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1. Introduction

1.1. Plaque and tangle pathology in AD

Alzheimer’s disease (AD] is the most common form of dementia, and it accounts for more than
60% of all cases of dementia. Although many factors may increase the risk for AD, the only cause
so far knownis aging [1]. Most of the cases are sporadic, as only less than 0.1% of the cases occur
because of inherited mutations on genes directly involved in the disease (familial AD, FAD][2].

AD is caused by progressive and irreversible neurodegeneration. At the moment, there is no
cure for AD. Therapies available are only aimed at lessening the progression of the cognitive
decline and neurodegeneration and do not target pathways directly causative of the disease
[3]. These include the acetylcholinesterase inhibitors (Aricept] [4] or inhibitors of the gluta-
matergic NMDA receptor (Namenda] [5] and were shown to be mostly effective when
administered at early stages [6-8]. However, a proper diagnostic approach able to identify AD
early in the development is still missing, and this reduces the efficacy of the treatments
available. Therefore, there is the need to develop both diagnostic tools able to detect early
stages of the disease, and to generate effective treatments targeting the early pathogenic events
in AD. This is becoming increasingly important also considering that the population affected
by AD will dramatically increase in the years to come. Numbers are in fact dramatic: 10 million
baby boomers may develop AD within the next 10-20 years [9]. Currently, in the United States
alone there are more than 5 million AD patients, and the costs to the US government exceeds
the 200 billion/year.These numbers are expected to quadruple in the next 40 years, causing
unsustainable costs for the care of these patients and their caregivers, who could not receive
support and care and would then have to face undignified life conditions.
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110 Understanding Alzheimer's Disease

Studying the molecular mechanisms responsible for the neurodegeneration in AD can help
identify new effective therapeutic targets. Two main pathways are identified in AD. They
involve two proteins, the amyloid precursor protein APP and the microtubule-associated
protein tau, as they are responsible for the formation of the two characteristic lesions, the
extracellular plaques and the intracellular neurofibrillary tangles (NFTs], respectively [10, 11].
Both plaques and tangles are considered causative of the disease; they deposit following the
progression of the disease, and they could contribute to alter neuronal morphology leading to
neuronal death [12-16].

The origin and composition of plaques and tangles are quite different. Plaques are forms of
aggregated, fibrillar material called amyloid, insoluble fibrous protein aggregations organized
in (-sheet strands that deposits in the outer part of the brain [17-19]. Their core is mainly
composed of Abeta (beta-amyloid], a peptide of small molecular weight deriving from APP,
which tends to form small size aggregates called oligomers with known toxic properties [20].
Oligomers are found intracellularly, but can be secreted to the extracellular space, where they
will aggregate into larger structures called fibrils, forming the core of the plaque [18, 21, 22].

Similarly, tangles are formed by insoluble structures organized into fibrils, the pair helical
tilaments (PHFs], which eventually organize and aggregate into larger structures, the tangles
[19]. The main component is hyperphosphorylated protein tau, which in this form becomes
insoluble and tends to form aggregates [13, 23].

The biological functions of APP and tau are very different [13, 24], but during the disease both
the beta amyloid product and the hyperphosphorylated tau become toxic to the neuron,
causing neurodegeneration. However, the mechanisms by which tau and Abeta may be toxic
differ. In fact, as a microtubule stabilizing protein, tau can become toxic to the cytoskeleton
when hyperphosphorylated, as in this form it would detach from the microtubules destabi-
lizing them. Hyperphosphorylated tau would also tend to aggregate into NFTs, impairing
cellular functions [23]. As to the plaques, their mechanism of toxicity is still under debate.
Although they cause the formation of dystrophic neuritis [18], it is still unclear whether they
are really toxic or rather protecting, by sequestering Abeta oligomers from the environment.
In facts, Abeta is sequestered from the extracellular space to form the plaque [25]. Indeed,
oligomers are considered toxic: they form early in the pathology [26], associate with impaired
cognitive functions in mice [27] and in AD patients [28], and impair neurotransmission [29-33].
Therefore, identifying the pathways that lead to both increased Abeta production and/or tau
hyperphosphorylation and also regulate their aggregation into organized insoluble structure
may dramatically help find a cure to treat AD.

1.2. Pinl-regulated protein isomerization as a mechanism to control tangle and plaque
pathologies

Protein phosphorylation seems to be a common feature of both plaque and tangle pathologies.
In fact, changes in the levels of phosphorylated APP seems to influence APP function and
toxicity in the pathology, as increased phosphorylation of APP at specific domains positively
regulates Abeta production [34-36]. Of note, both APP and tau can be phosphorylated by the
same kinases, such as cdc2, CDK5 and GSK3, and such kinases seem to be particularly active
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during the disease [23, 37-40]. Hence, the identification of molecular pathways that can control
non physiologic phosphorylation of both tau and APP in the disease could help identify targets
to tackle at the same time both tangle and plaque pathologies.

We found that the enzyme Pinl protects from both tangle and Abeta pathology, since a
genetically modified animal model lacking Pinl (Pin1KO] developed age-dependent tauop-
athy and was characterized by increased production of Abeta, deposited in form of intracel-
lular aggregates [41, 42]. This seems to be due to the capability of Pinl to regulate the
conformation of cis and trans isomers of both phosphorylated tau and APP, as shown using
conformation specific antibodies for tau, and by means of NMR.

Pin1 (Protein interacting with NIMA (never in mitosis A]-1] is a prolyl isomerase, which
regulates the function of phosphorylated protein substrates by regulating their cis/trans
isomerization [43, 44]. Pin1 belongs to the family of PPlase (peptidyl prolyl cis trans isomerase],
enzymes that are evolutionary conserved. Unlike other PPlases, Pin1 specifically regulates the
conformation of substrates phosphorylated at specific serine or threonine residues preceding
a proline (S/T-P motifs] [45-47]. The stereochemistry of Proline allows the protein to undergo
two different conformations (cis and trans], which could be determined by the presence of a
phospho group on the S or T residue [43, 48]. Since Proline-directed phosphorylation regulates
key cellular mechanisms, by maintaining the equilibrium between the two conformations, Pin1
may dramatically contribute to the maintenance of vital cellular functions.

The structure of Pinl consists of two domains, an N-terminal WW domain comprised of the
tirst 40 aminoacids which is responsible for Pinl binding to its substrates, and a larger PPlase
domain that spans the remaining part of the protein and catalyzes the substrate’s isomerization
[49]. Of note, although mostly in the nucleus, Pinl subcellular localization is driven by the
presence of its substrates [50], to extranuclear compartments, with obvious expression in the
plasma membrane, cytosol and cytosolic organelles involved in endocytosis [41, 51]. The
ubiquitous expression of Pinl allows the protein to control the isomerization of multiple
substrates in different cellular compartments, including cytosolic proteins like NF-KappaB
[52], p53 [53], beta-catenin [54], IRAK1 [55] and others [46], or protein that localize at different
compartments like APP [41, 51] and tau [42, 56]. This determines a crucial role for Pinl in
controlling the physiological activity of proteins involved in diverse functions, such as protein
transcription and stability, and protein interaction, by regulating the aforementioned sub-
strates [43].

Notably, Pin1 function is highly regulated and its aberration affects Pin1’s ability to isomerize
its substrates with consequences on their function, contributing to an increasing number of
pathological conditions, including Alzheimer’s disease, cancer and immunologic disorders
and aging. Lack of Pinl function was found to impair immune responses in Pin1KO animal
models [55], due to lack of activation of IRAK1, which is involved in the regulation of the TLR
signaling [57]. In cancer, Pinl levels are increased due to transcriptional activation and loss of
inhibitory phosphorylation and other mechanisms [45, 58]. This leads to up-regulated
isomerization of substrates involved in hyperproliferative processes, activating two dozens of
oncogenes and inactivating a dozen of tumor suppressors [46, 59, 60]. On the contrary, in AD
brain Pin1 activity is reduced due to decreased protein level and to oxidation [56, 61, 62]. Some
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genetic polymorphisms on the Pinl gene were found to associate with forms of late onset AD
[63-65]. Interestingly, a polymorphism that associated with increased Pin1 levels by regulating
AP-4 mediated transcription, was found to be protective as it correlates with delayed disease
onset in a Chinese cohort [66]. In AD, the changes in Pinl levels and activity prevent from an
effective isomerization of the phosphorylated APP and tau [41, 56]. As a consequence, the
equilibrium between the cis and trans conformation is not maintained and the proteins exist
in the pathogenic cis conformation: APP will generate more Abeta and tau will lose normal
microtubule function and become toxic, leading to both plaque and tangle pathologies.

In this book chapter we will discuss findings from our and other labs that point to a crucial
role of Pinl in protecting against AD by regulating diverse cellular pathways using multiple
mechanisms. We will specifically highlight how Pinl regulates protein conformation of APP
and tau to control APP trafficking, APP stability and Abeta production as well as tau phos-
phorylation, microtubule function, stabilization and aggregation in vivo and in vitro. We will
also emphasize the importance of Pinl-mediated regulation of APP and tau conformation as
a modulator of pathogenic mechanisms that might occur early in the development of the
disease. Finally, we will also discuss how Pinl is emerging as a novel diagnostic and thera-
peutic tool for early intervention to tackle both tau and Abeta pathologies in AD.

2. Pin1 as a crucial regulator of APP trafficking and stabilization to protect
from Abeta pathology in AD

Althoughboth tau and Abeta pathologies define AD, only Abetais the characteristic feature that
distinguishes AD from other forms of dementia. In fact, only the presence of plaques containing
Abetapeptideallowsadefinite AD diagnosis[10,67-69], whereasthe presence of PHF alone could
berelated also to other forms of tauopathies, like FIPD, Pick disease and others[13]. The specific-
ity of Abetapathologyto ADmakesof Abetaandits precursor APPideal therapeutictargets. Here
we will review the role of APP in AD, the molecular mechanisms that regulate Abeta formation,
focusing on the role of Pinl as a post-phosphorylative event to regulate both APP intracellular
localization and trafficking, and also turnover, preventing Abeta formation. These topics are of
particular relevance for the understanding of the mechanisms underlying Abeta production in
AD. In fact, the intracellular localization of APP will determine whether APP will be toxic
influencing the production of beta-amyloid peptides. Moreover, impaired APP turnover will
cause APP stabilization, which will lead to increased levels of both APP and beta-amyloid
peptides. Thisphenomenon is particularly consistent with pathologies associated with higher
levels of APP and development of AD, such as Down syndrome.

2.1. APP trafficking and processing pathways

APP is a type 1 transmembrane protein that is ubiquitously expressed. APP is characterized
by a long extracellular domain, a short transmembrane domain and a small intracellular
domain that regulates APP phosphorylation and trafficking [68, 70]. The domain that contains
the sequence for Abeta spans a region of approximately 40 aminoacids across the N-terminal
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portion of the trasmembrane domain [71]. Three isoforms of APP exists characterized by
different molecular weight, the result of alternative RNA splicing, APP751, APP750 and
APP695 [72]. Since the splicing occurs in the most N-terminal region of the protein, all the three
isoforms express the domains for both Abeta and the intracellular domain [72]. APP isoforms
may be differently expressed in the various organs. AP770 is for example mostly present in
the heart and in peripheral cells, whereas APP695 is the only form expressed in the brain and
therefore linked to Abeta generation in AD [72]. For this reason, the APP isoform considered
in AD studies is APP695, and the numbering of the aminoacids follows this sequence.

Within the cell, APP localization is not limited to a single part, as it undergoes trafficking
through different compartments. Upon synthesis in the ER, APP travels through the Golgi
compartment where it undergoes glycosylation, to finally reach the plasma membrane. It
eventually will recycle to the Golgi, following internalization from the plasma membrane and
trafficking through the endosomal pathway [70, 73, 74]. Of note, the significance of APP
physiological function may depend on the compartment where APP localizes during the life
of the cell. In fact, depending on whether APP is retained at the plasma membrane or it is
internalized to the endosomes, it will generate different metabolites with diverse function,
either neurotrophic and therefore protective from AD, or toxic. More in details, at the plasma
membrane APP will undergo a processing pathway called non-amyloidogenic [75, 76], in
which metalloproteases of the ADAMs family and others (ADAM10, ADAM17 and TACE
[77-81]], called alpha secretase, will cleave APP in the middle of the sequence for Abeta,
generating the extracellular stub alphaAPPs with known neurotrophic properties [82], and a
C-terminal stub called C83. C83 will be further cleaved in the late endosomes by a complex of
four proteins called gamma-secretase, to generate a small fragment called p3 with no amyloi-
dogenic properties. This pathway is called non-amyloidogenic, as it prevents the formation of
intact Abeta peptides. The amount of APP at the plasma membrane that does not undergo
alpha-secretase cleavage will internalize in the cell through the endocytic pathway [70, 73,
74]. This occurs thanks to the binding of proteins such as Fe65 to the 682YNPTY687 motif at
the intracellular, C-terminal domain of APP [83-85]. Once in the early endosomes, full length
APP is cleaved by BACE or beta secretase [86, 87], an aspartyl protease that cuts APP at the
beginning of the sequence for Abeta. Such cleavage generates a soluble stub called betaAPPs
with known apoptotic properties in the neuron [88], and a C-terminal stub called C99 which
still contains the intact sequence for Abeta. C99 will traffic to the late endosomes, where it will
be cleaved by gamma-secretase to generate intact Abeta [17, 89]. This pathway is called
amyloidogenic as it produces Abeta peptides, and is increased in AD [90, 91].

It is clear that the intracellular localization of APP will determine whether APP will be
amyloidogenic or not. Therefore, any mechanism that may help APP stay retained at the
plasma membrane will protect from Abeta production and AD, whereas those that help APP
internalize to the endosomes will favor the amyloidogenic processing and Abeta formation.

2.2. APP phosphorylation and conformation to regulate APP processing

One such mechanism is APP phosphorylation. In fact, it was shown that the Y682 residue can
be phosphorylated by different kinases such as abl and TrkA [92, 93]. Phosphorylation at this
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level can regulate the association of APP to binding partners such as Fe65, X11/MINTs and Shc
[94-97], ultimately controlling APP trafficking, processing and function also associated with
cell movement and axonal branching [98, 99], and with NGF activity [100]. Tyr phosphoryla-
tion at Y682 motif has also been associated with increased Abeta production and amyloido-
genic processing in vitro [101], in vivo [102] and in AD [103].

Interestingly, APP can be phosphorylated at a further N-terminal part of the intracellular
domain, the 668Thr-669Pro residue [104], and phosphorylation at this domain has been
associated with increased amyloidogenic processing of APP, both in vivo [39, 40] and in vitro
[34]. The kinases involved in such phosphorylation are GSK3beta, CDKS5, cdc2, known to be
overactive in AD and responsible also for tau phosphorylation [23, 38, 39, 104, 105]. Of note,
T668 phosphorylation was found to be elevated in AD brain [34], suggesting that it might
induce toxic mechanisms linked to Abeta production. Such mechanisms seemed to relate to
conformational changes affecting the 682YNPTY687 motif and therefore its ability to interact
with binding partners [106, 107]. In support of this hypothesis, T668 has been linked to specific
isomer formation. In fact, by means of NMR studies, it was observed that phosphorylation at
the Thr668 residue causes an isomerization of APP from trans to cis. In fact, non-phosphory-
lated APP retains 100% trans conformation, and upon phosphorylation at T668 approximately
10% of the population turns to cis [108, 109].

Altogether, these findings draw attention to the role of T668 phosphorylation as an initiator
of molecular pathways that lead to Abeta production by regulating APP conformation,
trafficking and processing. They also suggest that different cis and trans APP isomers may
contribute to shift the processing of APP towards either the amyloidogenic or the non-
amyloidogenic processing, and therefore T668 phosphorylation may emerge as a potential
target to halt amyloidogenic pathways in AD.

2.3. Pin1 to protect from Abeta pathology in animal models

Based on these findings and on the capability of Pinl to protect from tau pathology by
regulating tau conformation [42, 56], we hypothesized that Pinl might regulate also the
conformation of APP protecting from Abeta pathology. We found that Pinl can bind to
phosphorylated APP at T668, maintains the equilibrium between cis and trans conformation,
ultimately shifting the processing of APP from the toxic amyloidogenic to the protective non-
amyloidogenic [41].

More in detail, by means of pull down experiments, we observed that Pinl can bind to APP
only if phosphorylated at T668 [41]. Such interaction regulates APP isomerization. In fact, using
a pentapetide containing part of the C-terminal domain and the T668-P motif, we observed
that Pinl isomerizes the conformation of this peptide from cis to trans 1000 times faster than
the reversed equilibrium, suggesting that shifting the isomerization towards the trans
conformation may be crucial for APP function, and that Pinl might be key to regulate APP
physiologic activity. We then tested whether altering the equilibrium between cis and trans
conformation might result in changes of APP functions. For this purpose, we manipulated Pin1
cellular levels either by knocking Pinl out in genetically modified animals (Pin1KO], or by
overexpressing Pinl in cultured cells. Our in vitro experiments showed that when levels of
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Pinl were elevated beyond physiologic, APP amyloidogenic processing would be reduced, as
Abeta levels were decreased in the media of the cultured cells. On the contrary, lack of Pinl
expression in cultured Pin1KO breast cancer cells resulted in decreased alphaAPPs secretion
and increased Abeta production. Similarly, in the brain of Pin1KO mice we could observe age-
dependent increase of Abeta production, since levels of aggregated insoluble Abeta were
elevated in 18 months old mice when compared to 5 months old mice.

We then crossed PinKO animals to APPtg2576 and studied the processing of APP. We observed
an age-dependent shift in the processing of APP that would result in an increase of the
amyloidogenic versus the non-amyloidogenic, paralleled by the accumulation of Abeta42
deposits in multivesicular bodies, a form of deposited Abeta associated with early stages of
AD [32, 33]. This led us to hypothesize a model in which Pin1 would protect against neuro-
degeneration possibly by maintaining the equilibrium between the cis and the trans confor-
mation of APP. In particular, in physiological conditions, Pinl would favor the trans
conformation of APP, increasing the non-amylodogenic processing. Vice versa in the absence
of Pinl, the cis form would accumulate as the isomerization between the two forms would be
lost, ultimately favoring the amyloidogenic processing.

2.4. Pinl inhibits APP trafficking and internalization

Because Pinl was found to localize with full length APP at the plasma membrane, we specu-
lated that Pin1 may be involved in APP trafficking and internalization, regulating the amount
of APP that undergoes amyloidogenic processing. We therefore tested the hypothesis whether
Pinl protects from Abeta formation by inhibiting APP internalization to amyloidogenic
compartments [51]. For this purpose we used brain derived human H4 neuroglioma cells
expressing APP either at endogenous level or stably overexpressing it, and Pinl expression
was knocked down by RNAi. We found that lower Pinl levels associated with i) decreased
levels of APP at the plasma membrane, ii) increased levels of betaAPPs and decreased
alphaAPPs and iii) increased kinetic of internalization, as evidenced by means of immunocy-
tochemistry in both fixed and living cells [51]. Levels of APP phosphoryated at T668 seemed
to be elevated too. These data are in agreement with data from other groups that propose a
toxic role of T688 phosphorylated APP [34], and may suggest that reduced Pin1 levels could
be toxic in the same pathways. Interestingly, Ando and colleagues suggested that phosphor-
ylation at T668 may affect APP conformation to ultimately alter the capability of APP to bind
to partners such as Fe65 regulating APP trafficking, even if such interaction occurs at the
682YNPTY687 domain, further C-terminal than T668 [106]. This effect could be related to Pin1-
mediated changes in APP conformation that could change the 682YNPTY687 stereochemistry.
Of note, in Pinl KD treated cells that were also overexpressing Fe65, we found that higher
amounts of Fe65 associated with APP and that C99 accumulated, as compared to wild type
cells. This was probably due to stabilization of Fe65 under these conditions, since Fe65 levels
were elevated at the steady state in Pin1KD cells. Together with our immunocytochemistry
data, under conditions that promote Fe65/APP interaction, these results suggest that reduced
Pinl expression may be linked to fastened internalization of APP to amyloidogenic compart-
ments, where C99 is produced and accumulates (Fig. 1).
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Our hypothesis is that Pin1 binds to and isomerizes the phosphorylated T668-Pro motif in full length APP, resulting in
protein conformational changes that ultimately affect APP intracellular trafficking. (A, B]. In the presence of proper
Pin1 function, the equilibrium between the cis and the trans form of phosphorylated APP is maintained [41] (A], and
this may help APP stay anchored at the plasma membrane where it will undergo the non-amyloidogenic processing
(B]. On the contrary, when Pin1 function is reduced, as in AD, the equilibrium between the cis and the trans form of
phosphorylated APP will be disrupted, as the cis form of phosphorylated APP would not be isomerized to trans in a
timely manner (C], and the levels of Fe65 will be stabilized. Moreover, reduced Pin1 function will enhance GSK3beta
activity, leading to overall increase of phosphorylated APP at T668 and inhibiting APP turnover. These effects may lead
to overall increased levels of APP undergoing internalization, trafficking and amyloidogenic processing (D]. PM: Plas-
ma membrane. EE: Early Endosomes. LE: Late Endosomes.

Figure 1. A model for the role of Pin1 in inhibiting APP accumulation and amyloidogenic processing.

We had previously observed that reduced Pinl expression is linked to Abeta production [41],
and we found that Pin1KD may increase gamma-secretase cleavage of APP to generate AICD
[51]. Hence, we could assume that AD-associated reduced Pinl expression is linked to
increased amyloidogenic processing, promoting both internalization and gamma-secretase
dependent cleavage of APP.

2.5. Pin1 increases APP protein turnover

Recent findings from our lab link Pin1 deficit and amyloidogenic processing in AD to increased
APP stabilization [110]. This is particularly relevant to a role of increased APP in the disease,
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as it is known that higher APP levels correlate with AD. In fact, genetic modifications causing
either duplication of the APP gene [111] or increased expression [112] were found to cause
familial early onset AD. In addition, in Down syndrome patients, the triplication of the APP
gene associates with the development of AD after age 40 [113], with the exception of those
individuals affected by partial trisomy excluding the APP region [114]. In our experimental
paradigm, such APP stabilization is caused by the lack of GSK3beta inhibition under condi-
tions of impaired Pinl activity. This may suggest that lack of Pinl in AD impacts Abeta
pathology by targeting multiple pathways, from APP trafficking to APP stabilization via
GSK3beta activation.

More in details, we found that GSK3beta inhibitory mechanism was decreased in Pin1KO
mice [110], since phoshorylation at S9, a mechanism that inhibits the kinase’s activity, was
decreased in these mice. We speculated that GSK3beta, which contains several Ser-Pro
motifs, might serve as a substrate of Pinl and that, by regulating GSK3beta conforma-
tion, Pinl could control GSK3beta activity. This mechanism would contribute to the
understanding of a link between loss of Pinl activity and APP and tau pathologies in AD.
GSK3beta in fact is responsible for the phosphorylation of both T668 in APP and T231 in
tau, crucial in determining toxic conformations of both proteins in the disease. We found
that Pinl binds to GSK3beta at the T330 residue, and that lack of phosphorylation at this
site using a T330A mutant would prevent such interaction. Of note, changes in Pinl levels
would affect GSK3beta activity, in vivo and in vitro. In fact, in crude brain lysates from
Pin1Tg mice, GSK3beta activity was decreased, whereas it increased in Pin1KO mice.
Similarly, overexpression of a wild type form of Pinl reduced GSK3beta activity in H4
cells, whereas overexpression of mutants in regulatory regions of Pinl such as the WW
(W34A) or at the PPlase (K63A) domains, or at the Pinl binding site (T330A) would not
induce any change in the kinase activity, suggesting that by binding to T330, Pinl is a
crucial negative regulator of GSK3beta activity.

We then tested the hypothesis whether the Pinl-mediated control of GSK3beta activity could
help prevent APP from entering the amyloidogenic processing. We found that lack of Pin1-
mediated regulation of GSK3beta activity in T330A mutant expressing H4 cells reduced the
levels of the non-amyloidogenic alphaAPPs, whereas it increased overall T668 APP phos-
phorylation. Of note, under these conditions, levels of APP were elevated at the steady state
in cells, as well as in mice Pin1 concentration regulated APP levels. In fact, APP was reduced
in Pin1Tg mice, whereas it accumulated in the brain of Pin1KO mice, similarly to what we had
previously observed [41]. We found that APP accumulation in Pin1KO mice or in Pin1KD cells
is the result of a failed physiologic degradation of APP, which is stabilized under these
conditions. In fact, by means of cycloheximide treatment, we tested APP turnover under
conditions of either reduced Pinl expression (Pin1KD cells) or in absence of Pinl-mediated
regulation of GSK3beta activity, in cells overexpressing the T330A mutant. We found not only
that APP was stabilized in Pin1 KD cells as compared to wild type cells, also such stabilization
seemed to depend on Pinl-mediated regulation of GSK3beta activity, since APP was stabilized
in cells overexpressing the GSK3beta mutant T330A as compared to cells GSK3beta wild type.
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Altogether, these data suggest that Pinl regulates APP turnover by inhibiting GSK3beta
activation and therefore contributes to lower T668 phosphorylation, which is responsible for
toxic conformations of APP, as previously discussed in this chapter. These evidences suggest
that in the pathology, mechanisms that favor the accumulation of APP will be toxic by
increasing the amount of APP that will undergo amyloidogenic processing, and lack of Pinl
function could be one of these (Fig.1). Therefore, Pinl-mediated GSK3beta activity is an
additional mechanism that Pinl uses to protect from Abeta pathology, and strengthen the
possibility to consider Pinl as a valid tool to target Abeta pathologies in AD.

3. Role of T668 phosphorylation and APP conformation in AD: Pinl as a
molecular switch to regulate APP function

The question how increased APP phosphorylation at T668 is linked to AD has raised a real
debate in the field. Many evidences point to a role in the disease. In fact, not only phospho-
T668 levels were increased in AD brains [34], also many studies in vitro and in vivo point to a
role of T668 phosphorylation by different kinases in altered protein transport in neurons [115,
116], also associated with increased amyloidogenic processing and Abeta production in
cellular and animal models [34, 36, 39, 117]. In these studies, a non-phosphorylatable mutant
T668A was used as an experimental paradigm to compare the effects of phosphorylated
endogenous APP to the non-phosphorylated T668A form. Interestingly, a knock-in T668A
animal model did not show any age-dependent alteration in APP processing [118], since in
this study levels of Abeta, alphaAPPs and betaAPPs were comparable in both T668A and wild
type mice during aging. Although at a first glance these data seem to challenge the hypothesis
that regulation of T668 phosphorylation might be involved in AD, from these data it cannot
be concluded that such phosphorylation is irrelevant to AD progression. It is not by abolishing
APP phosphorylation at T668 by either knocking out APP or knocking in a non-phosphory-
latable version of it that we can exclude a role for such pathway in the disease. APP KO mice
are viable and their development and aging does not rely on alterations of APP processing
[119, 120], and yet a role for APP in the development of AD is not disputed. Similarly, tau KO
mice develop properly, reach adulthood and age normally [121-123], however a role for
hyperphosphorylated tau in AD is quite clear.

It is possible that the controversy around the role of T668 phosphorylation in AD lies in the
fact that physiologic phosphorylation at this domain is low, and it is only elevated in AD. This
would explain why the T668A knock in mice did not show any difference from the wild type
[118], because basal levels of phosphorylated T668 APP are very low, and phosphorylation-
mediated regulation of APP activity in wild type mice was therefore comparable to the T668A
mutant mice in this study.

Based on our data in vivo in Pin1KO mice and in vitro in Pin1KD cells [41, 51], we could
hypothesize that the relevance of physiological T668 phosphorylation could be to maintain
allow the equilibrium between cis and trans conformation. We could also assume that reduced
Pinl levels or increased T668 phosphorylation, both conditions associated with AD [34, 56],



Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

may disturb such equilibrium leading to increased Abeta production. Of note, the overex-
pression in Pin1KO breast cancer cells of a T668A APP mutant, which retains 100% trans
conformation, rescued the amount of APP anchored at the plasma membrane, and also the
levels of alphaAPPs [51]. These data may suggest that the protective non-amyloidogenic
processing of APP is maintained only if APP is in the trans conformation, a conditions that
associates with physiologic low levels of phosphorylated T668 and to physiologic levels of
Pinl. This poses attention on protein isomerization and Pinl as a fine post-phosphorylative
tool to regulate a protein function, bypassing the regulation of the kinases. Targeting abnormal
protein isomerization and Pinl function may therefore offer a preferred approach in AD to
halt the toxic effects of hyperphosphorylated proteins, such as phosphorylated T668 APP and
T231 tau, instead of the pharmacological inhibition of the many kinases responsible for their
phosphorylation.

Altogether, the data discussed here emphasize a role for Pinl-mediated isomerization of APP
and GSK3beta as a mechanism to control APP physiologic function, shifting APP processing
toward thenon-amyloidogenic pathway (Fig.1). Suchregulation prevents the formation of toxic
species produced downstream the amyloidogenic pathway, such as Abeta and betaAPPs, by
regulating both APP trafficking and stabilization, and occurs as a post-phosphorylative event
to maintain the equilibrium between cis and trans conformations. Therefore, Pinl and regula-
tion of APP conformation emerge asideal candidates in the search of therapeutic targets for AD.

4. Pin1 and tau pathology in animal models and in AD

Tau-mediated neurodegeneration may result from the combination of toxic gains-of-function
acquired by the aggregates or their precursors and the detrimental effects that arise from the
loss of the normal function(s) of tau in the disease state [15]. The toxic gains-of-function
includes sequestration of normal tau function by NFTs made of hyperphosphorylated tau.
NFTs also become physical obstacles to the transport of vesicles and other cargos[15]. The loss
of the normal function of tau includes detachment of tau from microtubules that causes loss
of microtubule-stabilizing function [124]. Although dynamic tau phosphorylation occurs
during embryonic development [125], aberrant tau phosphorylation in mature neurons is
harmful to the neuron [126]. Tau hyperphosphorylation is a key regulatory mechanism that
leads to both such toxic gains-of-function and the loss of the normal function(s) of tau [15].

4.1. Prolyl isomerization of tau

A high proportion of prolines residues are common to intrinsically disordered proteins, and
tau is no exception [127]. Nearly 10% of full-length tau is composed of proline residues and
around 20% of the residues between 1151 and Q244 are proline. Many functions of tau are
mediated through microtubule (MT) binding domains distal to this proline-rich domain.
Interestingly, many disease-associated phosphorylation events that seed tau tangle formation
occur at proline-directed serine (S) and threonine (T) residues in this proline-rich region. This
indicates that important structural changes in the proline-rich region of tau are regulating
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tangle formation. In particular, cis-trans isomerization around these prolines modulates
protein phosphatase binding and activity at specific S/T sites. We discovered that Pinl
regulates tau phosphorylation in concert with protein phosphatase 2A (PP2A) especially at
T231 [42, 56, 128-130]. Findings by Dickey’s group suggest that FKBP51 has a similar activity
to Pin1; but unlike Pin1, FKBP51 coordinates with Hsp90 to isomerize tau [131].

4.2. Deletion of Pin1 causes tauopathy in mice

Pinl knockout (KO) mice [42] serve as a good model to investigate the effect of Pinl on
endogenous tau in vivo. Pinl-deficient mice showed progressive age-dependent motor and
behavioral deficits including abnormal limb-clasping reflexes, hunched postures and reduced
mobility [42] similar to tau transgenic mice [132, 133]. These phenotypes in Pinl mutant mice
are significant because the total level of NFTs correlates with the degree of cognitive impair-
ment [134, 135]. Pioneering studies that used immunohistochemical techniques to determine
the level of both NFTs and senile plaques in different brain regions of AD patients, as well as
non-demented elderly individuals, demonstrated that the number of NFTs, but not the
numbers of senile plaques, correlates with the degree of cognitive impairment [134, 135].

4.3. Pin1 acts on the pT231-P motif in p-tau to protect against tauopathy in AD

Itis increasingly evident that tauopathy in AD may result from the combination of toxic gains-
of function acquired by phosphorylated tau (p-tau) aggregates, and the malignant effects from
loss of tau normal function, including the failure of p-tau to bind and promote microtubule
(MT) assembly [15]. Interestingly, a common characteristic event that disrupts tau MT function
and precedes tangle formation is increased phosphorylation of tau especially on S/T-P motifs
[11, 126, 136-141]. Indeed, tau kinases, such as mitogen-activated protein (MAP) kinases,
cyclin-dependent protein kinase 5 (CDK5) and glycogen synthase 3 (GSK3) [142-144] or
phosphatases, such as protein phosphatase 2A (PP2A) [145, 146] are deregulated in AD and
modulating these enzymes can affect tauopathy [23, 39, 147-155]. Moreover, recent GWAS
studies identify several new AD genes that might modulate tau phosphorylation and/or
cytoskeleton, including MARK4 (pro-directed tau kinase) and BIN1 [156], and CD2AP [157,
158]. Notably, T231 phosphorylation in tau is reported to be the first of a number of tau
phosphoepitopes appearing sequentially during early stages in pretangle AD neurons: pT231
— TG3 — AT8 — AT100 — Alz50 — — NFTs. However, it is still unclear how this phos-
phorylation leads to tau misfolding, aggregation and tangle formation [130, 159-161]. The
results from our group and others support a critical role for Pinl in protecting against
tauopathy in AD by acting on the phosphorylated T231-P (pT231-P)motif (Fig.2). We discov-
ered that pT231-P motif in tau exists in distinct cis and trans conformations, and that the cis to
trans conversion is accelerated by a unique isomerase, Pin1 [44, 56, 128, 162], thereby protecting
against tangle formation in AD [42, 48, 56, 163, 164]. pT231 is the first of sequential tau
phosphoepitopes appearing in pretangle neurons in prodromal AD [159, 160] and its cerebro-
spinal fluid (CSF) level is an early biomarker that tracks MCI (mild cognitive impairment)
conversion to AD, albeit with wide interindividual variations [165, 166]. Pin1 acts on the pT231-
P motif in tau (i) to restore the ability of p-tau to promote MT assembly [56], (ii) to facilitate p-
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tau dephosphorylation because PP2A is trans-specific [42, 128], and (iii) to promote p-tau
degradation [164] (Fig.2). Indeed, Pinl overexpression promotes tau dephosphorylation
selectively on pT231 in neurons and mouse brains [167, 168]. Pinl has no effect on T231A
mutant tau in vitro or vivo [56, 128, 139, 164]. Furthermore, Pinl deficiency (Pin1-KO) mice
display age-dependent tauopathy [42], whereas Pinl overexpression in postnatal neurons
effectively suppresses tauopathy induced by human wild-type (WT) tau in mice, albeit it
enhances tauopathy induced by the P301L mutant tau [164].
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pT231-tau protein exists in the two completely different cis and trans conformations, as depicted in cartoons of the
primary backbone structures. Cis, but not trans, pT231-tau loses normal function and also gains toxic function. Pin1
inhibits the accumulation of the pathogenic cis pT231-tau conformation in AD by converting it to the nonpathogenic
trans form. Conformation-specific antibody and/or vaccines against the pathogenic cis pT231-tau might be developed
for the diagnosis and treatment of AD, especially during its early stages.

Figure 2. Pin1 inhibits the accumulation of the pathogenic cis pT231-tau conformation in AD by converting it to the
nonpathogenic trans form

These findings are highly relevant to human AD. We found that Pin1 localize to tangle and is
depleted in AD brains [56], which has been confirmed and expanded to other tauopathies
including FTD [61, 62, 169-172]. Furthermore, Pinl is induced by neuron differentiation and
highly expressed in most normal neurons, but inhibited by various mechanisms in AD neurons
[44, 54, 56, 59, 62, 167, 169, 171-175]. For example, Pinl expression is especially low in AD
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vulnerable neurons or actual degenerated neurons in AD [42]. Pinl can be inactivated by
oxidation in mild cognitive impairment (MCI) and AD neurons [61, 169, 170]. Pin1 is seques-
tered into tangles [56] or tangle or Ab-free granulovacuolar bodies with increasing tauopaty
[176]. The human Pinl gene is located at 19p13.2, a new late onset AD locus distinct from
ApoE4 [173] and Pinl promoter SNPs that reduce Pinl expression [177] are associated with
increased risk for AD in some cohorts [174], although not in others [65, 178]. A different Pin1
promoter SNP that prevents its suppression by AP4 is associated with delayed onset of AD
[178]. Our findings of the opposite effects of Pinl on cancer and AD [43, 45] have been
supported by genetic association studies [174, 177, 179] and epidemiological studies [180-182].
Our analysis of the Framingham Study has further shown that cancer patients have decreased
risk of AD, that AD patients have reduced cancer risk, and importantly, that this inverse
relationship in not due to selective mortality or underdiagnosis [183]. Thus, we recently
proposed that lack of sufficient Pin1 to catalyze cis to trans isomerization of pT231-tau might
be a pathogenic mechanism leading to tauopathy in AD [48, 163].

5. Regulation of tau conformation as an early change in AD pathology:
Implications for Pinl-catalyzed protein conformational regulation as a
therapeutic and diagnostic tool

5.1. Cis pT231-tau is extremely early pathogenic conformation that is accumulated in MCI
and AD

To analysis Pinl-catalyzed cis/trans protein conformational regulation and conformation-
specificfunctionorregulation, wehave developed anovel technology to generate the firstcisand
trans-specific antibodies. We discovered that cis, but not trans, pT231-tau is extremely early
pathogenic conformationin AD due tolack of Pin1 convertit to the physiological trans [129].

We found that replacing the five membered ring of Pro232 with the six membered ring
homoproline (Pip) increases cis to 74%, since ~90% of pT231-P motif in a synthetic peptide in
trans. Polyclonal antibodies raised against a pT231-Pip tau peptide recognize human and
mouse p-tau. Resulting cis-specific antibody recognize regular pT231-Pro tau and cis
pT231-5,5-demethylproline (Dmp) tau peptide, whereas trans-specific antibody recognizes
regular pT231-Pro and trans pT231-Ala tau peptide. Neither antibody recognizes the non-
phosphopeptide. Furthermore, both antibodies recognize tau, but not its T231A mutant
expressed in SYSY cells. Thus, cis- or trans- antibodies are highly specific [129]. Antibodies
against cis pT231-tau might provide opportunity for efficient immunotherapy and diagnostic
tools against early pathogenic tau conformation, raising the possibility of preventing tauop-
athy in AD patients at early stages.

5.2. Cis pT231-tau not only loses normal MT functions, but also gains toxic functions

As we and other groups had been shown [56, 184-186], phosphorylation of tau on T231 by
Ccd2 abolishes its ability to promote MT assembly, which can be restored after dephosphor-
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ylation by PP2A or Pinl [129]. Importantly, the ability of Pinl to restore p-tau MT function
is fully blocked by incubation of Pinl-treated p-tau with trans antibodies, but not cis
antibodies. Furthermore, trans pT231-tau peptide is readily dephosphorylated by the tau
phosphatase PP2A, which dephosphorylate on trans pS/T-P motifs [128]. Moreover, cis
pT231-tau is much more stable than the trans both in cells and in Tau-transgenic (Tg)
mouse brain slice cultures. Finally cis pT231-tau is much more prone to aggregation than
the trans in Tau-Tg mouse brains and human MCI brains, as detected by sarcosyl
fractionation experiments [42, 164, 187]. Thus, cis, but not trans, p-tau loses normal MT
functions, and gains toxic functions.

5.3. Pinl overexpression increases cis to trans pT231-P conversion in WT tau-Tg mice

To detect the ability of Pin1 to increase cis to trans isomerization, we showed that Pin1 reduces
cis, but increases trans pT231-tau in vitro [129]. Moreover, Pinl overexpression in Tau-Tg mice
(Tau+Pin1) reduces the cis content, but increases the trans content, whereas Pinl deficiency in
Tau-Tg mice (Tau+Pin1-KO) has the opposite effects, as shown by immunoblots and immu-
nostains [129]. In contrast to Wt tau-Tg mice, Pin1 overexpression increased cis, but decreased
trans pT231-tau in P301L tau Tau-Tg mice because the P301L tau mutation greatly reduced cis,
but not trans, pT231-tau, as we hypothesized [164]. These results explain why Pin1 has the
opposite effects on WT tau and P301L tau [164] and are consistent with that CSF pT231-tau
can differentiate AD form frontotemporal dementia[165, 166].

5.4. Cis, but not trans, pT231-tau is significantly elevated and localized to dystrophic
neurites in MCI and further accumulated in AD

To examine p-tau conformational changes during the development of AD, we analyzed
different Braak brain tissues with cis or trans-specific tau antibodies. There is little cis or trans
pT231-tau innormal brains [129]. In AD cortex, trans pT231-tau is very low, but the cis is readily
detected, even at Braak stages III and IV (MCI), and further accumulates as the Braak stage
increases [129]. Notably, cis, but not trans, is localized to the dystrophic neurites [129], an early
hallmark change highly correlating with synaptic and cognitive loss in AD [188-194]. Given
Pinl inhibition by oxidation in MCI brains [169, 170, 195], Pin1 might act at a very early step
to inhibit tauopathy in AD.

5.5. Cis pT231-tau fully overlaps with neurofibrillary degeneration and correlates with
reduced Pin1 levels in the AD hippocampus

Asshown [42,134,196,197], Pinlis highly expressed in the CA2 region of the hippocampus, but
dramatically reduced in the CAlregion, whereas PHF-1, a solid neurofibrillary neurodegenera-
tion marker [161], is prevalent in the CA1, but not in CA2 region [129]. Importantly, trans-
positiveneuronsaredominantinthe CA2region. However,inthe CAregion, cis-positiveneurons
are greatly increased. All cis-positive neurons are also positive for PHF-1 in both CA2 and CA1
regions. However, 74% of trans-positive cellsin the CA2 region are negative for PHE-1. Thus, cis,
butnot trans, pT231-tauis fully overlapped with neurofibrillary degeneration.

123



124 Understanding Alzheimer's Disease

5.6. Potential novel cis and trans conformation-specific disease diagnoses and therapies

Our exciting new insight into the role and regulation of p-tau conformations in AD might have
important and novel therapeutic implications. For example, it has been shown that Thr231
phosphorylationis the earliest detectable tau phosphorylation eventinhuman AD [130, 159, 160,
198] and itslevels are elevated in cerebrospinal fluids and tracks AD progression, but with large
individual variations [199, 200], making it difficult to become a standardized test. Our findings
that the cis conformation appears earlier in MCl and is pathologically more relevant suggest that
cis pThr231-tau and especially its ratio with trans might be a better and easier standardized
diagnostic marker, especially for early diagnosis and patient comparison. Furthermore, the
findingsthatPin1 overexpression convertscis to trans, promotestau degradationand inhibits tau
pathology and neurodegeneration in AD mouse models [201] and that Pin1 SNPs preventing its
inhibitionby brain-specifictranscriptionfactor AP-4isassociated with delayed onsetof AD [202]
suggestthatoverexpressing Pinl orpreventing Pinlinhibitionmightbeanewapproachtoreduce
the cis to trans pThr231-tau ratio to block tau pathology at early stages. Finally, active or passive
immunizationagainstsome pSer/Thr-Promotifsintauincluding the pThr231-Promotifhasbeen
shown to reduce tau aggregates and improve memory deficits in mouse models [203-209].
However, we havehere shown that only ~10% of regular synthetic pThr231-tau peptidesisin the
pathologicallyrelevantcisconformationand theremaining 90%isintrans, which canstillpromote
MT assembly and is not related to neurofibrillary degeneration. Therefore, immunotherapies
either using conformation-specific vaccines or antibodies specifically against the pathological-
ly relevant cis pT231-tau conformation might be more specific and effective and safer in treating
AD. Given the critical role of Pin1 and other isomerases in controlling the function of many other
key regulators in the pathogenesis of human disease, notable Alzheimer’s disease, cancer, viral
infection, inflammation and autoimmune disorders [210-213], it would be interesting to deter-
mine whether prolylisomerization regulates the cellular function of these proteins and whether
these conformational switches mightbe explored for developing novel diagnoses and therapies.

6. Finding a proper animal model to study AD: A lesson from the pin1KO
mice

One of the biggest challenges when studying a disease is to develop the proper animal model
that would reproduce the main features of that disease within the animal’s biological envi-
ronment. In the case of AD, this is not an easy goal, since mice do not spontaneously develop
the features characteristic of this disease.

The only way to induce AD-like pathology with plaques and/or tangles in mice is by generating
genetically altered animals. These may either overexpress aggressive mutants of APP linked
to familial forms of AD (FAD) [214-218] and hence produce higher amounts of Abeta peptide,
or express either wild type or aggressive mutants of tau [217, 218], leading to sustained tau
hyperphosphorylation and tangle formation or may express both [217, 218]. These models may
recapitulate plaque (APPTg) or tangle (tauTg) pathologies, or both (APPtg crossed to tauTg)
[217, 218], and are extremely useful to understand the molecular pathways involved in AD,
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however they may [216] or may not [219] undergo neurodegeneration, which is a feature of
AD. Moreover, they may not be representative of the way the disease progresses in sporadic
AD, which affects the vast majority of AD patients, as they may represent only those familial
cases of AD caused by those same mutations. Furthermore, these models may not be all specific
for AD, since tau hyperphosphorylation and tangle formation occur also in other neurodege-
nerative diseases, and some of the tau mutations used to generate animal models for AD do
not associate with AD, but with other neurodegenerative diseases, such as frontotemporal
dementia associated with parkinsonism FTDP [17, 220, 221].
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teins in the event that they become abnormally phosphorylated. For example, by catalyzing isomerization of the cis to
trans conformation, Pin1 might promote non-amyloidogenic APP processing reducing Abeta production, as well as
promote tau dephosphorylation and restore tau function. However in AD, a loss of Pin1 function, either through
downregulation of Pin1 function, oxidative inactivation, phosphorylation or possible genetic alterations, can lead to
build-up of cis-pS/T —P motifs. Cis-p-tau and cis-p-APP are proposed to represent pathological conformations (red
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to activation of kinases such as GSK3beta, which further increases both phosphorylation of tau and APP and also in-
hibits APP turnover, contributing to both tau and Abeta pathologies and causing neuronal death. Therefore, Pin1 de-
regulation might act on multiple pathways to contribute to AD development.

Figure 3. The regulation of APP processing and tau function by Pin1 in healthy and Alzheimer’s neuron.
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In addition, also animal models developed to understand a specific pathway even in absence
of plaques [118], show limitations in the interpretation of the results.

In contrast, the model offered by knocking out the Pin1 gene in our Pin1KO model may recapitu-
late some of the features characteristic of both tau and Abeta pathology in sporadic AD, and
therefore could serveasavalid tool toinvestigate the pathways that canbe targeted to prevent or
halt the disease progression. In fact, Pin1KO mice 1) develop age-dependent Abeta pathology
associated with early neuronal deficit that leads to neurodegeneration (elevated Abeta levels
associated with increased intracellular deposition) [41], 2) are characterized by age-dependent
tau hyperphosphorylation, stabilization and PHF formation [42], and 3) show age-dependent
neurodegeneration in selected areas [42]. Because genetic and proteomic findings link de-
creasedPinllevelsand/oractivityto AD[56,61], wecouldspeculatethatthe Pin1KOanimalmodel
be very close to recapitulating the features that characterize AD in humans, and therefore may
serve as a valid model to study the molecular pathwaysinvolved in AD.

7. Conclusion

We have here reviewed studies showing how Pinl is an essential regulator of APP, tau and
GSK3beta conformations, maintaining their physiological functions, and how loss of Pinl in
AD contributes to the accumulation of toxic conformations that turn the proteins” function
pathologic. Moreover, the data here discussed present Pin1 as a link between both Abeta and
tau pathology that could be exploited to tackle both pathologies in AD, even at early stages.
The emerging new concept is that protein conformation might be a key regulatory element in
toxic pathways in AD, and that Pin1 regulation of protein conformations might be a promising
avenue to fight AD.

The debate about Abeta and tau pathology, which occurs first, which causes the other, is still
unsolved, and clarifying it would help identify the correct therapeutic target to successfully
prevent AD progression. Although studies in animal models in vivo showed that Abeta
pathology occurs first and may be causative of tau pathology [222, 223], they were performed
in animal models genetically modified to develop both tau and Abeta pathologies, and
therefore may not be representative of the molecular mechanisms underlying sporadic forms
of AD. In fact, it is still unclear which pathology occurs first in human AD, and only fine
diagnostic tools able to identify early modification on both APP and tau that may render the
proteins toxic would be of help.

As appropriate early diagnostic tools are still missing, the evidences here presented highlight
Pin1 as an ideal therapeutic target to block the toxicity of both APP and tau in AD. In fact, the
data here discussed show that equilibrium between cis and trans conformation of APP and
tau is crucial to maintain their physiological function, and that this is disrupted either by
hyperphosphorylation at S/T-P or by lower Pinl levels or both in AD. In addition, we show
here evidences that, in tau, alteration in the equilibrium between cis and trans conformation
is an event that precedes massive cognitive decline, since the cis form of phosphorylated tau
accumulates in MCI patients [129]. These results directly link conformational changes to
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pathologic protein functions, and highlight Pinl as a successful regulator of such toxic
conformations, opening new avenues in the medical field of AD. In fact, if a therapeutic target,
Pin1 could block both tau and Abeta pathologies early in the disease, also resolving the eternal
and unsolvable conflict: What happens first?

Author details

Lucia Pastorino, Asami Kondo, Xiao Zhen Zhou and Kun Ping Lu

*Address all correspondence to: lpastori@bidmc.harvard.edu

*Address all correspondence to: klu@bidmc.harvard.edu

Department of Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School,
Boston, USA

References

[1]

[2]

3]

[5]

[7]

Holtzman DM, Morris JC, Goate AM. Alzheimer's disease: the challenge of the sec-
ond century. Sci Transl Med. 2011 Apr 6;3(77):77sr1.

Bateman R], Aisen PS, De Strooper B, Fox NC, Lemere CA, Ringman JM, et al. Auto-
somal-dominant Alzheimer's disease: a review and proposal for the prevention of
Alzheimer's disease. Alzheimers Res Ther. 2011;3(1):1.

Aisen PS, Cummings ], Schneider LS. Symptomatic and nonamyloid/tau based phar-
macologic treatment for Alzheimer disease. Cold Spring Harb Perspect Med. 2012
Mar;2(3):a006395.

Winblad B, Engedal K, Soininen H, Verhey F, Waldemar G, Wimo A, et al. A 1-year,
randomized, placebo-controlled study of donepezil in patients with mild to moder-
ate AD. Neurology. 2001 Aug 14;57(3):489-95.

Winblad B, Poritis N. Memantine in severe dementia: results of the 9M-Best Study
(Benefit and efficacy in severely demented patients during treatment with meman-
tine). Int ] Geriatr Psychiatry. 1999 Feb;14(2):135-46.

Tariot PN, Farlow MR, Grossberg GT, Graham SM, McDonald S, Gergel I. Meman-
tine treatment in patients with moderate to severe Alzheimer disease already receiv-
ing donepezil: a randomized controlled trial. JAMA. 2004 Jan 21;291(3):317-24.

Schneider LS, Insel PS, Weiner MW. Treatment with cholinesterase inhibitors and
memantine of patients in the Alzheimer's Disease Neuroimaging Initiative. Arch
Neurol. 2011 Jan;68(1):58-66.

127



128 Understanding Alzheimer's Disease

8]

[9]

[10]

[11]

[12]

[13]

[19]

[20]

[21]

Whitehead A, Perdomo C, Pratt RD, Birks ], Wilcock GK, Evans JG. Donepezil for the
symptomatic treatment of patients with mild to moderate Alzheimer's disease: a
meta-analysis of individual patient data from randomised controlled trials. Int ] Ger-
iatr Psychiatry. 2004 Jul;19(7):624-33.

Holtzman DM, Goate A, Kelly ], Sperling R. Mapping the road forward in Alzheim-
er's disease. Sci Transl Med. 2011 Dec 21;3(114):114ps48.

Glenner GG, Wong CW, Quaranta V, Eanes ED. The amyloid deposits in Alzheimer's
disease: their nature and pathogenesis. Appl Pathol. 1984;2(6):357-69.

Goedert M, Spillantini MG, Cairns NJ, Crowther RA. Tau proteins of Alzheimer
paired helical filaments: abnormal phosphorylation of all six brain isoforms. Neuron.
1992 Jan;8(1):159-68.

Meyer-Luehmann M, Spires-Jones TL, Prada C, Garcia-Alloza M, de Calignon A,
Rozkalne A, et al. Rapid appearance and local toxicity of amyloid-beta plaques in a
mouse model of Alzheimer's disease. Nature. 2008 Feb 7;451(7179):720-4.

Buee L, Bussiere T, Buee-Scherrer V, Delacourte A, Hof PR. Tau protein isoforms,
phosphorylation and role in neurodegenerative disorders. Brain Res Brain Res Rev.
2000 Aug;33(1):95-130.

Gomez-Isla T, Hollister R, West H, Mui S, Growdon JH, Petersen RC, et al. Neuronal
loss correlates with but exceeds neurofibrillary tangles in Alzheimer's disease. Ann
Neurol. 1997 Jan;41(1):17-24.

Ballatore C, Lee VM, Trojanowski JQ. Tau-mediated neurodegeneration in Alzheim-
er's disease and related disorders. Nat Rev Neurosci. 2007 Sep;8(9):663-72.

Parvathy S, Davies P, Haroutunian V, Purohit DP, Davis KL, Mohs RC, et al. Correla-
tion between Abetax-40-, Abetax-42-, and Abetax-43-containing amyloid plaques and
cognitive decline. Arch Neurol. 2001 Dec;58(12):2025-32.

De Strooper B. Proteases and proteolysis in Alzheimer disease: a multifactorial view
on the disease process. Physiol Rev. 2010 Apr;90(2):465-94.

Masters CL, Selkoe DJ. Biochemistry of Amyloid beta-Protein and Amyloid Deposits
in Alzheimer Disease. Cold Spring Harb Perspect Med. 2012 Jun;2(6):a006262.

Jucker M, Walker LC. Pathogenic protein seeding in Alzheimer disease and other
neurodegenerative disorders. Ann Neurol. 2011 Oct;70(4):532-40.

Benilova I, Karran E, De Strooper B. The toxic Abeta oligomer and Alzheimer's dis-
ease: an emperor in need of clothes. Nat Neurosci. 2012 Mar;15(3):349-57.

Larson ME, Lesne SE. Soluble Abeta oligomer production and toxicity. ] Neurochem.
2012 Jan;120 Suppl 1:125-39.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[33]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

Haass C, Selkoe DJ. Soluble protein oligomers in neurodegeneration: lessons from
the Alzheimer's amyloid beta-peptide. Nat Rev Mol Cell Biol. 2007 Feb;8(2):101-12.

Noble W, Olm V, Takata K, Casey E, Mary O, Meyerson ], et al. Cdk5 is a key factor
in tau aggregation and tangle formation in vivo. Neuron. 2003 May 22;38(4):555-65.

Reinhard C, Hebert SS, De Strooper B. The amyloid-beta precursor protein: integrat-
ing structure with biological function. EMBO J. 2005 Dec 7;24(23):3996-4006.

Hong S, Quintero-Monzon O, Ostaszewski BL, Podlisny DR, Cavanaugh WT, Yang
T, et al. Dynamic analysis of amyloid beta-protein in behaving mice reveals opposing

changes in ISF versus parenchymal Abeta during age-related plaque formation. J
Neurosci. 2011 Nov 2;31(44):15861-9.

Walsh DM, Selkoe DJ. Deciphering the molecular basis of memory failure in Alz-
heimer's disease. Neuron. 2004 Sep 30;44(1):181-93.

Cleary JP, Walsh DM, Hofmeister JJ, Shankar GM, Kuskowski MA, Selkoe D], et al.
Natural oligomers of the amyloid-beta protein specifically disrupt cognitive function.
Nat Neurosci. 2005 Jan;8(1):79-84.

Santos AN, Ewers M, Minthon L, Simm A, Silber RE, Blennow K, et al. Amyloid-beta
oligomers in cerebrospinal fluid are associated with cognitive decline in patients
with Alzheimer's disease. ] Alzheimers Dis. 2012 Jan 1;29(1):171-6.

Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS, et al. Naturally
secreted oligomers of amyloid beta protein potently inhibit hippocampal long-term
potentiation in vivo. Nature. 2002 Apr 4;416(6880):535-9.

Wang Q, Walsh DM, Rowan MJ, Selkoe DJ, Anwyl R. Block of long-term potentiation
by naturally secreted and synthetic amyloid beta-peptide in hippocampal slices is
mediated via activation of the kinases c-Jun N-terminal kinase, cyclin-dependent kin-
ase 5, and p38 mitogen-activated protein kinase as well as metabotropic glutamate

receptor type 5. ] Neurosci. 2004 Mar 31;24(13):3370-8.

Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith I, et al. Amy-
loid-beta protein dimers isolated directly from Alzheimer's brains impair synaptic
plasticity and memory. Nat Med. 2008 Aug;14(8):837-42.

Takahashi RH, Milner TA, Li F, Nam EE, Edgar MA, Yamaguchi H, et al. Intraneuro-
nal Alzheimer abeta42 accumulates in multivesicular bodies and is associated with
synaptic pathology. Am J Pathol. 2002 Nov;161(5):1869-79.

Takahashi RH, Almeida CG, Kearney PF, Yu F, Lin MT, Milner TA, et al. Oligomeri-
zation of Alzheimer's beta-amyloid within processes and synapses of cultured neu-
rons and brain. ] Neurosci. 2004 Apr 7;24(14):3592-9.

Lee MS, Kao SC, Lemere CA, Xia W, Tseng HC, Zhou Y, et al. APP processing is
regulated by cytoplasmic phosphorylation. J Cell Biol. 2003 Oct 13;163(1):83-95.

129



130 Understanding Alzheimer's Disease

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Suzuki T, Nakaya T. Regulation of amyloid beta-protein precursor by phosphoryla-
tion and protein interactions. ] Biol Chem. 2008 Oct 31;283(44):29633-7.

Phiel CJ, Wilson CA, Lee VM, Klein PS. GSK-3alpha regulates production of Alz-
heimer's disease amyloid-beta peptides. Nature. 2003 May 22;423(6938):435-9.

Lee MS, Tsai LH. Cdk5: one of the links between senile plaques and neurofibrillary
tangles? ] Alzheimers Dis. 2003;5(2):127-37.

Mandelkow EM, Drewes G, Biernat |, Gustke N, Van Lint J, Vandenheede JR, et al.
Glycogen synthase kinase-3 and the Alzheimer-like state of microtubule-associated
protein tau. FEBS Lett. 1992 Dec 21;314(3):315-21.

Cruz JC, Kim D, Moy LY, Dobbin MM, Sun X, Bronson RT, et al. p25/cyclin-depend-
ent kinase 5 induces production and intraneuronal accumulation of amyloid beta in
vivo. ] Neurosci. 2006 Oct 11;26(41):10536-41.

Cruz JC, Tsai LH. Cdk5 deregulation in the pathogenesis of Alzheimer's disease.
Trends Mol Med. 2004 Sep;10(9):452-8.

41. Pastorino L, Sun A, Lu PJ, Zhou XZ, Balastik M, Finn G, et al. The prolyl isomer-
ase Pinl regulates amyloid precursor protein processing and amyloid-beta produc-
tion. . Nature. 2006;440:528-34.

Liou YC, Sun A, Ryo A, Zhou XZ, Yu ZX, Huang HK, et al. Role of the prolyl isomer-
ase Pinl in protecting against age-dependent neurodegeneration. Nature. 2003 Jul
31,424(6948):556-61.

Lu KP, Zhou XZ. The prolyl isomerase PIN1: a pivotal new twist in phosphorylation
signalling and disease. Nat Rev Mol Cell Biol. 2007 Nov;8(11):904-16.

Lu KP, Hanes SD, Hunter T. A human peptidyl-prolyl isomerase essential for regula-
tion of mitosis. Nature. 1996,380(6574):544-7.

Lu KP. Pinning down cell signaling, cancer and Alzheimer's disease. Trends Biochem
Sci. 2004;29:200-9.

Wulf G, Finn G, Suizu F, Lu KP. Phosphorylation-specific prolyl isomerization: is
there an underlying theme? Nat Cell Biol. 2005 May;7(5):435-41.

Yaffe MB, Schutkowski M, Shen M, Zhou XZ, Stukenberg PT, Rahfeld ], et al. Se-
quence-specific and phosphorylation-dependent proline isomerization: A potential
mitotic regulatory mechanism. Science. 1997;278:1957-60.

Lu KP, Finn G, Lee TH, Nicholson LK. Prolyl cis-trans isomerization as a molecular
timer. Nat Chem Biol. 2007 Oct;3(10):619-29.

Lu KP, Liou YC, Zhou XZ. Pinning down proline-directed phosphorylation signal-
ing. Trends Cell Biol. 2002 Apr;12(4):164-72.



[51]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

Lu PJ, Zhou XZ, Liou YC, Noel JP, Lu KP. Critical role of WW domain phosphoryla-
tion in regulating phosphoserine binding activity and Pinl function. J Biol Chem.
2002 Jan 25;277(4):2381-4.

Pastorino L, Ma SL, Balastik M, Huang P, Pandya D, Nicholson L, et al. Alzheimer's
disease-related loss of Pinl function influences the intracellular localization and the
processing of AbetaPP. ] Alzheimers Dis. 2012 Jan 1;30(2):277-97.

Ryo A, Suizu F, Yoshida Y, Perrem K, Liou YC, Wulf G, et al. Regulation of NF-kap-
paB signaling by Pinl-dependent prolyl isomerization and ubiquitin-mediated pro-
teolysis of p65/RelA. Mol Cell. 2003;12:1413-26.

Wulf GM, Liou YC, Ryo A, Lee SW, Lu KP. Role of Pinl in the regulation of p53 sta-
bility and p21 transactivation,and cell cycle checkpoints in response to DNA damage.
J Biol Chem. 2002;277:47976-9.

Ryo A, Nakamura M, Wulf G, Liou YC, Lu KP. Pinl regulates turnover and subcellu-
lar localization of beta-catenin by inhibiting its interaction with APC. Nat Cell Biol.
2001 Sep;3(9):793-801.

Tun-Kyi A, Finn G, Greenwood A, Nowak M, Lee TH, Asara JM, et al. Essential role
for the prolyl isomerase Pinl in Toll-like receptor signaling and type I interferon-
mediated immunity. Nat Inmunol. 2011 Aug;12(8):733-41.

Lu PJ, Wulf G, Zhou XZ, Davies P, Lu KP. The prolyl isomerase Pinl restores the
function of Alzheimer-associated phosphorylated tau protein. Nature. 1999 Jun
24;399(6738):784-8.

Cook DN, Pisetsky DS, Schwartz DA. Toll-like receptors in the pathogenesis of hu-
man disease. Nat Immunol. 2004 Oct;5(10):975-9.

Ryo A, Liou YC, Lu KP, Wulf G. Prolyl isomerase Pinl: a catalyst for oncogenesis
and a potential therapeutic target in cancer. ] Cell Sci. 2003 Mar 1;116(Pt 5):773-83.

Wulf GM, Ryo A, Wulf GG, Lee SW, Niu T, Petkova V, et al. Pin1 is overexpressed in
breast cancer and cooperates with Ras signaling in increasing the transcriptional ac-
tivity of c-Jun towards cyclin D1. EMBO J. 2001 Jul 2;20(13):3459-72.

Wulf G, Ryo A, Liou YC, Lu KP. The prolyl isomerase Pinl in breast development
and cancer. Breast Cancer Res. 2003;5(2):76-82.

Sultana R, Boyd-Kimball D, Poon HF, Cai ], Pierce WM, Klein ]B, et al. Oxidative
modification and down-regulation of Pinl in Alzheimer's disease hippocampus: A
redox proteomics analysis. Neurobiol Aging. 2006 Jul;27(7):918-25.

Wang S, Simon BP, Bennett DA, Schneider JA, Malter JS, Wang DS. The significance
of Pinl in the development of Alzheimer's disease. ] Alzheimers Dis. 2007 Mar;11(1):
13-23.

131



132

Understanding Alzheimer's Disease

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[73]

Lambert JC, Bensemain F, Chapuis ], Cottel D, Amouyel P. Association study of the
PIN1 gene with Alzheimer's disease. Neurosci Lett. 2006 Jul 24;402(3):259-61.

Poli M, Gatta LB, Dominici R, Lovati C, Mariani C, Albertini A, et al. DNA sequence
variations in the prolyl isomerase Pinl gene and Alzheimer's disease. Neurosci Lett.
2005 Dec 2;389(2):66-70.

Nowotny P, Bertelsen S, Hinrichs AL, Kauwe JS, Mayo K, Jacquart S, et al. Associa-
tion studies between common variants in prolyl isomerase Pinl and the risk for late-
onset Alzheimer's disease. Neurosci Lett. 2007 May 23;419(1):15-7.

Ma SL, Tang NL, Tam CW, Cheong Lui VW, Lam LC, Chiu HF, et al. A PIN1 poly-
morphism that prevents its suppression by AP4 associates with delayed onset of Alz-
heimer's disease. Neurobiol Aging.Jun 24.

Hardy J. A hundred years of Alzheimer's disease research. Neuron. 2006 Oct 5;52(1):
3-13.

Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science. 2002 Jul 19;297(5580):353-6.

Wong CW, Quaranta V, Glenner GG. Neuritic plaques and cerebrovascular amyloid
in Alzheimer disease are antigenically related. Proc Natl Acad Sci U S A. 1985 Dec;
82(24):8729-32.

Thinakaran G, Koo EH. Amyloid precursor protein trafficking, processing, and func-
tion. ] Biol Chem. 2008 Oct 31;283(44):29615-9.

Goldgaber D, Lerman MI, McBride OW, Saffiotti U, Gajdusek DC. Characterization
and chromosomal localization of a cDNA encoding brain amyloid of Alzheimer's dis-
ease. Science. 1987 Feb 20;235(4791):877-80.

Golde TE, Estus S, Usiak M, Younkin LH, Younkin SG. Expression of beta amyloid
protein precursor mRNAs: recognition of a novel alternatively spliced form and
quantitation in Alzheimer's disease using PCR. Neuron. 1990 Feb;4(2):253-67.

Haass C, Kaether C, Thinakaran G, Sisodia S. Trafficking and Proteolytic Processing
of APP. Cold Spring Harb Perspect Med. 2012 May;2(5):a006270.

Rajendran L, Annaert W. Membrane trafficking pathways in Alzheimer's disease.
Traffic. 2012 Jun;13(6):759-70.

Parvathy S, Hussain I, Karran EH, Turner AJ, Hooper NM. The amyloid precursor
protein (APP) and the angiotensin converting enzyme (ACE) secretase are inhibited
by hydroxamic acid-based inhibitors. Biochem Soc Trans. 1998 Aug;26(3):5242.

Parvathy S, Hussain I, Karran EH, Turner AJ, Hooper NM. Cleavage of Alzheimer's
amyloid precursor protein by alpha-secretase occurs at the surface of neuronal cells.
Biochemistry. 1999 Jul 27;38(30):9728-34.



[77]

[78]

[79]

[80]

[81]

[82]

[86]

[87]

[88]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

Lammich S, Kojro E, Postina R, Gilbert S, Pfeiffer R, Jasionowski M, et al. Constitu-
tive and regulated alpha-secretase cleavage of Alzheimer's amyloid precursor pro-
tein by a disintegrin metalloprotease. Proc Natl Acad Sci U S A. 1999 Mar 30;96(7):
3922-7.

Postina R. Activation of alpha-secretase cleavage. ] Neurochem. 2012 Jan;120 Suppl
1:46-54.

Postina R, Schroeder A, Dewachter I, Bohl J, Schmitt U, Kojro E, et al. A disintegrin-
metalloproteinase prevents amyloid plaque formation and hippocampal defects in an
Alzheimer disease mouse model. ] Clin Invest. 2004 May;113(10):1456-64.

Buxbaum JD, Liu KN, Luo Y, Slack JL, Stocking KL, Peschon ]JJ, et al. Evidence that
tumor necrosis factor alpha converting enzyme is involved in regulated alpha-secre-

tase cleavage of the Alzheimer amyloid protein precursor. ] Biol Chem. 1998 Oct
23;273(43):27765-7.

Asai M, Hattori C, Szabo B, Sasagawa N, Maruyama K, Tanuma S, et al. Putative
function of ADAMY, ADAM10, and ADAM17 as APP alpha-secretase. Biochem Bio-
phys Res Commun. 2003 Jan 31;301(1):231-5.

Young-Pearse TL, Chen AC, Chang R, Marquez C, Selkoe D]. Secreted APP regulates
the function of full-length APP in neurite outgrowth through interaction with integ-
rin betal. Neural Dev. 2008;3:15.

Cao X, Sudhof TC. A transcriptionally [correction of transcriptively) active complex
of APP with Fe65 and histone acetyltransferase Tip60. Science. 2001 Jul 6;293(5527):
115-20.

Cao X, Sudhof TC. Dissection of amyloid-beta precursor protein-dependent tran-
scriptional transactivation. ] Biol Chem. 2004 Jun 4;279(23):24601-11.

Sabo SL, Lanier LM, Ikin AF, Khorkova O, Sahasrabudhe S, Greengard P, et al. Regu-
lation of beta-amyloid secretion by FE65, an amyloid protein precursor-binding pro-
tein. ] Biol Chem. 1999 Mar 19;274(12):7952-7.

Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, et al. Beta-secre-
tase cleavage of Alzheimer's amyloid precursor protein by the transmembrane as-
partic protease BACE. Science. 1999 Oct 22;286(5440):735-41.

Hussain I, Powell D, Howlett DR, Tew DG, Meek TD, Chapman C, et al. Identifica-
tion of a novel aspartic protease (Asp 2) as beta-secretase. Mol Cell Neurosci. 1999
Dec;14(6):419-27.

Nikolaev A, McLaughlin T, O'Leary DD, Tessier-Lavigne M. APP binds DR6 to trig-
ger axon pruning and neuron death via distinct caspases. Nature. 2009 Feb
19;457(7232):981-9.

133



134 Understanding Alzheimer's Disease

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

De Strooper B, Vassar R, Golde T. The secretases: enzymes with therapeutic potential
in Alzheimer disease. Nat Rev Neurol.Feb;6(2):99-107.

De Strooper B, Vassar R, Golde T. The secretases: enzymes with therapeutic potential
in Alzheimer disease. Nat Rev Neurol. 2010 Feb;6(2):99-107.

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

Zambrano N, Bruni P, Minopoli G, Mosca R, Molino D, Russo C, et al. The beta-amy-
loid precursor protein APP is tyrosine-phosphorylated in cells expressing a constitu-
tively active form of the Abl protoncogene. ] Biol Chem. 2001 Jun 8;276(23):19787-92.

Tarr PE, Contursi C, Roncarati R, Noviello C, Ghersi E, Scheinfeld MH, et al. Evi-
dence for a role of the nerve growth factor receptor TrkA in tyrosine phosphorylation
and processing of beta-APP. Biochem Biophys Res Commun. 2002 Jul 12;295(2):324-9.

Rogelj B, Mitchell JC, Miller CC, McLoughlin DM. The X11/Mint family of adaptor
proteins. Brain Res Rev. 2006 Sep;52(2):305-15.

Schettini G, Govoni S, Racchi M, Rodriguez G. Phosphorylation of APP-CTF-AICD
domains and interaction with adaptor proteins: signal transduction and/or transcrip-
tional role--relevance for Alzheimer pathology. ] Neurochem. 2010 Dec;115(6):
1299-308.

McLoughlin DM, Miller CC. The FE65 proteins and Alzheimer's disease. ] Neurosci
Res. 2008 Mar;86(4):744-54.

Tarr PE, Roncarati R, Pelicci G, Pelicci PG, D'Adamio L. Tyrosine phosphorylation of
the beta-amyloid precursor protein cytoplasmic tail promotes interaction with Shc. J
Biol Chem. 2002 May 10;277(19):16798-804.

Sabo SL, Ikin AF, Buxbaum JD, Greengard P. The Alzheimer amyloid precursor pro-
tein (APP) and FE65, an APP-binding protein, regulate cell movement. ] Cell Biol.
2001 Jun 25;153(7):1403-14.

Sabo SL, Ikin AF, Buxbaum JD, Greengard P. The amyloid precursor protein and its
regulatory protein, FE65, in growth cones and synapses in vitro and in vivo. ] Neuro-
sci. 2003 Jul 2;23(13):5407-15.

Matrone C, Barbagallo AP, La Rosa LR, Florenzano F, Ciotti MT, Mercanti D, et al.
APP is phosphorylated by TrkA and regulates NGF/TrkA signaling. ] Neurosci. 2011
Aug 17;31(33):11756-61.

Perez RG, Soriano S, Hayes JD, Ostaszewski B, Xia W, Selkoe D], et al. Mutagenesis
identifies new signals for beta-amyloid precursor protein endocytosis, turnover, and
the generation of secreted fragments, including Abeta42. ] Biol Chem. 1999 Jul
2;274(27):18851-6.



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

Barbagallo AP, Weldon R, Tamayev R, Zhou D, Giliberto L, Foreman O, et al.
Tyr(682) in the intracellular domain of APP regulates amyloidogenic APP processing
in vivo. PLoS One. 2010;5(11):e15503.

Russo C, Salis S, Dolcini V, Venezia V, Song XH, Teller JK, et al. Amino-terminal
modification and tyrosine phosphorylation of [corrected) carboxy-terminal frag-
ments of the amyloid precursor protein in Alzheimer's disease and Down's syn-
drome brain. Neurobiol Dis. 2001 Feb;8(1):173-80.

Suzuki T, Oishi M, Marshak DR, Czernik AJ, Nairn AC, Greengard P. Cell cycle-de-
pendent regulation of the phosphorylation and metabolism of the Alzheimer amy-
loid precursor protein. EMBO ]. 1994 Mar 1;13(5):1114-22.

Vincent IJ, Davies P. A protein kinase associated with paired helical filaments in Alz-
heimer disease. Proc Natl Acad Sci U S A. 1992 Apr 1;89(7):2878-82.

Ando K, lijima KI, Elliott JI, Kirino Y, Suzuki T. Phosphorylation-dependent regula-
tion of the interaction of amyloid precursor protein with Fe65 affects the production
of beta-amyloid. ] Biol Chem. 2001 Oct 26;276(43):40353-61.

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

Ramelot TA, Gentile LN, Nicholson LK. Transient structure of the amyloid precursor
protein cytoplasmic tail indicates preordering of structure for binding to cytosolic
factors. Biochemistry. 2000 Mar 14;39(10):2714-25.

Ramelot TA, Nicholson LK. Phosphorylation-induced structural changes in the amy-
loid precursor protein cytoplasmic tail detected by NMR. J Mol Biol. 2001 Mar
30;307(3):871-84.

Ma SL, Pastorino L, Zhou XZ, Lu KP. Prolyl isomerase Pinl promotes amyloid pre-
cursor protein (APP) turnover by inhibiting glycogen synthase kinase-3beta
(GSK3beta) activity: novel mechanism for Pinl to protect against Alzheimer disease.
] Biol Chem. 2012 Mar 2;287(10):6969-73.

Sleegers K, Brouwers N, Gijselinck I, Theuns J, Goossens D, Wauters J, et al. APP du-
plication is sufficient to cause early onset Alzheimer's dementia with cerebral amy-
loid angiopathy. Brain. 2006 Nov;129(Pt 11):2977-83.

Theuns J, Brouwers N, Engelborghs S, Sleegers K, Bogaerts V, Corsmit E, et al. Pro-
moter mutations that increase amyloid precursor-protein expression are associated
with Alzheimer disease. American journal of human genetics. 2006 Jun;78(6):936-46.

Mann DM. Alzheimer's disease and Down's syndrome. Histopathology. 1988 Aug;
13(2):125-37.

135



136 Understanding Alzheimer's Disease

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Prasher VP, Farrer MJ, Kessling AM, Fisher EM, West R], Barber PC, et al. Molecular
mapping of Alzheimer-type dementia in Down's syndrome. Ann Neurol. 1998 Mar;
43(3):380-3.

Muresan Z, Muresan V. c-Jun NH2-terminal kinase-interacting protein-3 facilitates
phosphorylation and controls localization of amyloid-beta precursor protein. ] Neu-
rosci. 2005 Apr 13;25(15):3741-51.

Muresan Z, Muresan V. Coordinated transport of phosphorylated amyloid-beta pre-
cursor protein and c-Jun NH2-terminal kinase-interacting protein-1. ] Cell Biol. 2005
Nov 21;171(4):615-25.

Parr C, Carzaniga R, Gentleman S, Van Leuven F, Walter ], Sastre M. GSK3 inhibition
promotes lysosomal biogenesis and the autophagic degradation of the Amyloid-beta
Precursor Protein. Mol Cell Biol. 2012 Aug 27.

Sano Y, Nakaya T, Pedrini S, Takeda S, lijima-Ando K, lijima K, et al. Physiological
mouse brain Abeta levels are not related to the phosphorylation state of threo-
nine-668 of Alzheimer's APP. PLoS One. 2006;1:e51.

Zheng H, Jiang M, Trumbauer ME, Sirinathsinghji DJ, Hopkins R, Smith DW, et al.
beta-Amyloid precursor protein-deficient mice show reactive gliosis and decreased
locomotor activity. Cell. 1995 May 19;81(4):525-31.

Heber S, Herms ], Gajic V, Hainfellner J, Aguzzi A, Rulicke T, et al. Mice with com-
bined gene knock-outs reveal essential and partially redundant functions of amyloid
precursor protein family members. ] Neurosci. 2000 Nov 1;20(21):7951-63.

Harada A, Oguchi K, Okabe S, Kuno ], Terada S, Ohshima T, et al. Altered microtu-
bule organization in small-calibre axons of mice lacking tau protein. Nature. 1994 Jun
9;369(6480):488-91.

Dawson HN, Ferreira A, Eyster MV, Ghoshal N, Binder LI, Vitek MP. Inhibition of
neuronal maturation in primary hippocampal neurons from tau deficient mice. J Cell
Sci. 2001 Mar;114(Pt 6):1179-87.

Gomez de Barreda E, Perez M, Gomez Ramos P, de Cristobal ], Martin-Maestro P,
Moran A, et al. Tau-knockout mice show reduced GSK3-induced hippocampal de-
generation and learning deficits. Neurobiol Dis. 2010 Mar;37(3):622-9.

Stoothoff WH, Johnson GV. Tau phosphorylation: physiological and pathological
consequences. Biochim Biophys Acta. 2005 Jan 3;1739(2-3):280-97.

Mawal-Dewan M, Henley J, Van de Voorde A, Trojanowski JQ, Lee VM. The phos-
phorylation state of tau in the developing rat brain is regulated by phosphoprotein
phosphatases. ] Biol Chem. 1994 Dec 9;269(49):30981-7.

Matsuo ES, Shin RW, Billingsley ML, Van deVoorde A, O'Connor M, Trojanowski
JQ, et al. Biopsy-derived adult human brain tau is phosphorylated at many of the



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

same sites as Alzheimer's disease paired helical filament tau. Neuron. 1994 Oct;13(4):
989-1002.

Romero PR, Zaidi S, Fang YY, Uversky VN, Radivojac P, Oldfield CJ, et al. Alterna-
tive splicing in concert with protein intrinsic disorder enables increased functional
diversity in multicellular organisms. Proc Natl Acad Sci U S A. 2006 May 30;103(22):
8390-5.

Zhou XZ, Kops O, Werner A, Lu PJ, Shen M, Stoller G, et al. Pinl-dependent prolyl
isomerization regulates dephosphorylation of Cdc25C and tau proteins. Mol Cell.
2000 Oct;6(4):873-83.

Nakamura K, Greenwood A, Binder L, Bigio EH, Denial S, Nicholson L, et al. Proline
isomer-specific antibodies reveal the early pathogenic tau conformation in Alzheim-
er's disease. Cell. 2012 Mar 30;149(1):232-44.

Jicha GA, Lane E, Vincent I, Otvos L, Jr., Hoffmann R, Davies P. A conformation- and
phosphorylation-dependent antibody recognizing the paired helical filaments of Alz-
heimer's disease. ] Neurochem. 1997 Nov;69(5):2087-95.

Pei H, Li L, Fridley BL, Jenkins GD, Kalari KR, Lingle W, et al. FKBP51 affects cancer
cell response to chemotherapy by negatively regulating Akt. Cancer cell. 2009 Sep
8,16(3):259-66.

Allen B, Ingram E, Takao M, Smith M]J, Jakes R, Virdee K, et al. Abundant tau fila-
ments and nonapoptotic neurodegeneration in transgenic mice expressing human
P301S tau protein. ] Neurosci. 2002 Nov 1;22(21):9340-51.

Lewis ], McGowan E, Rockwood ], Melrose H, Nacharaju P, Van Slegtenhorst M, et
al. Neurofibrillary tangles, amyotrophy and progressive motor disturbance in mice
expressing mutant (P301L) tau protein. Nat Genet. 2000 Aug;25(4):402-5.

Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary tangles
but not senile plaques parallel duration and severity of Alzheimer's disease. Neurol-
ogy. 1992 Mar;42(3 Pt 1):631-9.

Arriagada PV, Marzloff K, Hyman BT. Distribution of Alzheimer-type pathologic
changes in nondemented elderly individuals matches the pattern in Alzheimer's dis-
ease. Neurology. 1992 Sep;42(9):1681-8.

Vincent I, Zheng JH, Dickson DW, Kress Y, Davies P. Mitotic phosphoepitopes pre-
cede paired helical filaments in Alzheimer's disease. Neurobiol Aging. 1998 Jul-Aug;
19(4):287-96.

Preuss U, Mandelkow EM. Mitotic phosphorylation of tau protein in neuronal cell
lines resembles phosphorylation in Alzheimer's disease. European journal of cell bi-
ology. 1998 Jul;76(3):176-84.

137



138 Understanding Alzheimer's Disease

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Bancher C, Brunner C, Lassmann H, Budka H, Jellinger K, Wiche G, et al. Accumula-
tion of abnormally phosphorylated tau precedes the formation of neurofibrillary tan-
gles in Alzheimer's disease. Brain Res. 1989 Jan 16;477(1-2):90-9.

Lu KP, Liou YC, Vincent I. Proline-directed phosphorylation and isomerization in
mitotic regulation and in Alzheimer's Disease. Bioessays. 2003 Feb;25(2):174-81.

Lee VM, Balin BJ, Otvos L, Jr., Trojanowski JQ. A68: a major subunit of paired helical
filaments and derivatized forms of normal Tau. Science. 1991 Feb 8;251(4994):675-8.

Greenberg SG, Davies P, Schein JD, Binder LI. Hydrofluoric acid-treated tau PHF
proteins display the same biochemical properties as normal tau. ] Biol Chem. 1992
Jan 5;267(1):564-9.

Pelech SL. Networking with proline-directed protein kinases implicated in tau phos-
phorylation. Neurobiol Aging. 1995 May-Jun;16(3):247-56; discussion 57-61.

Dolan PJ, Johnson GV. The role of tau kinases in Alzheimer's disease. Current opin-
ion in drug discovery & development. 2010 Sep;13(5):595-603.

Illenberger S, Zheng-Fischhofer Q, Preuss U, Stamer K, Baumann K, Trinczek B, et al.
The endogenous and cell cycle-dependent phosphorylation of tau protein in living
cells: implications for Alzheimer's disease. Mol Biol Cell. 1998 Jun;9(6):1495-512.

Goedert M, Satumtira S, Jakes R, Smith MJ, Kamibayashi C, White CL, 3rd, et al. Re-
duced binding of protein phosphatase 2A to tau protein with frontotemporal demen-

tia and parkinsonism linked to chromosome 17 mutations. ] Neurochem. 2000 Nov;
75(5):2155-62.

Sontag E, Nunbhakdi-Craig V, Lee G, Bloom GS, Mumby MC. Regulation of the
phosphorylation state and microtubule-binding activity of Tau by protein phospha-
tase 2A. Neuron. 1996 Dec;17(6):1201-7.

Ishiguro K, Shiratsuchi A, Sato S, Omori A, Arioka M, Kobayashi S, et al. Glycogen
synthase kinase 3 beta is identical to tau protein kinase I generating several epitopes
of paired helical filaments. FEBS Lett. 1993 Jul 5;325(3):167-72.

Sperber BR, Leight S, Goedert M, Lee VM. Glycogen synthase kinase-3 beta phos-
phorylates tau protein at multiple sites in intact cells. Neurosci Lett. 1995 Sep
8;197(2):149-53.

Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai LH. Conversion of
p35 to p25 deregulates Cdk5 activity and promotes neurodegeneration. Nature. 1999
Dec 9;402(6762):615-22.

James ND, Davis DR, Sindon J, Hanger DP, Brion JP, Miller CC, et al. Neurodegener-
ative changes including altered tau phosphorylation and neurofilament immunor-
eactivity in mice transgenic for the serine/threonine kinase Mos. Neurobiol Aging.
1996 Mar-Apr;17(2):235-41.



[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

Brownlees ], Irving NG, Brion JP, Gibb BJ, Wagner U, Woodgett ], et al. Tau phos-
phorylation in transgenic mice expressing glycogen synthase kinase-3beta trans-
genes. Neuroreport. 1997 Oct 20;8(15):3251-5.

Ahlijanian MK, Barrezueta NX, Williams RD, Jakowski A, Kowsz KP, McCarthy S, et
al. Hyperphosphorylated tau and neurofilament and cytoskeletal disruptions in mice
overexpressing human p25, an activator of cdk5. Proc Natl Acad Sci U S A. 2000 Mar
14;97(6):2910-5.

Kins S, Crameri A, Evans DR, Hemmings BA, Nitsch RM, Gotz ]J. Reduced protein
phosphatase 2A activity induces hyperphosphorylation and altered compartmentali-
zation of tau in transgenic mice. ] Biol Chem. 2001 Oct 12;276(41):38193-200.

Bian F, Nath R, Sobocinski G, Booher RN, Lipinski W], Callahan MJ, et al. Axonop-
athy, tau abnormalities, and dyskinesia, but no neurofibrillary tangles in p25-trans-
genic mice. The Journal of comparative neurology. 2002 May 6;446(3):257-66.

Plattner F, Angelo M, Giese KP. The roles of cyclin-dependent kinase 5 and glycogen
synthase kinase 3 in tau hyperphosphorylation. J Biol Chem. 2006 Sep 1;281(35):
25457-65.

Seshadri S, Fitzpatrick AL, Ikram MA, DeStefano AL, Gudnason V, Boada M, et al.
Genome-wide analysis of genetic loci associated with Alzheimer disease. JAMA.
2010 May 12;303(18):1832-40.

Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC, Carrasquillo MM, et al.
Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are as-
sociated with Alzheimer's disease. Nat Genet. 2011 May;43(5):429-35.

Naj AC, Jun G, Beecham GW, Wang LS, Vardarajan BN, Buros J, et al. Common var-
iants at MS4A4/MS4A6E, CD2AP, CD33 and EPHAT1 are associated with late-onset
Alzheimer's disease. Nat Genet. 2011 May;43(5):436-41.

Luna-Munoz ], Chavez-Macias L, Garcia-Sierra F, Mena R. Earliest stages of tau con-
formational changes are related to the appearance of a sequence of specific phospho-
dependent tau epitopes in Alzheimer's disease. ] Alzheimers Dis. 2007 Dec;12(4):
365-75.

Luna-Munoz J, Garcia-Sierra F, Falcon V, Menendez I, Chavez-Macias L, Mena R. Re-
gional conformational change involving phosphorylation of tau protein at the
Thr231, precedes the structural change detected by Alz-50 antibody in Alzheimer's
disease. ] Alzheimers Dis. 2005 Sep;8(1):29-41.

Augustinack JC, Schneider A, Mandelkow EM, Hyman BT. Specific tau phosphoryla-
tion sites correlate with severity of neuronal cytopathology in Alzheimer's disease.
Acta Neuropathol. 2002 Jan;103(1):26-35.

139



140 Understanding Alzheimer's Disease

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Yaffe MB, Schutkowski M, Shen M, Zhou XZ, Stukenberg PT, Rahfeld JU, et al. Se-
quence-specific and phosphorylation-dependent proline isomerization: a potential
mitotic regulatory mechanism. Science. 1997 Dec 12;278(5345):1957-60.

Lee TH, Pastorino L, Lu KP. Peptidyl-prolyl cis-trans isomerase Pinl in ageing, can-
cer and Alzheimer disease. Expert reviews in molecular medicine. 2011;13:e21.

Lim J, Balastik M, Lee TH, Nakamura K, Liou YC, Sun A, et al. Pinl has opposite ef-
fects on wild-type and P301L tau stability and tauopathy. ] Clin Invest. 2008 May;
118(5):1877-89.

Hampel H, Blennow K, Shaw LM, Hoessler YC, Zetterberg H, Trojanowski JQ. Total
and phosphorylated tau protein as biological markers of Alzheimer's disease. Experi-
mental gerontology. 2010 Jan;45(1):30-40.

Blennow K, Hampel H, Weiner M, Zetterberg H. Cerebrospinal fluid and plasma bio-
markers in Alzheimer disease. Nat Rev Neurol. 2010 Mar;6(3):131-44.

Hamdane M, Dourlen P, Bretteville A, Sambo AV, Ferreira S, Ando K, et al. Pin1 al-
lows for differential Tau dephosphorylation in neuronal cells. Mol Cell Neurosci.
2006 May-Jun;32(1-2):155-60.

Galas MC, Dourlen P, Begard S, Ando K, Blum D, Hamdane M, et al. The peptidyl-
prolyl cis/trans-isomerase Pinl modulates stress-induced dephosphorylation of Tau

in neurons. Implication in a pathological mechanism related to Alzheimer disease. |
Biol Chem. 2006 Jul 14;281(28):19296-304.

Butterfield DA, Poon HF, St Clair D, Keller JN, Pierce WM, Klein ]B, et al. Redox pro-
teomics identification of oxidatively modified hippocampal proteins in mild cogni-
tive impairment: insights into the development of Alzheimer's disease. Neurobiol
Dis. 2006 May;22(2):223-32.

Butterfield DA, Abdul HM, Opii W, Newman SF, Joshi G, Ansari MA, et al. Pinl in
Alzheimer's disease. ] Neurochem. 2006 Sep;98(6):1697-706.

Thorpe JR, Morley SJ, Rulten SL. Utilizing the peptidyl-prolyl cis-trans isomerase
pinl as a probe of its phosphorylated target proteins. Examples of binding to nuclear
proteins in a human kidney cell line and to tau in Alzheimer's diseased brain. The
journal of histochemistry and cytochemistry : official journal of the Histochemistry
Society. 2001 Jan;49(1):97-108.

Thorpe JR, Mosaheb S, Hashemzadeh-Bonehi L, Cairns NJ, Kay JE, Morley SJ, et al.
Shortfalls in the peptidyl-prolyl cis-trans isomerase protein Pinl in neurons are asso-
ciated with frontotemporal dementias. Neurobiol Dis. 2004 Nov;17(2):237-49.

Wijsman EM, Daw EW, Yu CE, Payami H, Steinbart EJ, Nochlin D, et al. Evidence for
a novel late-onset Alzheimer disease locus on chromosome 19p13.2. American jour-
nal of human genetics. 2004 Sep;75(3):398-409.



[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

Segat L, Milanese M, Crovella S. Pinl promoter polymorphisms in hepatocellular
carcinoma patients. Gastroenterology. 2007 Jun;132(7):2618-9; author reply 9-20.

Ramakrishnan P, Dickson DW, Davies P. Pinl colocalization with phosphorylated
tau in Alzheimer's disease and other tauopathies. Neurobiol Dis. 2003 Nov;14(2):
251-64.

Dakson A, Yokota O, Esiri M, Bigio EH, Horan M, Pendleton N, et al. Granular ex-
pression of prolyl-peptidyl isomerase PIN1 is a constant and specific feature of Alz-
heimer's disease pathology and is independent of tau, Abeta and TDP-43 pathology.
Acta Neuropathol. 2011 May;121(5):635-49.

Lu ], Hu Z, Wei S, Wang LE, Liu Z, El-Naggar AK, et al. A novel functional variant
(-842G>C) in the PIN1 promoter contributes to decreased risk of squamous cell carci-

noma of the head and neck by diminishing the promoter activity. Carcinogenesis.
2009 Oct;30(10):1717-21.

Ma SL, Tang NL, Tam CW, Lui VW, Lam LC, Chiu HF, et al. A PIN1 polymorphism
that prevents its suppression by AP4 associates with delayed onset of Alzheimer's
disease. Neurobiol Aging. 2012 Apr;33(4):804-13.

Han CH, Lu ], Wei Q, Bondy ML, Brewster AM, Yu TK, et al. The functional promot-
er polymorphism (-842G>C) in the PIN1 gene is associated with decreased risk of
breast cancer in non-Hispanic white women 55 years and younger. Breast cancer re-
search and treatment. 2010 Jul;122(1):243-9.

Roe CM, Behrens MI, Xiong C, Miller JP, Morris JC. Alzheimer disease and cancer.
Neurology. 2005 Mar 8;64(5):895-8.

Roe CM, Fitzpatrick AL, Xiong C, Sieh W, Kuller L, Miller JP, et al. Cancer linked to
Alzheimer disease but not vascular dementia. Neurology. 2010 Jan 12;74(2):106-12.

Behrens MI, Lendon C, Roe CM. A common biological mechanism in cancer and Alz-
heimer's disease? Curr Alzheimer Res. 2009 Jun;6(3):196-204.

Driver JA, Beiser A, Au R, Kreger BE, Splansky GL, Kurth T, et al. Inverse association
between cancer and Alzheimer's disease: results from the Framingham Heart Study.
Bmj. 2012;344:e1442.

Bramblett GT, Goedert M, Jakes R, Merrick SE, Trojanowski JQ, Lee VM. Abnormal
tau phosphorylation at Ser396 in Alzheimer's disease recapitulates development and
contributes to reduced microtubule binding. Neuron. 1993 Jun;10(6):1089-99.

Yoshida H, Ihara Y. Tau in paired helical filaments is functionally distinct from fetal
tau: assembly incompetence of paired helical filament-tau. ] Neurochem. 1993 Sep;
61(3):1183-6.

141



142

Understanding Alzheimer's Disease

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

Alonso AC, Zaidi T, Grundke-Igbal I, Igbal K. Role of abnormally phosphorylated
tau in the breakdown of microtubules in Alzheimer disease. Proc Natl Acad Sci U S
A. 1994 Jun 7;91(12):5562-6.

Ishihara T, Hong M, Zhang B, Nakagawa Y, Lee MK, Trojanowski JQ, et al. Age-de-
pendent emergence and progression of a tauopathy in transgenic mice overexpress-
ing the shortest human tau isoform. Neuron. 1999 Nov;24(3):751-62.

Davies CA, Mann DM, Sumpter PQ, Yates PO. A quantitative morphometric analysis
of the neuronal and synaptic content of the frontal and temporal cortex in patients
with Alzheimer's disease. Journal of the neurological sciences. 1987 Apr;78(2):151-64.

Schetf SW, DeKosky ST, Price DA. Quantitative assessment of cortical synaptic den-
sity in Alzheimer's disease. Neurobiol Aging. 1990 Jan-Feb;11(1):29-37.

DeKosky ST, Scheff SW. Synapse loss in frontal cortex biopsies in Alzheimer's dis-
ease: correlation with cognitive severity. Ann Neurol. 1990 May;27(5):457-64.

Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, et al. Physical basis
of cognitive alterations in Alzheimer's disease: synapse loss is the major correlate of
cognitive impairment. Ann Neurol. 1991 Oct;30(4):572-80.

Masliah E, Ellisman M, Carragher B, Mallory M, Young S, Hansen L, et al. Three-di-
mensional analysis of the relationship between synaptic pathology and neuropil
threads in Alzheimer disease. ] Neuropathol Exp Neurol. 1992 Jul;51(4):404-14.

Coleman PD, Yao PJ. Synaptic slaughter in Alzheimer's disease. Neurobiol Aging.
2003 Dec;24(8):1023-7.

Thies E, Mandelkow EM. Missorting of tau in neurons causes degeneration of synap-
ses that can be rescued by the kinase MARK2/Par-1. ] Neurosci. 2007 Mar 14;27(11):
2896-907.

Sultana R, Boyd-Kimball D, Poon HF, Cai ], Pierce WM, Klein ]JB, et al. Oxidative
modification and down-regulation of Pinl in Alzheimer's disease hippocampus: A
redox proteomics analysis. Neurobiol Aging. 2006;27:918-25.

Davies DC, Horwood N, Isaacs SL, Mann DM. The effect of age and Alzheimer's dis-
ease on pyramidal neuron density in the individual fields of the hippocampal forma-
tion. Acta Neuropathol. 1992;83(5):510-7.

Hof PR, Morrison JH. Neocortical neuronal subpopulations labeled by a monoclonal
antibody to calbindin exhibit differential vulnerability in Alzheimer's disease. Exp
Neurol. 1991 Mar;111(3):293-301.

Augustinack JC, Schneider A, Mandelkow EM, Hyman BT. Specific tau phosphoryla-
tion sites correlate with severity of neuronal cytopathology in Alzheimer's disease.
Acta Neuropathol (Berl). 2002 Jan;103(1):26-35.



[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

Ewers M, Buerger K, Teipel SJ, Scheltens P, Schroder J, Zinkowski RP, et al. Multicen-
ter assessment of CSF-phosphorylated tau for the prediction of conversion of MCI.
Neurology. 2007 Dec 11;69(24):2205-12.

Hampel H, Buerger K, Kohnken R, Teipel SJ, Zinkowski R, Moeller HJ, et al. Track-
ing of Alzheimer's disease progression with cerebrospinal fluid tau protein phos-
phorylated at threonine 231. Ann Neurol. 2001 Apr;49(4):545-6.

Lim J, Balastik M, Lee TH, Liou YC, Sun A, Finn G, et al. Pin1 has opposite effects on
wild-type and P301L tau stability and tauopathy. ] Clin Invest. 2008;118:1877-89.

Ma SL, Tang NLS, Tam CWC, Lui VWC, Lam LCW, Chiu HFK, et al. A functional
polymorphism in Pinl thatprevents its suppression by AP4 Is associated with de-
layed onset of Alzheimer’s disease. Neurobiol Aging. 2010:(in press).

Asuni AA, Boutajangout A, Quartermain D, Sigurdsson EM. Immunotherapy target-
ing pathological tau conformers in a tangle mouse model reduces brain pathology
with associated functional improvements. ] Neurosci. 2007 Aug 22;27(34):9115-29.

Boutajangout A, Quartermain D, Sigurdsson EM. Immunotherapy targeting patho-
logical tau prevents cognitive decline in a new tangle mouse model. ] Neurosci. 2010
Dec 8;30(49):16559-66.

Boimel M, Grigoriadis N, Lourbopoulos A, Haber E, Abramsky O, Rosenmann H. Ef-
ficacy and safety of immunization with phosphorylated tau against neurofibrillary
tangles in mice. Exp Neurol. 2010 Aug;224(2):472-85.

Kayed R, Jackson GR. Prefilament tau species as potential targets for immunotherapy
for Alzheimer disease and related disorders. Current opinion in immunology. 2009
Jun;21(3):359-63.

Wisniewski T, Boutajangout A. Vaccination as a therapeutic approach to Alzheimer's
disease. The Mount Sinai journal of medicine, New York. 2010 Jan-Feb;77(1):17-31.

Ubhi K, Masliah E. Recent advances in the development of immunotherapies for
tauopathies. Exp Neurol. 2011 Oct 21;230.

Boutajangout A, Ingadottir ], Davies P, Sigurdsson EM. Passive immunization target-
ing pathological phospho-tau protein in a mouse model reduces functional decline
and clears tau aggregates from the brain. ] Neurochem. 2011 Jun 3;118:658-67.

Lu KP, Zhou XZ. The prolyl isomerase Pinl: a pivotal new twist in phosphorylation
signalling and human disease. Nat Rev Mol Cell Biol. 2007;8:904-16.

Lu KP, Finn G, Lee TH, Nicholson LK. Prolyl cis-trans isomerization as a molecular
timer. Nature Chem Biol. 2007;3:619-29.

Liou YC, Zhou XZ, Lu KP. The prolyl isomerase Pinl as a molecular switch to deter-
mine the fate of phosphoproteins. Trends Biochem Sci. 2011:(Accepted).

143



144 Understanding Alzheimer's Disease

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

Theuerkorn M, Fischer G, Schiene-Fischer C. Prolyl cis/trans isomerase signalling
pathways in cancer. Curr Opin Pharmacol. 2011 Apr 13:Epub 2011/04/19.

Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S, et al. Correlative
memory deficits, Abeta elevation, and amyloid plaques in transgenic mice. Science.
1996 Oct 4;274(5284):99-102.

Duff K, Eckman C, Zehr C, Yu X, Prada CM, Perez-tur ], et al. Increased amyloid-
beta42(43) in brains of mice expressing mutant presenilin 1. Nature. 1996 Oct
24;383(6602):710-3.

Games D, Adams D, Alessandrini R, Barbour R, Berthelette P, Blackwell C, et al. Alz-
heimer-type neuropathology in transgenic mice overexpressing V717F beta-amyloid
precursor protein. Nature. 1995 Feb 9;373(6514):523-7.

Hall AM, Roberson ED. Mouse models of Alzheimer's disease. Brain Res Bull. 2012
May 1;88(1):3-12.

Gotz ], Ittner LM. Animal models of Alzheimer's disease and frontotemporal demen-
tia. Nat Rev Neurosci. 2008 Jul;9(7):532-44.

Irizarry MC, Soriano F, McNamara M, Page K], Schenk D, Games D, et al. Abeta dep-
osition is associated with neuropil changes, but not with overt neuronal loss in the

human amyloid precursor protein V717F (PDAPP) transgenic mouse. ] Neurosci.
1997 Sep 15;17(18):7053-9.

Poorkaj P, Bird TD, Wijsman E, Nemens E, Garruto RM, Anderson L, et al. Tau is a
candidate gene for chromosome 17 frontotemporal dementia. Ann Neurol. 1998 Jun;
43(6):815-25.

Spillantini MG, Murrell JR, Goedert M, Farlow MR, Klug A, Ghetti B. Mutation in the
tau gene in familial multiple system tauopathy with presenile dementia. Proc Natl
Acad Sci U S A. 1998 Jun 23;95(13):7737-41.

Gotz ], Chen F, van Dorpe ], Nitsch RM. Formation of neurofibrillary tangles in P3011
tau transgenic mice induced by Abeta 42 fibrils. Science. 2001 Aug 24;293(5534):
1491-5.

Lewis J, Dickson DW, Lin WL, Chisholm L, Corral A, Jones G, et al. Enhanced neuro-
fibrillary degeneration in transgenic mice expressing mutant tau and APP. Science.
2001 Aug 24;293(5534):1487-91.



