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1. Introduction

Alzheimer's disease (AD) affects more than 35 million people worldwide, and the
prevalence of AD increases with age and doubles every 5 years after the age of 65 (Evans et
al., 1989). AD is characterized by intracellular neurofibrillary tangles (NFTs) and
extracellular amyloid fibrils composed of amyloid beta peptides (AB). Accordingly, both tau
and amyloid have been the targets for development of treatment for 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 (Ballatore et al., 2007). 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 (Ballatore et al., 2007). The loss of the normal function of tau includes
detachment of tau from microtubules that causes loss of microtubule-stabilizing function
(Stoothoff & Johnson, 2005). Although dynamic tau phosphorylation occurs during
embryonic development (Mawal-Dewan et al.,, 1994), aberrant tau phosphorylation in
mature neurons is harmful to the neuron (Matsuo et al., 1994). 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 (Ballatore et al., 2007).

Upregulation of aberrant activation of tau kinases and downregulation of phosphatases are
major mechanisms possibly involved in tau hyperphosphorylation (Ballatore et al., 2007).
Consistently, tau phosphorylation on Ser/Thr-Pro by Pro-directed kinases (Illenberger et al.,
1998; Pelech, 1995) or phosphatases such as phosphatase2A (PP2A) (Goedert et al., 2000;
Sontag et al., 1996) play pivotal roles in tauopathy. Indeed, overexpression of glycogen
synthase kinase-3 (GSK3p) or cyclin-dependent protein kinases (CDKS5) and its activator p25
or inhibition of PP2A enhances or induces tau-related phenotypes in mice (Ahlijanian et al.,
2000; Augustinack et al., 2002; Cruz et al., 2003; Kins et al., 2001; Noble et al., 2003). In addition,
tau phosphorylation has been shown to promote tau degradation via chaperone-interacting
protein/Hsp70 (Dickey et al., 2007; Kosik & Shimura, 2005; Petrucelli et al., 2004). These results
indicate that kinases and phosphatases that increase and decrease phosphorylated tau,
respectively, are crucial targets for treatment of AD. Design of inhibitors for these kinases is
undertaken as potential drug targets (reviewed in (Mazanetz and Fischer, 2007).
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Regarding amyloid, AP varies from 39 to 43 amino acids and arises from sequential - and y-
secretases processing of the amyloid precursor protein (APP). Presenilin 1 (PS1) is a catalytic
subunit of y-secretase. Several active and passive immunotherapy approaches such as
acceleration of clearance of AB from the brain of the AD patients using brain penetrant
inhibitors of AP aggregation and anti-AB monoclonal antibodies are undertaken (Frisardi et
al.). Inhibitors of proteases such as - and y-secretase regulating A} formation from APP and
compounds that stimulate o-secretase, the enzyme responsible for the non-amyloidogenic
metabolism of APP are also investigated (reviewed in Frisardi et al.).

In addition to inhibition of tau phosphorylation and clearance of Af, an approach that
targets protein conformations of tau and APP has been proposed as a new therapeutic target
treating AD. Phosphorylation of serine and threonine residues preceding proline
(pSer/ Thr-Pro) mediated by a large number of so-called Pro-directed protein kinases is a
major sighaling mechanism (Hunter, 1995; Lu, 2004; Lu et al., 2002). Specific pSer/Thr-Pro
motifs in certain proteins such as tau can exist in 2 distinct cis and trans conformations,
whose conversion can be greatly accelerated by Pinl (protein interacting with NIMA 1), a
unique prolyl cis-trans isomerase (Lu et al., 1996; Lu et al., 1999b; Yaffe et al., 1997; Zhou et
al., 1999). Such Pinl-catalyzed conformational changes, which can now be visualized by
nuclear magnetic resonance (NMR) (Pastorino et al., 2006), have a profound impact on
phosphorylation signaling, achieved by regulating a spectrum of target activities (Lu, 2004;
Lu & Zhou, 2007; Wulf et al., 2005). Pin1 is tightly regulated and its deregulation contributes
to pathological conditions, notably AD and cancer (Butterfield et al., 2006; Lu, 2004; Lu &
Zhou, 2007; Pastorino et al., 2006; Shen et al., 2005; Suizu et al., 2006; Wulf et al., 2005).
Remarkably, deletion of Pinl in mice causes progressive age-dependent tauopathy (Liou et
al., 2003). The observation that deprivation of a single molecule causes tauopathy verifies
the importance of Pinl on tauopathy. Conversely, neuronal Pinl overexpression decreases
the stability of tau, and greatly inhibits the tauopathy phenotype in wild-type tau transgenic
mice (Lim et al., 2008). In AD, Pinl binds to and isomerizes the pThr231-Pro motif in tau to
restore its ability to bind to microtubules and to promote their assembly (Lu et al., 1999a) by
facilitating tau dephosphorylation by PP2A (Liou et al., 2003; Zhou et al., 2000). Moreover,
Pinl binds to the pThr668-Pro motif of APP in the cis and trans conformations, accelerates
the isomerization rate (Pastorino et al., 2006) and promotes nonamyloidogenic APP
processing, thereby producing neurotrophic a APPs and reducing neurotoxic Ap peptides
(Pastorino et al., 2006).

Because such neurodegeneration-protecting effects by Pinl are generally believed to be
ascribable to cis trans conformational changes by Pinl, regulation of the conformations of tau
and APP after phosphorylation likely serves as potential therapeutic target for AD.

In this chapter, we summarize the current understanding of the mechanisms on how Pinl
acts as a protecting molecule against neurodegeneration in AD mouse models, followed by
evidences of the pivotal roles of Pinl in human AD.

2. Contribution of cis-trans isomerization to neural functions

The unique stereochemistry of Pro means that it can adopt two completely different
conformational states (trans and cis). The significance of this with respect to the fact that Pro
is often found next to phosphorylated Ser/Thr residues was not appreciated for a long time
(Lu, 2004; Wulf et al., 2005). A breakthrough in understanding the conformational
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importance of Pro-directed phosphorylation motifs was the discovery of a unique and
conserved peptidyl-prolyl cis/trans isomerase (PPlase), Pinl (Lu, 2004; Lu et al., 1996;
Ranganathan et al., 1997; Yaffe et al., 1997). Although Pin1 belongs to the parvulin subfamily
of PPlases, it is the only PPlase that specifically recognizes pSer/Thr-Pro peptide sequences
(Lu, 2004; Lu et al., 1996, Ranganathan et al., 1997; Yaffe et al., 1997), which is especially
important because Pro-directed kinases and phosphatases are conformation-specific and act
only on the trans conformation (Brown et al., 1999; Weiwad et al., 2000; Zhou et al., 2000).
The identification of Pinl as a phosphorylation-specific PPlase led to a new concept that
Pinl catalytically regulates the conformation of substrates after their phosphorylation to
further control protein function (Lu et al., 1999b; Ranganathan et al., 1997; Yaffe et al., 1997;
Zhou et al., 1999).

Phosphorylation dramatically slows down the already slow rate of isomerization of
Ser/Thr-Pro bonds and renders the phosphopeptide bond resistant to the catalytic action of
conventional PPlases (Yaffe et al., 1997). Pro-directed phosphorylation also induces local
structural changes that make it accessible to further modifications (Kipping et al., 2001). The
striking substrate specificity of Pinl towards certain pSer/Thr-Pro bonds results from its
unique two domain structure consisting of an N-terminal WW domain and a C-terminal
PPlase domain, which form a “double-check” mechanism (Ranganathan et al., 1997; Yaffe et
al., 1997; Zhou et al., 2000). The WW domain of Pinl binds only to specific pSer/Thr-Pro
motifs, which are often critical regulatory phosphorylation sites in Pinl substrates (Shen et
al. 1998; Lu et al. 1999; Lu et al. 1999; Zhou et al. 2000; Ryo et al. 2001; Wulf et al. 2001; Lu et
al. 2002). This WW domain binding targets the Pinl catalytic domain close to its substrates,
where the PPlase domain isomerizes specific pSer/Thr-Pro motifs and catalytically induces
conformational changes in proteins (Lu et al., 1999b; Zhou et al., 2000). It remains to be
solved why Pinl binds only to specific pSer/Thr-Pro motifs in certain proteins but it may be
due to combined primary (and other) structural determinants. Furthermore, the WW
domain can increase or inhibit Pinl isomerase activity depending on whether a peptide
substrate is phosphorylated on a single site or on multiple sites in vitro (Smet et al., 2005),
although the biological significance of these findings is unclear. The findings that many
substrates contain a single phosphorylation target site for Pinl suggest that when it is
targeted to the substrate by the WW domain, the PPlase domain would have to act on the
same pSer/Thr-Pro motif to accelerate its isomerization. Another possibility is that the WW
domain and PPlase domain might act on different pSer/Thr-Pro motifs in the same protein
or in different ones when a Pinl substrate is multiphosphorylated or in a multiprotein
complex. In contrast to most other constitutively active PPlases (Fischer & Aumuller, 2003),
Pinl function is tightly regulated at multiple levels under physiological conditions, as
expected given the tight regulation of Pro-directed phosphorylation signalling. For example,
in neurons, Pinl expression is induced upon neuronal differentiation (Hamdane et al., 2006;
Liou et al., 2003; Lu et al., 1999a). This observation raises the link between prolyl cis-trans
isomerization and neural functions.

Indeed, prolyl cis-trans isomerization has been shown to control neural functions. The study
that took an initiative in this field is cis and trans specific functions on the opening of a
neurotransmitter-gated ion channel in wvitro (Lummis et al., 2005). Serotonin (5-
hydroxytryptamine type 3, 5-HT3) receptors are members of the cysteine-loop receptor
superfamily (Lester et al., 2004). Neurotransmitter binding in these proteins triggers the
opening of an ion channel by inducing cis-trans conformational change (Lummis et al., 2005).
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5-HT3 receptors have a specific proline (P*8) located at the apex of the loop between the
second and third transmembrane helices (M2 and M3). When P*8 is replaced with analogs
that favor the trans conformation, closed channels are observed. Conversely, unnatural
amino acids that have high cis preference resulted in irreversible open channels. These
results suggest that neurotransmitter binding may trigger a conformational change that
isomerizes P*8 from trans to cis (Lummis et al., 2005). Interestingly, proline is often found in
the transmembrane regions of ion channels and transporters (Sansom & Weinstein, 2000),
which suggests an important role for the conformational changes in regulating the gating of
S5HT3 receptor channel. These results clearly show that prolyl cis-trans isomerization
controls physiological neural functions in vitro. A finding that Pinl, a PPlase, enhances the
ability of gephyrin to bind the B-subunit of glycine receptors, which is important for
maintaining a high concentration of inhibitory glycine receptors juxtaposed to presynaptic
releasing sites (Zita et al., 2007), further suggests an intriguing hypothesis that PPlases
might be involved in neural functions, especially pathological neural functions.

Exploration of the contributions of Pinl, a PPlase, to pathological neural functions gave an
answer for the hypothesis. Pinl protects against spinal cord injury by preventing JNK3-
induced MCL1 degradation, cytochrome c release and apoptosis in vitro and in vivo (Li et al.,
2007), which are opposite to the in vitro findings that Pinl acts on bimEL (also known as B-
cell lymphoma protein-2 (bcl2)-like-11) to induce apoptosis (Becker & Bonni, 2006).
Furthermore, evidences for Pinl’s protection against neurodegeneration through tau and
APP in vitro and in vivo as shown in the next section confirmed the pivotal role of the PPlase
in pathological neural conditions.

3. Pin1 restores tauopathy phenotype in mice

3.1 Pin1 recognizes phosphorylated Thr231 in tau

Various isoforms of tau appear to be differentially expressed during development, however,
the tau isoforms with 3 and 4 tubulin-binding repeats are expressed in a one-to-one ratio in
most regions of the adult brain (Ballatore et al., 2007). The primary function of tau is to
stabilize microtubules. Tau proteins promote tubulin polymerization and stabilize
microtubule structure in vivo (Lindwall & Cole, 1984; Weingarten et al., 1975). Tau deletion
also potentiates the phenotypes of axon tracts and neuronal layers in mice lacking MAP1B,
another major MT-associated protein (Takei et al., 2000). In AD brains, neuronal
cytoskeleton is progressively disrupted and replaced by NFTs (Alonso et al., 1996). NFTs in
AD are composed of hyperphosphorylated tau in two forms (paired helical filaments (PHF)
and straight filaments (SF)). Tau hyperphosphorylation appears to precede tangle formation
and neurodegeneration in AD. Hyperphosphorylated tau shows defective microtubule
binding, fails to promote microtubule assembly, and self-assembles into NFTs in vitro
(Mandelkow, 1999). In contrast, dephosphorylation in vitro can restore the microtubule-
binding function and abolish the aggregation of AD phospho-tau (ptau) (Alonso et al., 1996).
Taken together, these results indicate that increased tau phosphorylation is a key and an
early event in the pathogenesis of human tauopathies, and therefore, dephosphorylation of
hyperphosphorylated tau could be an attractive way to restore physiological tau function.
Ser/ Thr-Pro sites are major regulatory phosphorylation motif in cells (Blume-Jensen & Hunter,
2001; Lee & Tsai, 2003; Lu, 2004; Lu et al., 2003; Nigg, 2001). Enzymes that are responsible for
such phosphorylation belong to a large superfamily of Pro-directed protein kinases, which
include extracellular signal-regulated kinases (ERKSs), stress-activated protein kinases/c-Jun-N-
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terminal kinases (SAPKs/JNKs), p38 kinases and Polo-like kinases (PLKs) in addition to CDKs
and GSKs. These kinases have a crucial role in diverse cellular processes such as cell growth
regulation, stress responses and neuronal survival, as well as in human diseases such as cancer
and AD (Blume-Jensen & Hunter, 2001; Lee & Tsai, 2003; Lu, 2004; Lu et al., 2003; Nigg, 2001).
Pin1 binds to tau in a phosphorylation-dependent manner and the binding site was mapped to
pThr231 of tau in vitro (Lu et al., 1999a). This phospho-epitope has been proposed to be
diagnostic for AD because its levels in the cerebrospinal fluid correlate with the progression of
the disease (Hampel et al., 2001; Kohnken et al., 2000). In addition, the mobility shifted ptau
was positively probed by both CP9, an antibody specific for pThr231, and TG3, an antibody
detecting Alzheimer-specific conformation of pThr231. In AD brain sections, exogenous Pinl
specifically bound to NFTs and neurites, which were also reactive to Pinl antibody and TG3,
indicating endogenous Pinl1 is also localized to the pThr231 site. Biochemically, Pinl was co-
purified with PHF. Thus, the Pin1 interaction with ptau has been established.

3.2 Pin1 restores normal tau function through dephosphorylation of pThr231 of tau in
vitro

Tau phosphorylated by Cdc2 showed a marked decrease in microtubule binding compared to
unphosphorylated tau in tau biochemical assay in vitro (Lu et al, 1999a). Pinl-directed
restoration of tau’s ability to bind to microtubule was revealed by several observations. The loss
of ptau’s affinity to microtubules could be dramatically rescued by the sole presence of Pinl.
The functional consequence of application of Pinl was derived when microtubule assembly
from tubulin was measured based on turbidity changes detected by spectrophotometer. The
ability of tau to promote tubulin polymerization was abolished after tau was phosphorylated by
Cdc2. Wild-type Pinl, but not the binding of defective point mutant, restored the function.

The involvement of dephosphorylation in the restoration by Pinl was led by the
observations that many of phosphoproteins Pinl binds to are also recognized by the mitosis-
and phosphorylation-specific antibody (mAb) MPM-2, and induction of MPM-2 epitopes is
a prominent common feature shared by AD, frontotemporal dementia and parkinsonism
linked to chromosome 17 (FIDP-17), Down Syndrome, corticobasal degeneration,
progressive supranuclear palsy and Pick's disease. Furthermore, various studies have
shown that mitotic events, including Cdc2 kinase, are aberrantly activated in the AD brain
(Vincent et al., 1997; Vincent et al., 1996) and the phosphorylation pattern of tau in mitotic
cells is strikingly similar to that in the AD brain (Kondratick et al. 1996; Vincent et al. 1996;
Vincent et al. 1997; Illenberger et al. 1998; Preuss et al. 1998; Vincent et al. 1998). Indeed, both
mitotic and AD tau proteins are recognized by mitosis-specific or AD-specific mAbs that are
phosphorylation-dependent. Pinl binds to pSer/Thr-Pro sites of many MPM-2 antigens,
including tau. The phosphorylation dependent cis/ trans-isomerization of pSer/Thr-Pro of
many MPM-2 antigens is important for cell cycle control (Ding et al., 2000; Lane & Nigg,
1996; Wells et al., 1999; Winkler et al., 2000). On the other hand, dephosphorylation of the
MPM-2 epitopes by phosphatases, notably PP2A, also plays an essential role in the
regulation of Cdc2 activation and mitosis (Evans & Stark, 1997, Kawabe et al., 1997;
Kinoshita et al., 1990; Lee, 1995; Lin & Arndt, 1995; Sontag et al., 1995). Interestingly, using
metabolically active rat brain slices as a model, Gong et al. (Gong et al., 2000) showed that
down-regulation of PP2A by okadaic acid induced Alzheimer-like hyperphosphorylation of
tau. In contrast, the inhibition of PP2B by cyclosporin A in the same system did not
significantly affect tau phosphorylation.
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The pure cis isomer of tau peptide can be obtained using trans-specific « -chymotrypsin to
eliminate the trans isomer (Zhou et al., 2000). In the absence of any PPlases, it took about 2.5
h to convert the pure cis peptide to equilibrium state, which is about 15% cis. Importantly,
the pure cis peptides cannot be dephosphorylated by PP2A (Zhou et al., 2000). The pThr-Pro
peptides were dephosphorylated by PP2A with a rate almost identical to that of trans isomer
appearance. The trans isomer-dependent dephosphorylation was neither observed with
alkaline phosphatase nor with a non-Pro-containing peptide. These experiments indicated
that PP2A is a trans conformation-specific phosphatase. Indeed, the presence of Pinl
accelerated the dephosphorylation of tau by PP2A. However, the effect of Pinl on PP2A
dephosphorylation was not observed in tau Thr231Ala mutant. Taken together, Pinl
facilitates the dephosphorylation of pThr231-Pro site in tau through PP2A likely leads to the
restoration of tau-mediated microtubule function.

3.3 Pin1 degrades hyperphosphorylated tau

Another effective way to treat tauopathy might be the elimination of hyperphosphorylated
tau. It has been shown that tau phosphorylation regulates its degradation (Dickey et al., 2007;
Kosik & Shimura, 2005; Petrucelli et al., 2004; Poppek et al., 2006) and that protein degradation
is modulated by Pinl (Lu & Zhou, 2007). These results suggest that Pinl might act on the
pThr231-Pro motif in tau to regulate the protein stability. Pinl knockdown caused tau to
become highly stable in neuron-like SH-SY5Y cells under cycloheximide experiment (Lim et
al., 2008). Importantly, the effect of Pinl knockdown on tau protein stability was completely
abolished in the presence of the proteosome inhibitor MG132, demonstrating that the effect of
Pin1 knockdown depends on functional proteosome, as shown for other Pinl substrates (Lu &
Zhou, 2007). The result was replicated in neurons isolated from mice. Transfected tau protein
in primary cultured neurons and tau protein in brain slices from tau transgenic mouse were
significantly more stable in Pinl-knockout background (Lu & Zhou, 2007). Further
examination was carried out under Pinl transgenic background in mice in which Pinl
transgene is expressed under Thyl.2 promoter that is active in neurons approximately 10 days
after birth (Caroni, 1997). In the double transgenic mice having both tau transgene and Pinl
transgene, tau phosphorylation on Thr231 was reduced compared to tau transgene alone.

Tau phosphorylation has been shown to promote tau degradation via chaperone-
interacting protein/Hsp70 (Dickey et al., 2007; Kosik & Shimura, 2005; Petrucelli et al.,
2004) or inhibit tau degradation (Poppek et al., 2006). Interestingly, F-box proteins,
which target phosphorylated proteins to ubiquitin-mediated proteolysis, bind to
pSer/Thr-Pro motifs only in trans, but not cis (Orlicky et al., 2003). One model is that
proteins targeting phosphorylated tau for degradation might bind to certain pSer/Thr-
Pro motif(s) in tau only in trans conformation that would promote this interaction to
promote degradation of tau. In this model, although tau is probably phosphorylated on
certain Ser/Thr-Pro motifs such as the Thr231-Pro motif in trans due to the conformation
specificity of kinases (Lu & Zhou, 2007), the pThr231-Pro motif in tau might have a
tendency to be in the cis conformation due to local structural constraints after
phosphorylation, as shown for APP (Ramelot & Nicholson, 2001). Therefore, in the
nonequilibrium cellular environment, Pinl overexpression might greatly accelerate the
cis to trans isomerization to promote tau degradation, whereas Pinl inhibition might
allow a higher concentration of cis pThr231-Pro motif to be present for a longer time,
which might inhibit tau degradation (Figure 1).
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Tau and APP may be phosphorylated by protein kinases as part of their normal functions. Cis-ptau is
resistant to binding to microtubules, protein phosphatases and degradation. By catalysing isomerization of
the cis to trans conformation, Pinl facilitates binding to microtubules and restores normal tau function.
Pinl also promotes tau dephosphorylation by phosphatases that contributes to the binding to
microtubules. The cis to trans transition by Pinl also facilitates degradation of phosphorylated tau.
Regarding APP, cis-pAPP represents amyloidogenic APP processing. Pinl catalyses isomerization of the cis
to trans conformation, thereby, inducing decreased AP42 and increased aAPPs. The trans-conformations of
ptau and pAPP may represent the physiological conformations that promote their normal functions.

Fig. 1. Restoration of tau and APP functions by Pin1.

Importantly, in 18-month-old tau transgenic mice, neuropathological changes, as
demonstrated by the presence of some silver-positive neurons in the ventral horn of spinal
cord and several degenerating or demyelinated axons within the sciatic nerves were found.
However, neither silver-positive neurons in the spinal cord nor degenerated neurons within
the sciatic nerve was observed in double transgenic mice having both Pinl transgene and
wild-type tau transgene (Lim et al., 2008). This result indicates that Pinl overexpression
effectively inhibits spinal and peripheral neuropathies induced by tau overexpression.
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3.4 Deletion of Pin1 causes tauopathy in mice

Pinl knockout mice (Liou et al., 2003) serves as a good tool 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 (Liou et al., 2003) similar to tau transgenic mice (Allen et al., 2002; Lewis et
al., 2000). These phenotypes in Pinl mutant mice are significant because the total level of
NFTs correlates with the degree of cognitive impairment (Arriagada et al., 1992a; Arriagada
et al., 1992b). 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 (Arriagada et
al., 1992a; Arriagada et al., 1992b).

Since neuron number in the parietal cortex of old, but not young mutant mice were
significantly decreased, these phenotypes were caused by neuronal loss. A similar neuronal
degeneration was found in spinal cords of the knockout mice (Liou et al., 2003). Tau
hyperphosphorylation has been observed in aged mutant mice, with a dramatic mobility
shift that is reversed by phosphatase treatment (Liou et al., 2003). The retarded forms of
ptau in the mutant mice were also detected by various phospho-specific or Alzheimer-
conformation-specific antibodies, such as AT180 and TG3. The phosphatase activity specific
to pThr231 peptide motif was significantly reduced in the mutant mice, which is in
agreement with Pinl's role in facilitating PP2A phosphatase activity. In aged Pinl-deficient
mice, immunohistochemical staining of the hippocampus, cortex and spinal cord with
specific ptau antibodies showed distinct somatodendritic signals, indicating pathological
localization of tau. In Pinl-deficient mice, immunoelectronmicroscopic analysis showed that
NFT-like tau filaments decorated by AT180 gold label were isolated from sarkosyl insoluble
fractions (Liou et al., 2003). The tau filaments isolated resembled some of the human FTDP-
17 mutants (Allen et al., 2002; Gotz et al., 2001; Lewis et al., 2000; Lim et al., 2001; Tanemura
et al., 2002). Gallyas and thioflavin-staining, two established methods detecting NFTs in AD
brains, were immense in entorhinal cortex and hippocampus, brain regions where impaired
neuronal function appears initially in AD (Liou et al.,, 2003). These phenotypes are
noteworthy because no gene deletion model has been reported to spontaneously cause tau
pathology, thus no endogenous protective mechanism has been proposed.

4. Pin1 reduces Ab in mice

Tau and APP are two major molecules for AD. A growing body of evidence indicates some
common features between the normal cell cycle and degenerated AD neurons, especially
mitotic phosphorylation on certain Ser/Thr-Pro motifs (Lu et al., 2003; Yang & Herrup,
2007). Phosphorylation of APP on the Thr668-Pro motif, which occurs in mitotic cells
(Suzuki et al., 1994), is also increased in AD brains and can elevate A secretion in vitro (Lee
et al., 2003).

Nuclear magnetic resonance (NMR) analysis of the action of Pinl on APP has revealed the
dynamic regulation of the intracellular domain of APP between the two completely distinct
structures (Pastorino et al., 2006). APP possesses a Thr668-Pro motif that exists in trans
before phosphorylation. The cis conformation appears only after phosphorylation due to
local structural constraints, with ~10% of the phosphorylated motifs existing in the cis
conformation (Ramelot & Nicholson, 2001). Pinl binds to the pThr668-Pro motif in the cis
and trans conformations and also accelerates the isomerization rate >1000-fold (in the
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millisecond timescale) compared with the typical uncatalysed reaction (which is in the
minute timescale), with the catalysed cis to trans rate being 10-fold faster than the reverse
rate (Pastorino et al., 2006), in contrast to a recent report that Pinl does not act on full-length
protein (Akiyama et al., 2005). Therefore, Pinl would rapidly re-establish cis/trans
equilibrium if either population was suddenly depleted in the cell.

APP processing is determined by APP subcellular localization and occurs through non-
amyloidogenic processing at the plasma membrane by o-secretases or amyloidogenic
processing at endosomes by p-secretase (De Strooper & Annaert, 2000; Esler & Wolfe, 2001;
Hardy & Selkoe, 2002; Mattson, 2004; Selkoe et al., 1996). There is observation Pinl co-
localizes with APP at plasma membrane but not at endosomes, suggesting Pinl affects APP
intracellular localization and therefore affect APP processing and A production (Pastorino
et al., 2006). In addition, in Pinl knockout mice, a significant increase in AB42 level in brain
is observed (Pastorino et al., 2006).

Importantly, functional consequence of Pinl deregulation revealed that the cis pThr668-Pro
motif has a longer lifetime and its population relative to trans can be shifted far from its
equilibrium depending on isomer-specific interactions, which might favor more
amyloidogenic APP processing and AP production without proper Pinl function (Figure 1).
Therefore, in collaboration with other Alzheimer's disease factors, Pinl deregulation might
promote amyloidogenic APP processing and AP production and thus contribute to the
pathology of AD (Pastorino et al., 2006).

5. Involvement of Pin1 in human AD

Positional cloning led to the identification of rare, disease-causing mutations in APP,
PSEN1, and PSEN2 causing early-onset familial AD, followed by the discovery of ApoE as
the only widely accepted and replicated risk factor for late-onset AD. In addition, recent
genome-wide association approaches have delivered several additional AD susceptibility
loci that are common in the general population (reviewed in Bertram & Tanzi, 2009).

Pinl is mapped to 19p13.2, which has been identified as a novel locus for late onset AD that
is independent of the effect of ApoE4 (Butler et al., 2009; Wijsman et al., 2004). Several
common polymorphisms have been identified in the coding and promoter regions of Pinl.
The relationship between Pinl level and AD is of particular interest because Pinl is
downregulated and/or inhibited by oxidative modifications in AD (Liou et al., 2003; Sultana
et al., 2006). Previous studies showed that Pinl promoter single nucleotide polymorphism
(SNP) (842G>C) is associated with reduced level of Pinl in blood cells and increased risk for
AD in an Italian cohort (Segat et al., 2007), although not in other cohorts (Lambert et al.,
2009; Nowotny et al., 2007). Further studies have confirmed that this SNP abolishes Pinl
promoter activity and is associated with reduced risk for multiple cancers(Han et al., 2010).
It is possible that the undetected population structure in studies with heterogeneous
populations of subjects can lead to false positive results or failures in detecting the
association with disease (Marchini et al., 2004) and this effect increased with samples size
which might explain the conflicting results among the studies on Pinl promoter
polymorphisms. It has been shown that Chinese and Japanese subpopulations are more
homogeneous and have a lower degree of population admixture (Marchini et al., 2004).
Using Chinese subjects, we recently studied the onset of AD and Pinl polymorphism. A
functional polymorphism in the Pinl promoter (rs2287839) was identified and this
polymorphism was significantly associated with a 3-year delay in the onset of AD (Ma et
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al.). The base change of the SNP abolished the binding site of AP4 and increased the
expression level of Pinl in AD (Ma et al.). AP4 belongs to the basic helix-loop-helix leucine-
zipper (bHLH-LZ) subgroup of bHLH proteins and recognizes the symmetrical DNA core
sequence CAGCTG (Hu et al., 1990). Our result on AP4 RNAi and AP4 overexpression in
H4 cells showed AP4 was able to repress the expression of Pinl through the AP4 binding
site in the promoter region of Pin1.

The above result is confirmed by biochemical and histochemical approaches using AD
brain. Pinl translocation from the soluble fractions to the insoluble fractions was
reported in AD brains, while it was mainly present in the soluble fraction in age matched
normal brain samples (Lu et al.,, 1999a). Further histological studies clarified Pinl’s
impact on AD. In the hippocampus and neocortex, the neurons in specific subregions are
more prone to neurofibrillary degeneration than the neighboring subregions, indicating
stereotypical patterns of neurodegeneration in AD. In the hippocampus, expression of
Pinl was relatively higher in CA4, CA3, CA2 and presubiculum, and lower in CA1 and
subiculum. In the parietal cortex, expression of Pinl was relatively higher in layer IIIb-c
neurons, and lower in layer V neurons. The subregions with low expression of Pinl
coincide with the subregions that are more susceptible to neurofibrillary degeneration in
AD, whereas those containing high Pinl expression are not, showing an inverse
correlation between Pinl expression and predicted vulnerability (Liou et al., 2003). In AD
brains, tangle-bearing neurons were enriched in CA1 and subiculum of the hippocampus
and in layer V of the parietal cortex (Arriagada et al., 1992b; Davies et al., 1992; Hof &
Morrison, 1991; Pearson et al., 1985). Overall, Pin1 level is generally low in these regions
(Liou et al., 2003).

Because Pinl is important in modulating APP processing in mice and has an inverse
relationship with tau accumulation in human AD, increased Pinl expression resulting from
the base substitution of the SNP might delay the pathological process of AD, thus delaying
the age of onset of AD (Figure 2). This result is significant because an intervention that could
delay the average age of onset of AD by only 2 years has been predicted to reduce the
expected prevalence by 23% by 2050 (Brookmeyer et al., 1998).

-

= Pin — e Pim* —3 carly onset of AD
(SNP) rs2287839 (GQ)

@

(SNP) rs2287839 (CG)

A transcription factor AP4 binds to wild type GG genotype in the Pinl promoter (rs2287839) and
represses its transcription. The polymorphism (CG) abolishes the binding site of AP4 and disinhibits
the repression, thereby increases Pinl expression level in AD. The polymorphism results in 3-year delay
of the onset of AD.

AP4

Pin1 |—> PiniA —> |ate onset of AD

Fig. 2. A Pinl polymorphism associates with delayed onset of AD.

www.intechopen.com



Pin1: A New Enzyme Pivotal for Protecting Against Alzheimer’s Disease 233

6. Conclusions

Tau and APP, two major causative molecules for AD, are reasonable and attractive
therapeutic targets. The links between tau malfunctions and an overall imbalance in the
activity levels or regulation of tau kinases and phosphatases have been established
(Churcher, 2006; Mazanetz & Fischer, 2007). Although, attempts to identify AD-specific
phosphorylation sites on tau have yet to yield conclusive results (Gordon-Krajcer et al., 2000;
Schneider et al., 1999), the most probable candidates are Ser262 and the region around
Thr231 and Ser235 (Hasegawa et al., 1992; Kohnken et al., 2000). Among these sites, Ser262 is
identified as a Lys-Xaa-Gly-Ser motif recognized by Parl kinase (microtubule associated
regulating kinase) (Doerflinger et al., 2003; Drewes et al., 1995; Nishimura et al., 2004),
whereas pSer/Thr-Pro sites of Thr231 and Ser235 are phosphorylated by CDKs, MAPKs,
and/or GSKs (Ishiguro et al. 1993; Sperber et al. 1995; Zheng-Fischhofer et al. 199§;
Ahlijanian et al. 2000; Reynolds et al. 2000; Takashima et al. 2001). These pro-directed
kinases also target other pSer/Thr-Pro sites of tau. A hierarchy of phosphorylation
regulation by different kinases has been implicated in the cascade of hyperphosphorylation
and certain sites may play an initiative role (Jicha et al., 1999; Zheng-Fischhofer et al., 1998).
GSK3p or CDKS5 has been suggested to induce pre-tangle or NFT phenotypes, respectively
(Lucas et al., 2001; Noble et al., 2003; Phiel et al., 2003). Thus, these tau kinases have received
particular attention as targets for disease-modifying therapies using inhibitory compounds.
Clearance of Af is also a logical therapeutic approach. If these inhibitor drugs can reach the
brain efficiently from systemic circulation by crossing the blood-brain barrier, those might
be attractive therapeutic approaches.

The discovery of the phosphorylation-specific PPlase Pinl has established conformational
regulation after phosphorylation as a new signaling mechanism. Pinl could restore both tau
and APP processing through their conformational changes. Thus, Pinl might provide the
opportunity for exploring more efficient therapy for AD than that targeting either tau or
APP. A major challenge for the future will be to stably express Pinl in the AD brain to
normalize tau and APP processing.
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