C.M. Wilson, A. Magnaudeix, M.L. Perrin, F. Terro, Tau pro-
tein phosphatases in Alzheimer's disease: the leading role of PP2A, Ageing Res.
Rev. 12 (2013) 39-49.

K.E. Jenkins, A.P. Higson, P.H. Seeberger, M.H. Caruthers, Solid-phase synthesis and
biochemical studies of O-boranophosphopeptides and O-dithiophosphopeptides, J.
Am. Chem. Soc. 124 (2002) 6584-6593.

F. Bohmer, S. Szedlacsek, L. Tabernero, A. Ostman, . den Hertog, Protein tyrosine
phosphatase structure-function relationships in regulation and pathogenesis,
FEBS J. 280 (2013) 413-431.

C.S. Boosani, D.K. Agrawal, PTEN modulators: a patent review, Expert Opin. Ther.
Pat. 23 (2013) 569-580.

S.P. Braithwaite, ].B. Stock, P.J. Lombroso, A.C. Nairn, Protein phosphatases and
Alzheimer's disease, Prog. Mol. Biol. Transl. Sci. 106 (2012) 343-379.

H.B. Nygaard, C.H. van Dyck, S.M. Strittmatter, Fyn kinase inhibition as a novel
therapy for Alzheimer's disease, Alzheimers Res. Ther. 6 (2014) 8.

E.M. Kramer-Albers, R. White, From axon-glial signalling to myelination: the inte-
grating role of oligodendroglial Fyn kinase, Cell. Mol. Life Sci. 68 (2011)
2003-2012.

S.M. Thomas, J.S. Brugge, Cellular functions regulated by Src family kinases, Annu.
Rev. Cell Dev. Biol. 13 (1997) 513-609.

S.K. Shirazi, J.G. Wood, The protein tyrosine kinase, fyn, in Alzheimer's disease pa-
thology, Neuroreport 4 (1993) 435-437.

M.P. Lambert, A.K. Barlow, B.A. Chromy, C. Edwards, R. Freed, M. Liosatos, T.E. Morgan,
1. Rozovsky, B. Trommer, K.L. Viola, P. Wals, C. Zhang, C.E. Finch, G.A. Krafft, W.L. Klein,
Diffusible, nonfibrillar ligands derived from Abeta1-42 are potent central nervous sys-
tem neurotoxins, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 6448-6453.

S.H. Chung, Aberrant phosphorylation in the pathogenesis of Alzheimer's disease,
BMB Rep. 42 (2009) 467-474.

S.N. Thomas, D. Cripps, A.J. Yang, Proteomic analysis of protein phosphorylation
and ubiquitination in Alzheimer's disease, Methods Mol. Biol. 566 (2009) 109-121.
A. Rufini, P. Tucci, I. Celardo, G. Melino, Senescence and aging: the critical roles of
p53, Oncogene 32 (2013) 5129-5143.

A. Fiorini, R. Sultana, E. Barone, G. Cenini, M. Perluigi, C. Mancuso, J. Cai, ].B. Klein,
D.S. Clair, D.A. Butterfield, Lack of p53 affects the expression of several brain mito-
chondrial proteins: insights from proteomics into important pathways regulated
by p53, PLoS One 7 (2012), e49846.

C. Lanni, M. Racchi, G. Mazzini, A. Ranzenigo, R. Polotti, E. Sinforiani, L. Olivari, M.
Barcikowska, M. Styczynska, J. Kuznicki, A. Szybinska, S. Govoni, M. Memo, D.
Uberti, Conformationally altered p53: a novel Alzheimer's disease marker? Mol.
Psychiatry 13 (2008) 641-647.

AA. Akintola, D. van Heemst, Insulin, aging, and the brain: mechanisms and impli-
cations, Front. Endocrinol. (Lausanne) 6 (2015) 13.

D.A. Butterfield, F. Di Domenico, E. Barone, Elevated risk of type 2 diabetes for de-
velopment of Alzheimer disease: a key role for oxidative stress in brain, Biochim.
Biophys. Acta 1842 (2014) 1693-1706.

C.T. Walsh, Posttranslational Modification of Proteins: Expanding Nature's Invento-
ry, Roberts and Company Publishers, Greenwood Village, CO, 2006.

P. Cohen, The origins of protein phosphorylation, Nat. Cell Biol. 4 (2002)
E127-E130.

P.A. Grimsrud, D.L. Swaney, C.D. Wenger, N.A. Beauchene, ]J. Coon,
Phosphoproteomics for the masses, ACS Chem. Biol. 5 (2010) 105-119.

L.D. Rogers, L. Foster, Phosphoproteomics—finally fulfilling the promise? Mol.
BioSyst. 5 (2009) 1122-1129.

S. Lemeer, AJ. Heck, The phosphoproteomics data explosion, Curr. Opin. Chem.
Biol. 13 (2009) 414-420.

M.A. Morales, R. Watanabe, C. Laurent, P. Lenormand, J.C. Rousselle, A. Namane, G.F.
Spath, Phosphoproteomic analysis of Leishmania donovani pro- and amastigote
stages, Proteomics 8 (2008) 350-363.

[33] J. Gannon, L. Staunton, K. O'Connell, P. Doran, K. Ohlendieck, Phosphoproteomic

[34]

(35]

(36]

analysis of aged skeletal muscle, Int. J. Mol. Med. 22 (2008) 33-42.

F. Di Domenico, R. Sultana, E. Barone, M. Perluigi, C. Cini, C. Mancuso, J. Cai, W.M.
Pierce, D.A. Butterfield, Quantitative proteomics analysis of phosphorylated pro-
teins in the hippocampus of Alzheimer's disease subjects, J. Proteome 74 (2011)
1091-1103.

B. Kovacech, N. Zilka, M. Novak, New age of neuroproteomics in Alzheimer's dis-
ease research, Cell. Mol. Neurobiol. 29 (2009) 799-805.

F. Wang, A.P. Blanchard, F. Elisma, M. Granger, H. Xu, S.A. Bennett, D. Figeys, H. Zou,
Phosphoproteome analysis of an early onset mouse model (TgCRNDS8) of

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Alzheimer's disease reveals temporal changes in neuronal and glia signaling
pathways, Proteomics 13 (2013) 1292-1305.

K. Herrup, Reimagining Alzheimer's disease—an age-based hypothesis, J. Neurosci.
30 (2010) 16755-16762.

L.M. Bierer, P.R. Hof, D.P. Purohit, L. Carlin, J. Schmeidler, K.L. Davis, D.P. Perl, Neo-
cortical neurofibrillary tangles correlate with dementia severity in Alzheimer's dis-
ease, Arch. Neurol. 52 (1995) 81-88.

P.H. Reddy, Abnormal tau, mitochondrial dysfunction, impaired axonal transport of
mitochondria, and synaptic deprivation in Alzheimer's disease, Brain Res. 1415
(2011) 136-148.

M. Medina, F. Hernandez, ]. Avila, New features about tau function and dysfunction,
Biomolecules 6 (2016).

M. Morris, S. Maeda, K. Vossel, L. Mucke, The many faces of tau, Neuron 70 (2011)
410-426.

P. Lei, S. Ayton, D.I. Finkelstein, L. Spoerri, G.D. Ciccotosto, D.K. Wright, B.X. Wong,
P.A. Adlard, R.A. Cherny, L.Q. Lam, B.R. Roberts, L. Volitakis, G.F. Egan, C.A. McLean,
R. Cappai, J.A. Duce, Al Bush, Tau deficiency induces parkinsonism with dementia
by impairing APP-mediated iron export, Nat. Med. 18 (2012) 291-295.

P. Regan, T. Piers, J.H. Yi, D.H. Kim, S. Huh, SJ. Park, J.H. Ryu, D.J. Whitcomb, K. Cho,
Tau phosphorylation at serine 396 residue is required for hippocampal LTD, ].
Neurosci. 35 (2015) 4804-4812.

B.A. Warmus, D.R. Sekar, E. McCutchen, G.D. Schellenberg, R.C. Roberts, L.L.
McMahon, E.D. Roberson, Tau-mediated NMDA receptor impairment underlies
dysfunction of a selectively vulnerable network in a mouse model of
frontotemporal dementia, J. Neurosci. 34 (2014) 16482-16495.

JK. Holth, V.C. Bomben, J.G. Reed, T. Inoue, L. Younkin, S.G. Younkin, R.G. Pautler, J.
Botas, ].L. Noebels, Tau loss attenuates neuronal network hyperexcitability in
mouse and Drosophila genetic models of epilepsy, ]J. Neurosci. 33 (2013)
1651-1659.

L.M. Ittner, Y.D. Ke, F. Delerue, M. Bi, A. Gladbach, J. van Eersel, H. Wolfing, B.C.
Chieng, M.]. Christie, I.A. Napier, A. Eckert, M. Staufenbiel, E. Hardeman, ]. Gotz,
Dendritic function of tau mediates amyloid-beta toxicity in Alzheimer's disease
mouse models, Cell 142 (2010) 387-397.

N.H. Sternberger, L.A. Sternberger, J. Ulrich, Aberrant neurofilament phosphoryla-
tion in Alzheimer disease, Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 4274-4276.

L. Ulloa, E. Montejo de Garcini, P. Gomez-Ramos, M.A. Moran, ]. Avila, Microtubule-
associated protein MAP1B showing a fetal phosphorylation pattern is present in
sites of neurofibrillary degeneration in brains of Alzheimer's disease patients,
Brain Res. Mol. Brain Res. 26 (1994) 113-122.

T. Kimura, H. Yamamoto, ]. Takamatsu, T. Yuzuriha, E. Miyamoto, T. Miyakawa,
Phosphorylation of MARCKS in Alzheimer disease brains, Neuroreport 11 (2000)
869-873.

M. Perluigi, G. Pupo, A. Tramutola, C. Cini, R. Coccia, E. Barone, E. Head, D.A.
Butterfield, F. Di Domenico, Neuropathological role of PI3K/Akt/mTOR axis in
Down syndrome brain, Biochim. Biophys. Acta 1842 (2014) 1144-1153.

Q. Tian, ]. Wang, Role of serine/threonine protein phosphatase in Alzheimer's dis-
ease, Neurosignals 11 (2002) 262-269.

H. Tanimukai, I. Grundke-Igbal, K. Igbal, Up-regulation of inhibitors of protein
phosphatase-2A in Alzheimer's disease, Am. ]. Pathol. 166 (2005) 1761-1771.

G. Bedse, F. Di Domenico, G. Serviddio, T. Cassano, Aberrant insulin signaling in
Alzheimer's disease: current knowledge, Front. Neurosci. 9 (2015) 204.

E. Barone, F. Di Domenico, T. Cassano, A. Arena, A. Tramutola, M.A. Lavecchia, R.
Coccia, D.A. Butterfield, M. Perluigi, Impairment of biliverdin reductase-A promotes
brain insulin resistance in Alzheimer disease: a new paradigm, Free Radic. Biol.
Med. 91 (2016) 127-142.

Y. Deng, B. Li, Y. Liu, K. Igbal, I. Grundke-Igbal, C.X. Gong, Dysregulation of insulin
signaling, glucose transporters, O-GlcNAcylation, and phosphorylation of tau and
neurofilaments in the brain: implication for Alzheimer's disease, Am. J. Pathol.
175 (2009) 2089-2098.

Y. Liuy, F. Liu, I. Grundke-Igbal, K. Igbal, C.X. Gong, Brain glucose transporters, O-
GlcNAcylation and phosphorylation of tau in diabetes and Alzheimer's disease, J.
Neurochem. 111 (2009) 242-249.

J.B. Owen, F. Di Domenico, R. Sultana, M. Perluigi, C. Cini, W.M. Pierce, D.A.
Butterfield, Proteomics-determined differences in the concanavalin-A-fractionated
proteome of hippocampus and inferior parietal lobule in subjects with Alzheimer's
disease and mild cognitive impairment: implications for progression of AD, J. Pro-
teome Res. 8 (2009) 471-482.

F. Di Domenico, ].B. Owen, R. Sultana, R.A. Sowell, M. Perluigi, C. Cini, ]. Cai, W.M.
Pierce, D.A. Butterfield, The wheat germ agglutinin-fractionated proteome of sub-
jects with Alzheimer's disease and mild cognitive impairment hippocampus and
inferior parietal lobule: implications for disease pathogenesis and progression, J.
Neurosci. Res. 88 (2010) 3566-3577.

J.C. Triplett, AM. Swomley, ]. Cai, J.B. Klein, D.A. Butterfield, Quantitative
phosphoproteomic analyses of the inferior parietal lobule from three different
pathological stages of Alzheimer's disease, ]. Alzheimers Dis. 49 (2015) 45-62.

S. Forster, A.S. Welleford, ].C. Triplett, R. Sultana, B. Schmitz, D.A. Butterfield, In-
creased O-GlcNAc levels correlate with decreased O-GlcNAcase levels in Alzheimer
disease brain, Biochim. Biophys. Acta 1842 (2014) 1333-1339.

Q. Xia, D. Cheng, D.M. Duong, M. Gearing, ].J. Lah, Al Levey, J. Peng,
Phosphoproteomic analysis of human brain by calcium phosphate precipitation
and mass spectrometry, J. Proteome Res. 7 (2008) 2845-2851.

H. Tan, Z. Wu, H. Wang, B. Bai, Y. Li, X. Wang, B. Zhai, T.G. Beach, ]. Peng, Refined
phosphopeptide enrichment by phosphate additive and the analysis of human
brain phosphoproteome, Proteomics 15 (2015) 500-507.

K. Tagawa, H. Homma, A. Saito, K. Fujita, X.G. Chen, S. Imoto, T. Oka, H. Ito, K.
Motoki, C. Yoshida, H. Hatsuta, S. Murayama, T. Iwatsubo, S. Miyano, H. Okazawa,


http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0015
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0015
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0015
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0015
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0015
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0020
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0020
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0025
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0025
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0025
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0030
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0030
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0035
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0035
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0040
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0040
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0045
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0045
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0050
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0050
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0050
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0055
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0055
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0055
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0060
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0060
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0060
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0065
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0065
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0070
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0070
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0075
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0075
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0080
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0080
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0080
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0085
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0085
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0090
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0090
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0095
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0095
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0095
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0095
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0100
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0100
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0105
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0105
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0110
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0110
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0115
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0115
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0115
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0115
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0120
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0120
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0120
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0120
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0125
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0125
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0130
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0130
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0130
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0135
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0135
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0140
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0140
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0145
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0145
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0150
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0150
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0155
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0155
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0160
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0160
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0160
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0165
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0165
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0170
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0170
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0170
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0170
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0175
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0175
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0180
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0180
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0180
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0180
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0185
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0185
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0190
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0190
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0190
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0195
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0195
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0195
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0200
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0200
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0205
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0205
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0210
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0210
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0210
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0210
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0215
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0215
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0215
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0220
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0220
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0220
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0220
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0225
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0225
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0225
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0225
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0230
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0230
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0230
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0230
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0235
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0235
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0240
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0240
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0240
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0240
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0245
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0245
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0245
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0250
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0250
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0250
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0255
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0255
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0260
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0260
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0265
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0265
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0270
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0270
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0270
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0270
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0275
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0275
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0275
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0275
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0280
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0280
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0280
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0285
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0285
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0285
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0285
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0285
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0290
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0290
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0290
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0290
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0290
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0295
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0295
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0295
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0300
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0300
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0300
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0305
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0305
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0305
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0310
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0310
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0310
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0315
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0315

(64

[65]

M. Perluigi et al. / Biochimica et Biophysica Acta 1862 (2016) 1871-1882

Comprehensive phosphoproteome analysis unravels the core signaling network
that initiates the earliest synapse pathology in preclinical Alzheimer's disease
brain, Hum. Mol. Genet. 24 (2015) 540-558.

P. Rudrabhatla, H. Jaffe, H.C. Pant, Direct evidence of phosphorylated neuronal in-
termediate filament proteins in neurofibrillary tangles (NFTs): phosphoproteomics
of Alzheimer's NFTs, FASEB J. 25 (2011) 3896-3905.

P. Rudrabhatla, P. Grant, H. Jaffe, MJ. Strong, H.C. Pant, Quantitative
phosphoproteomic analysis of neuronal intermediate filament proteins (NF-M/
H) in Alzheimer's disease by iTRAQ, FASEB ]. 24 (2010) 4396-4407.

[66] J.J. Pei, H. Braak, W.L. An, B. Winblad, R.F. Cowburn, K. Igbal, I. Grundke-Igbal, Up-

[67]

[68]

[69]
[70]
[71]

[72]

[73]

[74]
[75]
[76]
[77]

[78]

[79]
[80]

[81]

[82]
[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

regulation of mitogen-activated protein kinases ERK1/2 and MEK1/2 is associated
with the progression of neurofibrillary degeneration in Alzheimer's disease, Brain
Res. Mol. Brain Res. 109 (2002) 45-55.

A. Shisheva, S.R. Chinni, C. DeMarco, General role of GDP dissociation inhibitor 2 in
membrane release of Rab proteins: modulations of its functional interactions by
in vitro and in vivo structural modifications, Biochemistry 38 (1999)
11711-11721.

D.A. Butterfield, F. Di Domenico, A.M. Swomley, E. Head, M. Perluigi, Redox prote-
omics analysis to decipher the neurobiology of Alzheimer-like neurodegeneration:
overlaps in Down's syndrome and Alzheimer's disease brain, Biochem. J. 463
(2014) 177-189.

E.W. Dent, F.B. Gertler, Cytoskeletal dynamics and transport in growth cone motil-
ity and axon guidance, Neuron 40 (2003) 209-227.

S. Westermann, K. Weber, Post-translational modifications regulate microtubule
function, Nat. Rev. Mol. Cell Biol. 4 (2003) 938-947.

D.A. Butterfield, L. Gu, F. Di Domenico, R.A. Robinson, Mass spectrometry and redox
proteomics: applications in disease, Mass Spectrom. Rev. 33 (2014) 277-301.

S. Zahid, M. Oellerich, AR. Asif, N. Ahmed, Phosphoproteome profiling of substantia
nigra and cortex regions of Alzheimer's disease patients, ]. Neurochem. 121 (2012)
954-963.

E.B. Dammer, A.K. Lee, D.M. Duong, M. Gearing, J.J. Lah, A.l Levey, N.T. Seyfried,
Quantitative phosphoproteomics of Alzheimer's disease reveals cross-talk be-
tween kinases and small heat shock proteins, Proteomics 15 (2015) 508-519.
B.N. Kholodenko, Cell-signalling dynamics in time and space, Nat. Rev. Mol. Cell
Biol. 7 (2006) 165-176.

J. Yuan, B.A. Yankner, Apoptosis in the nervous system, Nature 407 (2000)
802-809.

J.S. Fridman, S.W. Lowe, Control of apoptosis by p53, Oncogene 22 (2003)
9030-9040.

R.S. Morrison, Y. Kinoshita, The role of p53 in neuronal cell death, Cell Death Differ.
7 (2000) 868-879.

E. Barone, G. Cenini, R. Sultana, F. Di Domenico, A. Fiorini, M. Perluigi, T. Noel, C.
Wang, C. Mancuso, D.KS. Clair, D.A. Butterfield, Lack of p53 decreases basal oxida-
tive stress levels in the brain through upregulation of thioredoxin-1, biliverdin
reductase-A, manganese superoxide dismutase, and nuclear factor kappa-B,
Antioxid. Redox Signal. 16 (2012) 1407-1420.

C.L. Brooks, W. Gu, The impact of acetylation and deacetylation on the p53 path-
way, Protein Cell 2 (2011) 456-462.

V. Pant, G. Lozano, Limiting the power of p53 through the ubiquitin proteasome
pathway, Genes Dev. 28 (2014) 1739-1751.

N.J. Maclaine, T.R. Hupp, The regulation of p53 by phosphorylation: a model for
how distinct signals integrate into the p53 pathway, Aging (Albany NY) 1 (2009)
490-502.

D. Trachootham, W. Lu, M.A. Ogasawara, R.D. Nilsa, P. Huang, Redox regulation of
cell survival, Antioxid. Redox Signal. 10 (2008) 1343-1374.

Y. Liu, M. Kulesz-Martin, P53 regulation and function in normal cells and tumors,
Medicina (B Aires) 60 (Suppl. 2) (2000) 9-11.

F. Di Domenico, G. Cenini, R. Sultana, M. Perluigi, D. Uberti, M. Memo, D.A.
Butterfield, Glutathionylation of the pro-apoptotic protein p53 in Alzheimer's dis-
ease brain: implications for AD pathogenesis, Neurochem. Res. 34 (2009) 727-733.
Y. Kitamura, S. Shimohama, W. Kamoshima, Y. Matsuoka, Y. Nomura, T. Taniguchi,
Changes of p53 in the brains of patients with Alzheimer's disease, Biochem.
Biophys. Res. Commun. 232 (1997) 418-421.

S.M. de la Monte, Y.K. Sohn, ].R. Wands, Correlates of p53- and Fas (CD95)-mediat-
ed apoptosis in Alzheimer's disease, . Neurol. Sci. 152 (1997) 73-83.

R. Seidl, S. Fang-Kircher, B. Bidmon, N. Cairns, G. Lubec, Apoptosis-associated pro-
teins p53 and APO-1/Fas (CD95) in brains of adult patients with Down syndrome,
Neurosci. Lett. 260 (1999) 9-12.

LT. Lott, Down's syndrome, aging, and Alzheimer's disease: a clinical review, Ann.
N. Y. Acad. Sci. 396 (1982) 15-27.

A. Tramutola, G. Pupo, F. Di Domenico, E. Barone, A. Arena, C. Lanzillotta, D.
Broekaart, C. Blarzino, E. Head, D. Allan Butterfield, M. Perluigi, Activation of p53
in Down syndrome and in the Ts65Dn mouse brain is associated with a pro-apo-
ptotic phenotype, J. Alzheimers Dis. (2016).

C. Hooper, E. Meimaridou, M. Tavassoli, G. Melino, S. Lovestone, R. Killick, p53 is
upregulated in Alzheimer's disease and induces tau phosphorylation in HEK293a
cells, Neurosci. Lett. 418 (2007) 34-37.

G. Cenini, R. Sultana, M. Memo, D.A. Butterfield, Elevated levels of pro-apoptotic
p53 and its oxidative modification by the lipid peroxidation product, HNE, in
brain from subjects with amnestic mild cognitive impairment and Alzheimer's dis-
ease, J. Cell. Mol. Med. 12 (2008) 987-994.

G. Cenini, R. Sultana, M. Memo, D.A. Butterfield, Effects of oxidative and nitrosative
stress in brain on p53 proapoptotic protein in amnestic mild cognitive impairment
and Alzheimer disease, Free Radic. Biol. Med. 45 (2008) 81-85.

L. Buizza, C. Prandelli, S.A. Bonini, A. Delbarba, G. Cenini, C. Lanni, E. Buoso, M.
Racchi, S. Govoni, M. Memo, D. Uberti, Conformational altered p53 affects neuronal

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]
[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]
[120]
[121]

[122]

1881

function: relevance for the response to toxic insult and growth-associated protein
43 expression, Cell Death Dis. 4 (2013), e484.

D. Uberti, C. Lanni, M. Racchi, S. Govoni, M. Memo, Conformationally altered p53: a
putative peripheral marker for Alzheimer's disease, Neurodegener. Dis. 5 (2008)
209-211.

D. Uberti, C. Lanni, T. Carsana, S. Francisconi, C. Missale, M. Racchi, S. Govoni, M.
Memo, Identification of a mutant-like conformation of p53 in fibroblasts from spo-
radic Alzheimer's disease patients, Neurobiol. Aging 27 (2006) 1193-1201.

C. Alves da Costa, E. Paitel, M.P. Mattson, R. Amson, A. Telerman, K. Ancolio, F.
Checler, Wild-type and mutated presenilins 2 trigger p53-dependent apoptosis
and down-regulate presenilin 1 expression in HEK293 human cells and in murine
neurons, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 4043-4048.

X. Xu, D. Yang, T. Wyss-Coray, J. Yan, L. Gan, Y. Sun, L. Mucke, Wild-type but not
Alzheimer-mutant amyloid precursor protein confers resistance against p53-
mediated apoptosis, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 7547-7552.

Y. Ohyagi, H. Asahara, D.H. Chui, Y. Tsuruta, N. Sakae, K. Miyoshi, T. Yamada, H.
Kikuchi, T. Taniwaki, H. Murai, K. Ikezoe, H. Furuya, T. Kawarabayashi, M. Shoji, F.
Checler, T. Iwaki, T. Makifuchi, K. Takeda, J. Kira, T. Tabira, Intracellular Abeta42 ac-
tivates p53 promoter: a pathway to neurodegeneration in Alzheimer's disease,
FASEB J. 19 (2005) 255-257.

C. Hooper, R. Killick, M. Tavassoli, G. Melino, S. Lovestone, TAp73alpha induces tau
phosphorylation in HEK293a cells via a transcription-dependent mechanism,
Neurosci. Lett. 401 (2006) 30-34.

K.P. Lu, X.Z. Zhou, The prolyl isomerase PIN1: a pivotal new twist in phosphoryla-
tion signalling and disease, Nat. Rev. Mol. Cell Biol. 8 (2007) 904-916.

J.A. Driver, X.Z. Zhou, K.P. Lu, Regulation of protein conformation by Pin1 offers
novel disease mechanisms and therapeutic approaches in Alzheimer's disease,
Discov. Med. 17 (2014) 93-99.

C.H. Chen, W. Li, R. Sultana, M.H. You, A. Kondo, K. Shahpasand, B.M. Kim, M.L. Luo,
M. Nechama, Y.M. Lin, Y. Yao, T.H. Lee, X.Z. Zhou, A M. Swomley, D. Allan
Butterfield, Y. Zhang, K.P. Lu, Pin1 cysteine-113 oxidation inhibits its catalytic ac-
tivity and cellular function in Alzheimer's disease, Neurobiol. Dis. 76 (2015) 13-23.
R. Sultana, D. Boyd-Kimball, H.F. Poon, J. Cai, W.M. Pierce, J.B. Klein, W.R.
Markesbery, X.Z. Zhou, K.P. Lu, D.A. Butterfield, Oxidative modification and
down-regulation of Pin1 in Alzheimer's disease hippocampus: a redox proteomics
analysis, Neurobiol. Aging 27 (2006) 918-925.

D.A. Butterfield, H.M. Abdul, W. Opii, S.F. Newman, G. Joshi, M.A. Ansari, R. Sultana,
Pin1 in Alzheimer's disease, ]. Neurochem. 98 (2006) 1697-1706.

L. Plum, M. Schubert, ].C. Bruning, The role of insulin receptor signaling in the brain,
Trends Endocrinol. Metab. 16 (2005) 59-65.

M.F. White, S.E. Shoelson, H. Keutmann, C.R. Kahn, A cascade of tyrosine autophos-
phorylation in the beta-subunit activates the phosphotransferase of the insulin re-
ceptor, J. Biol. Chem. 263 (1988) 2969-2980.

H.E. Tornqvist, J. Avruch, Relationship of site-specific beta subunit tyrosine auto-
phosphorylation to insulin activation of the insulin receptor (tyrosine) protein ki-
nase activity, J. Biol. Chem. 263 (1988) 4593-4601.

AH. Dyer, C. Vahdatpour, A. Sanfeliu, D. Tropea, The role of insulin like growth fac-
tor 1 (IGF-1) in brain development, maturation and neuroplasticity, Neuroscience
(2016).

J-M. Horwood, F. Dufour, S. Laroche, S. Davis, Signalling mechanisms mediated by
the phosphoinositide 3-kinase/Akt cascade in synaptic plasticity and memory in
the rat, Eur. J. Neurosci. 23 (2006) 3375-3384.

H.C. Chiang, L. Wang, Z. Xie, A. Yau, Y. Zhong, PI3 kinase signaling is involved in
Abeta-induced memory loss in Drosophila, Proc. Natl. Acad. Sci. U. S. A. 107
(2010) 7060-7065.

V. Calabrese, C. Mancuso, M. Calvani, E. Rizzarelli, D.A. Butterfield, A.M. Stella, Nitric
oxide in the central nervous system: neuroprotection versus neurotoxicity, Nat.
Rev. Neurosci. 8 (2007) 766-775.

K. Akter, E.A. Lanza, S.A. Martin, N. Myronyuk, M. Rua, R.B. Raffa, Diabetes mellitus
and Alzheimer's disease: shared pathology and treatment? Br. J. Clin. Pharmacol.
71 (2011) 365-376.

R. Stocker, Antioxidant activities of bile pigments, Antioxid. Redox Signal. 6 (2004)
841-849.

E. Barone, S. Trombino, R. Cassano, A. Sgambato, B. De Paola, E. Di Stasio, N. Picci, P.
Preziosi, C. Mancuso, Characterization of the S-denitrosylating activity of bilirubin,
J. Cell. Mol. Med. 13 (2009) 2365-2375.

N. Lerner-Marmarosh, J. Shen, M.D. Torno, A. Kravets, Z. Hu, M.D. Maines, Human
biliverdin reductase: a member of the insulin receptor substrate family with ser-
ine/threonine/tyrosine kinase activity, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
7109-7114.

J. Kapitulnik, M.D. Maines, Pleiotropic functions of biliverdin reductase: cellular sig-
naling and generation of cytoprotective and cytotoxic bilirubin, Trends Pharmacol.
Sci. 30 (2009) 129-137.

N. Blomberg, E. Baraldi, M. Nilges, M. Saraste, The PH superfold: a structural scaf-
fold for multiple functions, Trends Biochem. Sci. 24 (1999) 441-445.

SJ. Leevers, B. Vanhaesebroeck, M.D. Waterfield, Signalling through
phosphoinositide 3-kinases: the lipids take centre stage, Curr. Opin. Cell Biol. 11
(1999) 219-225.

A.C. Newton, Regulation of the ABC kinases by phosphorylation: protein kinase C
as a paradigm, Biochem. J. 370 (2003) 361-371.

R. Ghasemi, A. Haeri, L. Dargahi, Z. Mohamed, A. Ahmadiani, Insulin in the brain:
sources, localization and functions, Mol. Neurobiol. 47 (2013) 145-171.

M. Belanger, I. Allaman, P.J. Magistretti, Brain energy metabolism: focus on
astrocyte-neuron metabolic cooperation, Cell Metab. 14 (2011) 724-738.

J. Jurcovicova, Glucose transport in brain - effect of inflammation, Endocr. Regul. 48
(2014) 35-48.


http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0315
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0315
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0315
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0320
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0320
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0320
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0325
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0325
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0325
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0330
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0330
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0330
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0330
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0335
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0335
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0335
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0335
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0340
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0340
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0340
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0340
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0345
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0345
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0350
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0350
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0355
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0355
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0360
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0360
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0360
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0365
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0365
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0365
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0370
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0370
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0375
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0375
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0380
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0380
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0385
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0385
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0390
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0390
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0390
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0390
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0390
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0395
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0395
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0400
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0400
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0405
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0405
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0405
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0410
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0410
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0415
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0415
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0420
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0420
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0420
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0425
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0425
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0425
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0430
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0430
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0435
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0435
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0435
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0440
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0440
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0445
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0445
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0445
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0445
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0450
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0450
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0450
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0455
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0455
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0455
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0455
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0460
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0460
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0460
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0465
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0465
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0465
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0465
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0470
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0470
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0470
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0475
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0475
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0475
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0480
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0480
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0480
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0480
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0485
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0485
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0485
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0490
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0490
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0490
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0490
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0490
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0495
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0495
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0495
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0500
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0500
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0505
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0505
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0505
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0510
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0510
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0510
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0510
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0515
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0515
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0515
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0515
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0520
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0520
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0525
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0525
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0530
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0530
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0530
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0535
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0535
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0535
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0540
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0540
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0540
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0545
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0545
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0545
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0550
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0550
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0550
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0555
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0555
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0555
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0560
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0560
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0560
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0565
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0565
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0570
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0570
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0570
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0575
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0575
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0575
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0575
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0580
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0580
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0580
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0585
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0585
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0590
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0590
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0590
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0595
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0595
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0600
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0600
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0605
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0605
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0610
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0610

1882

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

M. Perluigi et al. / Biochimica et Biophysica Acta 1862 (2016) 1871-1882

F.G. De Felice, Alzheimer's disease and insulin resistance: translating basic science
into clinical applications, J. Clin. Invest. 123 (2013) 531-539.

S.T. Ferreira, J.R. Clarke, T.R. Bomfim, F.G. De Felice, Inflammation, defective insulin
signaling, and neuronal dysfunction in Alzheimer's disease, Alzheimers Dement. 10
(2014) S76-S83.

G.J. Biessels, L.P. Reagan, Hippocampal insulin resistance and cognitive dysfunction,
Nat. Rev. Neurosci. 16 (2015) 660-671.

K. Talbot, H.Y. Wang, H. Kazi, L.Y. Han, K.P. Bakshi, A. Stucky, R.L. Fuino, K.R.
Kawaguchi, AJ. Samoyedny, R.S. Wilson, Z. Arvanitakis, J.A. Schneider, B.A. Wolf,
D.A. Bennett, ].Q. Trojanowski, S.E. Arnold, Demonstrated brain insulin resistance
in Alzheimer's disease patients is associated with IGF-1 resistance, IRS-1
dysregulation, and cognitive decline, J. Clin. Invest. 122 (2012) 1316-1338.

E. Steen, B.M. Terry, EJ. Rivera, ].L. Cannon, T.R. Neely, R. Tavares, X.J. Xu, J.R.
Wands, S.M. de la Monte, Impaired insulin and insulin-like growth factor expres-
sion and signaling mechanisms in Alzheimer's disease—is this type 3 diabetes? J.
Alzheimers Dis. 7 (2005) 63-80.

EJ. Rivera, A. Goldin, N. Fulmer, R. Tavares, ].R. Wands, S.M. de la Monte, Insulin
and insulin-like growth factor expression and function deteriorate with progres-
sion of Alzheimer's disease: link to brain reductions in acetylcholine, J. Alzheimers
Dis. 8 (2005) 247-268.

F.G. De Felice, M.V. Lourenco, S.T. Ferreira, How does brain insulin resistance devel-
op in Alzheimer's disease? Alzheimers Dement. 10 (2014) S26-S32.

H. Werner, D. LeRoith, Insulin and insulin-like growth factor receptors in the brain:
physiological and pathological aspects, Eur. Neuropsychopharmacol. 24 (2014)
1947-1953.

L. Frolich, D. Blum-Degen, H.G. Bernstein, S. Engelsberger, J. Humrich, S. Laufer, D.
Muschner, A. Thalheimer, A. Turk, S. Hoyer, R. Zochling, KW. Boissl, K. Jellinger,
P. Riederer, Brain insulin and insulin receptors in aging and sporadic Alzheimer's
disease, J. Neural Transm. (Vienna) 105 (1998) 423-438.

S. Jafferali, Y. Dumont, F. Sotty, Y. Robitaille, R. Quirion, S. Kar, Insulin-like growth
factor-I and its receptor in the frontal cortex, hippocampus, and cerebellum of nor-
mal human and Alzheimer disease brains, Synapse 38 (2000) 450-459.

L. Frolich, D. Blum-Degen, H.G. Bernstein, S. Engelsberger, . Humrich, S. Laufer, D.
Muschner, A. Thalheimer, A. Turk, S. Hoyer, R. Zochling, K.W. Boissl, K. Jellinger,
P. Riederer, Brain insulin and insulin receptors in aging and sporadic Alzheimer's
disease, J. Neural Transm. 105 (1998) 423-438.

L. Frolich, D. Blum-Degen, P. Riederer, S. Hoyer, A disturbance in the neuronal insu-
lin receptor signal transduction in sporadic Alzheimer's disease, Ann. N. Y. Acad.
Sci. 893 (1999) 290-293.

L. Xie, E. Helmerhorst, K. Taddei, B. Plewright, W. Van Bronswijk, R. Martins,
Alzheimer's beta-amyloid peptides compete for insulin binding to the insulin re-
ceptor, J. Neurosci. 22 (2002) RC221.

W.Q. Zhao, F.G. De Felice, S. Fernandez, H. Chen, M.P. Lambert, M.J. Quon, G.A.
Krafft, W.L. Klein, Amyloid beta oligomers induce impairment of neuronal insulin
receptors, FASEB J. 22 (2008) 246-260.

M. Schubert, D. Gautam, D. Surjo, K. Ueki, S. Baudler, D. Schubert, T. Kondo, J. Alber,
N. Galldiks, E. Kustermann, S. Arndt, A.H. Jacobs, W. Krone, C.R. Kahn, ].C. Bruning,
Role for neuronal insulin resistance in neurodegenerative diseases, Proc. Natl.
Acad. Sci. U. S. A. 101 (2004) 3100-3105.

E. Carro, J.L. Trejo, C. Spuch, D. Bohl, J.M. Heard, I. Torres-Aleman, Blockade of the
insulin-like growth factor I receptor in the choroid plexus originates Alzheimer's-
like neuropathology in rodents: new cues into the human disease? Neurobiol.
Aging 27 (2006) 1618-1631.

E. Grunblatt, M. Salkovic-Petrisic, J. Osmanovic, P. Riederer, S. Hoyer, Brain insulin
system dysfunction in streptozotocin intracerebroventricularly treated rats gener-
ates hyperphosphorylated tau protein, J. Neurochem. 101 (2007) 757-770.

M.R. King, N.J. Anderson, C. Liu, E. Law, M. Cundiff, T.M. Mixcoatl-Zecuatl, C.G.
Jolivalt, Activation of the insulin-signaling pathway in sciatic nerve and hippocam-
pus of type 1 diabetic rats, Neuroscience 303 (2015) 220-228.

S. Ito, M. Menard, T. Atkinson, C. Gaudet, L. Brown, ]. Whitfield, B. Chakravarthy, In-
volvement of insulin-like growth factor 1 receptor signaling in the amyloid-beta
peptide oligomers-induced p75 neurotrophin receptor protein expression in
mouse hippocampus, J. Alzheimers Dis. 31 (2012) 493-506.

G. Dechant, Y.A. Barde, The neurotrophin receptor p75(NTR): novel functions and
implications for diseases of the nervous system, Nat. Neurosci. 5 (2002)
1131-1136.

T. Onoue, M. Goto, T. Tominaga, M. Sugiyama, T. Tsunekawa, D. Hagiwara, R. Banno,
H. Suga, Y. Sugimura, H. Arima, Reactive oxygen species mediate insulin signal
transduction in mouse hypothalamus, Neurosci. Lett. 619 (2016) 1-7.

[144]

[145]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

N.A. Persiyantseva, T.P. Storozhevykh, Y.E. Senilova, LR. Gorbacheva, V.G. Pinelis,
I.A. Pomytkin, Mitochondrial H202 as an enable signal for triggering autophos-
phorylation of insulin receptor in neurons, J. Mol. Signal. 8 (2013) 11.

M.Z. Mehdi, N.R. Pandey, S.K. Pandey, AK. Srivastava, H202-induced phosphoryla-
tion of ERK1/2 and PKB requires tyrosine kinase activity of insulin receptor and c-
Src, Antioxid. Redox Signal. 7 (2005) 1014-1020.

LR. Freeman, V. Haley-Zitlin, D.S. Rosenberger, A.C. Granholm, Damaging effects of
a high-fat diet to the brain and cognition: a review of proposed mechanisms, Nutr.
Neurosci. 17 (2014) 241-251.

L. Ho, W. Qin, P.N. Pompl, Z. Xiang, J]. Wang, Z. Zhao, Y. Peng, G. Cambareri, A.
Rocher, C.V. Mobbs, P.R. Hof, G.M. Pasinetti, Diet-induced insulin resistance pro-
motes amyloidosis in a transgenic mouse model of Alzheimer's disease, FASEB J.
18 (2004) 902-904.

W. Qin, W. Zhao, L. Ho, ]. Wang, K. Walsh, S. Gandy, G.M. Pasinetti, Regulation of
forkhead transcription factor FoxO3a contributes to calorie restriction-induced
prevention of Alzheimer's disease-type amyloid neuropathology and spatial mem-
ory deterioration, Ann. N. Y. Acad. Sci. 1147 (2008) 335-347.

D.H. Kim, M.H. Park, EK. Lee, Y.J. Choi, KW. Chung, K.M. Moon, M.J. Kim, HJ. An,
J-W. Park, N.D. Kim, B.P. Yu, H.Y. Chung, The roles of FoxOs in modulation of
aging by calorie restriction, Biogerontology 16 (2015) 1-14.

E. Barone, F. Di Domenico, G. Cenini, R. Sultana, C. Cini, P. Preziosi, M. Perluigi, C.
Mancuso, D.A. Butterfield, Biliverdin reductase—a protein levels and activity in
the brains of subjects with Alzheimer disease and mild cognitive impairment,
Biochim. Biophys. Acta 1812 (2011) 480-487.

R. Subramaniam, F. Roediger, B. Jordan, M.P. Mattson, J.N. Keller, G. Waeg, D.A.
Butterfield, The lipid peroxidation product, 4-hydroxy-2-trans-nonenal, alters
the conformation of cortical synaptosomal membrane proteins, J. Neurochem. 69
(1997) 1161-1169.

J.B. Owen, R. Sultana, C.D. Aluise, M.A. Erickson, T.O. Price, G. Bu, W.A. Banks, D.A.
Butterfield, Oxidative modification to LDL receptor-related protein 1 in hippocam-
pus from subjects with Alzheimer disease: implications for Abeta accumulation in
AD brain, Free Radic. Biol. Med. 49 (2010) 1798-1803.

D.A. Butterfield, C.M. Lauderback, Lipid peroxidation and protein oxidation in
Alzheimer's disease brain: potential causes and consequences involving amyloid
beta-peptide-associated free radical oxidative stress, Free Radic. Biol. Med. 32
(2002) 1050-1060.

C.M. Lauderback, ].M. Hackett, F.F. Huang, ].N. Keller, L.I. Szweda, W.R. Markesbery,
D.A. Butterfield, The glial glutamate transporter, GLT-1, is oxidatively modified by
4-hydroxy-2-nonenal in the Alzheimer's disease brain: the role of Abetal-42, J.
Neurochem. 78 (2001) 413-416.

D.A. Butterfield, E.R. Stadman, Protein oxidation processes in aging brain, in: S.T.
Paula, E.E. Bittar (Eds.),Advances in Cell Aging and Gerontology 1997, pp. 161-191.
N. Lerner-Marmarosh, T. Miralem, P.E. Gibbs, M.D. Maines, Human biliverdin re-
ductase is an ERK activator; hBVR is an ERK nuclear transporter and is required
for MAPK signaling, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 6870-6875.

B.T. Hyman, T.E. Elvhage, ]. Reiter, Extracellular signal regulated kinases. Localiza-
tion of protein and mRNA in the human hippocampal formation in Alzheimer's dis-
ease, Am. J. Pathol. 144 (1994) 565-572.

B.P. Lucke-Wold, R.C. Turner, A.F. Logsdon, J.W. Simpkins, D.L. Alkon, K.E. Smith,
Y.W. Chen, Z. Tan, J.D. Huber, C.L. Rosen, Common mechanisms of Alzheimer's dis-
ease and ischemic stroke: the role of protein kinase C in the progression of age-
related neurodegeneration, . Alzheimers Dis. 43 (2015) 711-724.

E. Alonso, C. Vale, M.R. Vieytes, LM. Botana, Translocation of PKC by yessotoxin in
an in vitro model of Alzheimer's disease with improvement of tau and beta-
amyloid pathology, ACS Chem. Neurosci. 4 (2013) 1062-1070.

R. Shema, S. Haramati, S. Ron, S. Hazvi, A. Chen, T.C. Sacktor, Y. Dudai, Enhancement
of consolidated long-term memory by overexpression of protein kinase Mzeta in
the neocortex, Science 331 (2011) 1207-1210.

E.J. Weeber, C.M. Atkins, J.C. Selcher, AW. Varga, B. Mirnikjoo, R. Paylor, M. Leitges,
J.D. Sweatt, A role for the beta isoform of protein kinase C in fear conditioning, J.
Neurosci. 20 (2000) 5906-5914.

A. Gerschutz, H. Heinsen, E. Grunblatt, A.K. Wagner, ]J. Bartl, C. Meissner, A,J.
Fallgatter, S. Al-Sarraj, C. Troakes, 1. Ferrer, T. Arzberger, ]. Deckert, P. Riederer, M.
Fischer, T. Tatschner, C.M. Monoranu, Neuron-specific mitochondrial DNA deletion
levels in sporadic Alzheimer's disease, Curr. Alzheimer Res. 10 (2013) 1041-1046.
M.K. Sun, D.L. Alkon, Activation of protein kinase C isozymes for the treatment of
dementias, Adv. Pharmacol. 64 (2012) 273-302.


http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0615
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0615
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0620
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0620
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0620
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0625
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0625
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0630
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0630
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0630
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0630
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0630
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0635
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0635
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0635
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0635
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0640
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0640
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0640
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0640
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0645
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0645
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0650
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0650
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0650
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0655
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0655
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0655
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0655
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0660
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0660
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0660
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0665
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0665
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0665
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0665
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0670
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0670
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0670
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0675
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0675
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0675
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0680
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0680
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0680
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0685
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0685
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0685
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0685
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0690
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0690
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0690
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0690
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0695
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0695
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0695
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0700
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0700
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0700
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0705
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0705
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0705
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0705
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0710
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0710
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0710
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0715
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0715
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0715
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0720
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0720
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0720
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0725
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0725
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0725
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0735
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0735
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0735
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0740
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0740
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0740
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0740
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0745
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0745
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0745
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0745
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0750
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0750
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0750
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0755
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0755
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0755
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0755
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0760
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0760
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0760
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0760
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0765
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0765
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0765
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0765
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0770
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0770
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0770
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0770
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0775
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0775
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0775
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0775
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0780
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0780
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0785
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0785
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0785
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0790
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0790
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0790
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0795
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0795
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0795
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0795
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0800
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0800
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0800
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0805
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0805
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0805
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0810
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0810
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0810
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0815
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0815
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0815
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0815
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0820
http://refhub.elsevier.com/S0925-4439(16)30165-X/rf0820

	Aberrant protein phosphorylation in Alzheimer disease brain disturbs pro-�survival and cell death pathways
	1. Introduction
	2. Phosphoproteomics: a tool to identify aberrant signaling in Alzheimer brain
	3. Cell death pathway in Alzheimer disease: role of p53 and Pin1
	4. The pro-survival effect of the IR/BVR-A axis is disrupted in AD
	5. Concluding remarks
	Conflict of interest declaration
	Transparency document
	Acknowledgments
	References


