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Abstract

Alzheimer’s Disease (AD) is characterized by progressive loss of cognitive function, linked to
marked neuronal loss. Pathological hallmarks of the disease are the accumulation of the amyloid-p
(APB) peptide in the form of amyloid plaques and the intracellular formation of neurofibrillary
tangles (NFTs). Accumulating evidence supports a key role for protein phosphorylation in both
the normal and pathological actions of AP as well as the formation of NFTs. NFTs contain
hyperphosphorylated forms of the microtubule-binding protein tau, and phosphorylation of tau by
several different kinases leads to its aggregation. The protein kinases involved in the generation
and/or actions of tau or AP are viable drug targets to prevent or alleviate AD pathology. However,
it has also been recognized that the protein phosphatases that reverse the actions of these protein
kinases are equally important. Here, we review recent advances in our understanding of serine/
threonine and tyrosine protein phosphatases in the pathology of AD.

[. Introduction

Alzheimer’s Disease (AD), the most common neurodegenerative disorder, is a major and
growing public health concern because of increases in both median age and life expectancy.!
With the enormous economic cost of AD patient care and loss of productivity, its impact as
a major clinical, social, and economic issue has been widely acknowledged. AD is
characterized by progressive loss of cognitive function, starting with mild cognitive
impairment that eventually evolves to include more severe cognitive deficiencies followed
by death from secondary complications. At a cellular level, AD is characterized by marked
neuronal and neuritic loss.?

The major pathological hallmarks of AD are the aberrant accumulation of the amyloid-p
peptide (Ap) in the form of amyloid plaques and the intracellular formation of
hyperphosphorylated tau protein inclusions (neurofibrillary tangles, or NFTs).1 Oligomeric
assemblies of AP and tau are increasingly recognized as the most pathogenic forms,
probably more so than amyloid plaques or NFTs.3 AB peptides are generated by the
processing of the amyloid precursor protein (APP). The central role of APP in AD is
underscored by the fact that mutations in APP [familial AD (FAD)] cosegregate with an
early onset AD pathology.*° Notably, various independent lines of transgenic mice
expressing APP with FAD mutations display pathological and cognitive deficits that
correlate with those found in human AD.®

Formation of AB is catalyzed by - and y-secretase (y-secretase/presenilin).” The formation
and subsequent aggregation of Ap initiate a complex cascade of molecular and cellular
changes that gradually leads to the clinical features of AD. Recent studies have indicated
that soluble AB oligomers act initially to disrupt synaptic function.8:9 Thus, Ap-mediated
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synaptopathology represents a critical component in the cognitive decline associated with
the disease. Ap oligomeric preparations inhibit long-term potentiation (LTP) likely through
its effects on AMPA and NMDA glutamate receptor trafficking. However, while much has
been learned about the role of Ap in AD, particularly in synaptopathology, it is still
unknown what mechanisms are involved in the transition from impaired synaptic function to
loss of synapses and to eventual cell death.

Accumulating evidence supports a key role for protein phosphorylation in both the normal
and pathological actions of APP, A, and tau. APP itself is phosphorylated at multiple sites
by several protein kinases,10-15 and this may modulate its processing and influence the
production of AB.16:17 For example, phosphorylation of APP may influence the ability of B-
secretase to cleave APP to produce the most amyloidogenic and toxic peptide A4 1618
Both presenilin (the y-secretase) and BACE (the p-secretase) responsible for generation of
A are regulated by phosphorylation.19-23

AD is a member of the family of tauopathies that are characterized by the presence of
hyperphosphorylated tau.24 Up to 50 different sites of phosphorylation are present in tau
(out of a total of 85 serine, threonine, and tyrosine residues)2>-27 (Table 1), and many of
these are found in tau isolated from AD brain. Phosphorylation of tau in AD brain is likely
mediated by various protein kinases, including Cdk5, GSK3p, PKA, and MARK, which
target serine and threonine residues in proline-rich domains of the protein.3°
Phosphorylation of tau interferes with its ability to interact with microtubules, leading to its
aggregation and, ultimately, to the generation of NFTs.

Studies of the protein kinases that phosphorylate APP, tau, and the proteases involved in
generation of Ap are clearly important, as protein kinases are viable drug targets, and
inhibitors may prevent or alleviate AD pathology. However, it has also been recognized that
the protein phosphatases that reverse the actions of these protein kinases are equally
important and warrant detailed analysis. For example, it appears that a major contributor to
the hyperphosphorylation of tau at so many sites is that there is a significant decrease in the
levels or activity of the protein phosphatase(s) that dephosphorylate tau in AD brain. Protein
phosphatases are classified on the basis of their ability to dephosphorylate either serine and
threonine residues (PPPs and PPMs) or tyrosine residues (protein tyrosine phosphatase,
PTPs or dual-specificity DSPs). The PPP family includes PP1, PP2A, PP2B (also known as
calcineurin), PP4, PP5, and PP6, while the PPM family includes various forms of PP2C and
mitochondrial PPases. High levels of the serine/threonine PPases are found throughout the
brain, with PP1, PP2A, PP2B, and PP5 being abundant and implicated in AD. Recent studies
have also begun to reveal roles for PTPases, especially striatal-enriched tyrosine
phosphatase (STEP), in AD. Here, we review recent advances in our understanding of the
role of these serine/threonine and tyrosine protein phosphatases in the pathology of AD.

Il. Protein Phosphatase 2A

A. General Properties

Protein phosphatase 2A (PP2A) is widely expressed throughout the body and plays a
predominant role in the dephosphorylation of thousands of different phosphoproteins in
vertebrate tissues.38 PP2A is expressed at high levels in the brain, where it acts on diverse
substrates.3%-42 |t has been estimated that perhaps more than 50% of all proteins are
regulated by one or more of several hundred different protein kinases whose activities are, in
turn, regulated by a wide range of signal transduction pathways.*344 This regulatory
network is highly interconnected, as kinases are invariably subject to cross talk regulation
wherein one or more kinase phosphorylate and thereby activate or inhibit one or more other
kinase. In this respect, in addition to its general role in the direct dephosphorylation of many
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cellular phosphoproteins, PP2A is responsible for the dephosphorylation of many protein
kinases.*® The broad spectrum of PP2A activity means that any dysfunction in PP2A can
have profound consequences on diverse cellular processes. In neurodegenerative disorders,
exemplified by AD, any PP2A dysfunction would lead to an imbalance in kinase-mediated
signaling pathways that contribute to multiple pathologies at the core of the disease process.

The majority of PP2A exists as a functional heterotrimer consisting of a catalytic C subunit,
a scaffold-like A subunit, and one of a series of alternative regulatory B subunits.38 Four
structurally unrelated families of B subunits have been identified, termed B, B’, B’’, and
B’’’. Splice variants lead to at least 24 alternative forms. Holoenzymes with different B
subunits direct PP2A to different spectra of substrates and different subcellular
compartments. Additionally, the specificity and subcellular localization of the PP2A
catalytic subunit are posttranslationally regulated by a chemistry that appears to be
completely specific to PP2A involving the formation and hydrolysis of a leucine carboxyl
methyl ester at the carboxyl terminal leucine L309.46-49 PP2A carboxyl methylation
facilitates the assembly and enhances the activity of microtubule-associated PP2A in
neuronal cells.849 In addition to carboxyl methylation at 309, the catalytic subunit of
PP2A activity is inhibited by tyrosine phosphorylation at Y307.%0 The C subunit can also be
phosphorylated at T304.

B. Protein Phosphatase 2A Linkage to Alzheimer’s Disease

Postmortem studies have closely linked PP2A at multiple levels with AD. Ultimately, the
activity of PP2A is reduced in the disease owing to reduced levels, increased inhibition, and
alterations in its specificity and subcellular localization.1~54 Decreased expression of
mRNA encoding the PP2A catalytic subunit has been reported,®® which may underlie the
decreased levels of the protein that are observed.>3 A protein that binds and inhibits PP2A,
termed SET or inhibitor 2 (12), is highly expressed in AD brains.>¢ Thus, in AD, increased
levels of SET probably contribute to the general downregulation of PP2A associated with
disease progression. Note, however, that the level of ARPP-19, which has recently been
found to be an inhibitor of PP2A,57:58 has also been found to be reduced in AD brain.>®
Importantly, a substantial decrease in PP2A methylation has been observed in postmortem
brains of AD patients.>2:60 This is associated with decreased levels of a PP2A targeting
subunitGBa/PRSS, which binds preferentially to the methylated form of the PP2A catalytic
core.52:61

Other recent studies have identified potential genetic links between AD and PP2A. The
number of CAG repeats in the gene encoding the BB subunit, which had previously been
linked to spinocerebellar ataxia 12, was found to be reduced in a Taiwanese AD cohort, and
this might be associated with lower levels of expression of PP2A.62 A follow-up study of a
Japanese AD cohort found a similar result, particularly in a subgroup of samples who
expressed the APOEA4 allele.53 Therefore, there are multiple mechanistic links between
PP2A and AD.

C. Pathophysiological Roles of Protein Phosphatase 2A in Alzheimer’s Disease

Based on a number of biochemical studies, where the ability of different PPase preparations
immunoprecipitated from human brain was used to dephosphorylate hyperphosphorylated
tau, it appears that PP2A is the major phospho-tau phosphatase?8:30:33.34.64 (Taple 1). Thus
the reduced PP2A activity mentioned above appears likely to be a major factor in increased
tau phosphorylation and NFT pathology.5% As tau is phosphorylated at so many sites, studies
have been limited to only a subset of sites where specific phospho-antibodies are available.
In addition, only qualitative assessment of the rates of dephosphorylation and affinity for
any given site is possible. With these limitations in mind, T205, T212, S262, and S409
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appear to be the preferred sites for PP2A, with S262 being the site that is most favored by
PP2A compared to other PPases. However, as for other sites, these individual sites can be
dephosphorylated by more than one PPase (see Table I).

As mentioned above, PP2A exists as a core enzyme consisting of the AC dimer together
with various B subunits that influence substrate specificity. Only the Ba-containing isoform
has been demonstrated to effectively bind to and dephosphorylate tau,>® with the mechanism
of selective interaction of the Ba subunit and phospho-tau revealed by X-ray
crystallography studies.®® Thus, although other forms of PP2A may be relevant for
additional pathways that contribute to the disease, the data to date suggest that it is the
deficiency in methylated ABa.C that is the primary PP2A defect in AD pathogenesis.?2:23
Recent studies have also suggested that the ability of PP2A to dephosphorylate tau is
regulated by the activity of the peptidyl-prolyl isomerase Pin1.54:67.68 However, differing
roles for Pinl in promoting or inhibiting the effects of PP2A have been observed.

Regulation of PP2A has also been connected to APP. Phosphorylation of APP influences the
ability of B-secretase to cleave APP to produce the most amyloidogenic and toxic peptide
ABL4218 pp2A appears to inhibit the generation of this peptide,® presumably by
dephosphorylating APP at Thr668 where it is phosphorylated by Cdk5 and/or c-jun N-
terminal kinase.” Interestingly, a recent RNA Seq study using cells expressing the APPswe
mutant form of APP showed that the expression levels of the PP2A catalytic subunit as well
as several PP2A regulatory subunits were decreased.’! The mechanism involved was not
elucidated, but this preparation might be useful for understanding the effects of mutant APP
expression on transcriptional events. The catalytic subunit of PP2A is known to be inhibited
by phosphorylation of Y307.%0 Increased levels of Y307 were found in cells expressing the
APPswe form of APP and in transgenic mice expressing APPswe and presenilin 1.72
Increased phosphorylation of Y307 was also observed in sections of hippocampus and
entorhinal cortex from human AD patients, especially in neurons containing NFTs. These
results suggest that inhibition of PP2A may be caused by A, and that this is linked to
hyperphosphorylation of tau.

PP2A is also actively involved in apoptotic cell death and therefore can directly contribute
to neurodegeneration, the final hallmark pathology of AD.”3 Generally, PP2A’s
proapoptotic functions involve dephosphorylation of Bcl family proteins.” In the
progression of AD, the relevance of PP2A in early apoptotic processes may be relevant,
such as in synaptic and axonal pruning, which ultimately lead to the programmed, controlled
process of cell death.”®

PP2A has diverse cellular roles beyond these pathological hallmarks, as it regulates multiple
cellular signaling pathways. Neuroinflammatory processes are closely linked to a cascade of
serine/threonine phosphorylation events, and the action of PP2A on the kinases in these
pathways reduces their activity and can thus decrease inflammation.’® Neuroinflammation is
a key component of AD, with abnormally accumulated peptides such as A being highly
immuno-genic.”” Amyloid plaques are generally surrounded by microglia, and the
associated inflammatory responses are thought to play a major role in neuronal cell death.’®
Decreased PP2A levels and activity may therefore be associated with increased
inflammation. Anti-inflammatory agents are effective in reducing cognitive deficits in
rodent models of AD’8-80 and have potential therapeutic utility in humans.81:82

PP2A is also intimately linked with cell cycle progression.38 In AD, stress-induced re-entry/
cell cycle re-entry has been proposed as a key potential initiating event.83 Normally,
quiescent neurons are seen to display markers of cell division,84 and in an animal model in
which cell cycle re-entry is driven by overexpression of the SV40 large T antigen, an
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inhibitor of PP2A, AD-like pathology is observed.8% PP2A controls the G2/M transition,86
and PP2A demethylation has been associated with cell division.8” Thus, reduced PP2A
methylation may be causally associated with the observed changes in cell cycle status.

D. In Vivo Models Linking PP2A to Alzheimer’s Disease

The central role that PP2A dysregulation appears to play in most of the pathological
hallmarks of AD, and the mounting evidence of significant deficits in PP2A regulation in
brains from individuals with AD, has led to the study of this mechanism in animal models.
PP2A plays such critical roles in physiological functioning throughout the body that it has
not been possible to generate knockout mouse models.88 Knockdown of PP2A phosphatase
activity has been achieved /n vivo by overexpressing dominant negative forms of the
catalytic subunit. This has been shown to lead to the tau hyperphosphorylation characteristic
of the human disorder.82:90 Pharmacological inhibition of PP2A with okadaic acid has
yielded similar phenotypes. When okadaic acid was stereotactically injected into the brains
of rats, many of the hallmark features of AD were recapitulated including A deposition, tau
hyperphosphorylation, and neurodegeneration.?192 But note that the effects of PP2A
inhibitors such as okadaic acid may not be selective, and other PPases including PP1, PP4-6
may also be inhibited at the concentrations needed in these /n vivo studies.

A chronic model of PP2A inhibition has been developed using 12 (SET) overexpression.%3
12 is overexpressed in AD, and in the diseased state, it is cleaved into N- and C-terminal
fragments that redistribute from the nucleus to the cytoplasm where they can act upon PP2A.
Wang et al. have developed a model in which the C-terminal fragment of 12 (12¢1g) is
delivered to rat brains via adeno-associated virus (AAV), leading to its overexpression in the
hippocampus.?3 AAV-12¢7E infected rats display AB deposition, tau hyperphosphorylation,
neurodegeneration, and cognitive deficits linked to inhibition of PP2A activity. Another
approach to test the effects of PP2A dysregulation involves introducing deficiencies in
methylation through generation of a transgenic mouse with a mutated PP2A C subunit
(L309A) that is unable to undergo C-terminal methylation. This mouse model displays tau
hyperphosphorylation and microtubule dysfunction, consistent with the importance of PP2A
methylation in tau regulation.®* Although not directly linked to AD, a recent study has
examined the effects of knockout of the B’dsubunit and found that this resulted in spatially
restricted tauopathy in the brain stem and spinal cord.%® There were no obvious cognitive
impairments in this mouse model, and the effects of the B’d knockout were likely explained
through the ability of this subunit to influence the activities of GSK3 and/or Cdk5, which
phosphorylated tau.

Additional models relevant to AD have further linked PP2A to the disorder. For example,
anesthesia induces tau hyperphosphorylation,®® which has been demonstrated to be due to
decreases in PP2A activity associated with anesthesia-induced hypothermia. Anesthesia-
induced hypothermia differentially affects activity of kinases and phosphatases, although
even in normothermic conditions some anesthetics can inhibit PP2A to induce tau
hyperphosphorylation.9”

lll. Protein Phosphatase 2B (Calcineurin)

A. General Properties

Protein phosphatase 2B (PP2B or calcineurin) is a Ca2*/calmodulin-dependent protein
phosphatase that is highly enriched in the central nervous system where it plays key roles in
diverse aspects of signaling.%8 PP2B is comprised of a dimer of the catalytic A subunit and a
Ca?*-binding B subunit. Following increased intracellular Ca?*, Ca%*/calmodulin binds to
the A subunit, relieving autoinhibition. PP2B is the sole target for the immunosuppressant
drugs cyclosporin and FK506 which bind to cyclophilin or FKBP, respectively, and then
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bind to and inhibit PP2B activity. PP2B is required for long-term depression (LTD), where it
mediates the actions of Ca2* downstream of NMDA glutamate receptors.9%-101 |n this
respect, it is involved in control of synaptic plasticity and learning and memory. PP2B also
plays an important role in the striatum, where it regulates dopaminergic signaling.*2 PP2B
acts in different cellular compartments, with substrates located at the pre- and postsynaptic
side of the synapse.102103 An important family of substrates for PP2B is the NFAT
transcription factors, to which PP2B interacts with in the cytosol, leading to
dephosphorylation of NFATSs at multiple sites allowing the import of NFAT into the nucleus
and activation of specific tran-scriptional programs.104

B. Protein Phosphatase 2B Linkage to Alzheimer’s Disease

Decreases in PP2B levels have been associated with normal aging.19% While earlier studies
found either no change in PP2B protein levels or activity in AD brain19 or reduction in
activity,107-109 more recent studies have consistently indicated that PP2B activity is
increased.28:110.111 The increase in activity appears to result from the formation of a
truncated A subunit.110.111 The position of the proteolytic cleavage is C-terminal to the
autoinhibitory domain, and PP2B remains Ca2*/calmodulin dependent.11% However, the
resulting activity of the truncated PP2B is higher than that of the full-length A subunit form
of the enzyme. Proteolysis of the A subunit may be mediated by calpain I, which was also
found to be more active in AD brain. Interestingly, proteolysis of PP2B and calpain was also
found in hippocampus from subjects with mild cognitive impairment.112 In this latter study,
a shorter active form of the A subunit was detected, and it was also found that oligomeric
forms of AR could increase PP2B proteolysis in cultured hippocampal neurons. Related to
these results, a recent study of the Tg2576-APPswe mouse model of AD that expresses the
human APPswe mutant linked to FAD found that caspase-3 activity was enhanced in
hippocampus and that this was associated with truncation and activation of PP2B113 (see
further discussion below).

Although PP2B has been found to interact with fewer regulatory proteins compared to PP1
and PP2A, PP2B is known to be inhibited by calcipressinl (also known as DSCR1,
Adapt78, or RCANL1), the product of a gene encoded in the Down’s syndrome critical region
1. Both mRNA and protein levels of calcipressinl were found to be increased in AD brain,
and the level of expression of calcipressinl was correlated with the number of NFTs in the
temporal cortex, 114-116

The catalytic A subunit of PP2B dimerizes with the regulatory B subunit, a Ca2*-binding
protein related to calmodulin and other EF-hand Ca2*-binding proteins. A recent genetic
study, that aimed to identify associations between single nucleotide polymorphisms (SNPs)
in AD subjects and levels of phospho-tau measured in patient CSF samples, has identified an
SNP located in intron 5 of the B subunit (PPP3R1) of PP2B.117 The SNP was associated
with the rate of decline in disease progression but was not associated with the risk for AD,
or the age of onset. Notably, the B subunit allele was associated with lower levels of
PPP3R1 and higher levels of NFT pathology.

There are three genes that encode the catalytic A subunit (PPP3CA-C) and two genes that
encode the regulatory B subunit (PPP3R1 and R2). A detailed analysis has identified a
variety of novel PPP3CA variants that can generate a number of splicing isoforms of PP2B
that exhibit differential expression in brain and nonbrain tissues.118 The expression of
several of these PPP3CA isoforms, but not all, that encode functional phosphatase domains
was found to be decreased in the medial temporal gyrus from AD patient brains.

In summary, contradictory results have been obtained from studies of PP2B expression and/
or activity. Both decreases and increases have been identified, with the increases being
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associated with proteolysis of the regulatory A subunit. Conceivably, proteolysis and
increased activity might be related to postmortem conditions and not directly related to AD
phenotype. It is notable that some genetic studies have found both decreased expression of A
subunit isoforms and decreased levels of the B subunit that are associated with the degree of
AD progression. Increased levels of a PP2B inhibitor, namely, calcipressinl, have also been
detected. It remains possible that there may be local changes in PP2B subunit expression or
expression of calcipressinl in specific brain regions, or in specific subcellular compartments
that lead to restricted inhibition of phosphatase activity which could, in turn, influence the
phosphorylation of substrates such as tau (see below for further discussion). In this respect,
one study of a double APP/PS1 AD mouse model has reported that there was increased
PP2B immunoreactivity found in activated astrocytes, but not neurons, surrounding amyloid
deposits.119

C. Pathophysiological Roles of Protein Phosphatase 2B in Alzheimer’s Disease

PP2B activity has been implicated in the generation of both A and hyperphosphorylated
tau, the two hallmarks of AD pathology. Early studies suggested a role for PP2B in the
production of AB, but the molecular basis for the effects observed using PP2B inhibitors was
never identified.120 Several studies have implicated PP2B in the regulation of tau
phosphorylation. As for PP2A (discussed above), PP2B can directly dephosphorylate
specific sites in hyperphosphorylated tau (Table 1).28:30:32 These jn vitro studies suggested
that PP2B may not be a very active tau phosphatase, and consistent with this conclusion,
other studies in AD brain have indicated that the increased proteolysis and activation of
PP2B were not associated with dephosphorylation of tau but was correlated with
hyperphosphorylation of tau.110-111 |n contrast, downregulation of PP2B using antisense
oligonucleotides or the inhibitors cyclosporin or FK506 resulted in increased
phosphorylation of a number of sites in tau that are implicated in formation of NFTs.35-37
Given that PP2B can directly dephosphorylate some of the same sites /n vitrothat are altered
by PP2B inhibitors, the simplest explanation of these results is that PP2B directly can
dephosphorylate certain sites in tau /n7 vivo. However, PP2B, like other PPases, may also act
indirectly to control the activities of the kinases that phosphorylate tau. In this regard, PP2B
was shown to dephosphorylate S9 of GSK3 in neuroblastoma cells, leading to activation of
GSK3p and phosphorylation of tau.121

D. Role of Protein Phosphatase 2B in the Synaptopathology of Alzheimer’s Disease

As mentioned above, there is a growing recognition that the earliest cognitive impairments
seen in AD may result from loss of functional synaptic transmission. Studies that argued
against the original amyloid hypothesis of AD found that the patterns of synapse loss, rather
than amyloid deposits, correlated best with the cognitive deficits in affected patients.122-124
Subsequent studies in AD model mice and through the use of Ap oligomeric preparations in
in vitro studies indicated that synaptic plasticity at excitatory synapses was impaired.125-127
Further studies indicated that application of Ap to brain slices and into rodent brain induced
synaptic loss, blocked LTP, and impaired cognitive function.8:2128-135 Ag s produced in
neurons in an activity-dependent manner and may normally be part of a negative feedback
process that controls excitatory synaptic transmission.12” However, higher levels of soluble
AP oligomers lead to defective AMPA and NMDA glutamate receptor trafficking and
ultimately synaptic loss.133:136-138 The precise mechanisms involved in the actions of AB
oligomers at the cell surface are not clear but may include both pre- and postsynaptic
signaling processes and a.7-nicotinic acetylcholine receptors, glutamate receptors, and the
cellular prion protein.133.136.139-141 Gytamate re-uptake at excitatory synapses may also be
impaired, leading to altered synaptic and extrasynaptic signaling.139 There is now a
significant body of evidence that supports a key role for PP2B in mediating the disruptive
effects of Ap on synaptic structure and function.

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2013 August 10.
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The first suggestion for a role for PP2B in the actions of Ap came from studies of LTP in
dentate gyrus.142 Both induction and maintenance of early and late phases of NMDA
receptor-dependent LTP were found to be inhibited by application of AB1-42. Based on
previous data which indicated that AB could increase intracellular Ca2* levels143.144 and the
knowledge that PP2B plays a key role in regulation of synaptic plasticity,101 the effects of
the immunosuppressant inhibitors of PP2B, namely, cyclosporin A and FK506, were
studied. Both cyclosporin A and FK506, but not rapamycin (a control for FK506), prevented
the effects of AB1-42 on LTP. The mechanism(s) involved in the effects of A were
investigated in detail by Snyder er al, 136 who found that application of Ap to cortical
cultures resulted in decreased surface expression of NMDA glutamate receptors at synapses
through promotion of endocytosis. Moreover, there was reduced surface expression of
NMDA receptors in cultures obtained from the APPswe mouse model of AD. Further work
established a role for a-7 nicotine receptor activation by Ap and a requirement for PP2B,
based on the ability of cyclosporin to block the effects of Ap on NMDA receptor surface
expression. As discussed in more detail below, a likely substrate for PP2B is the tyrosine
phosphatase, STEP61, which is known to regulate NMDA receptor endocytosis through
dephosphorylation of Tyr1472 of NR2B. AP was also able to block downstream signaling
via NMDA receptors as demonstrated by reduced phosphorylation of the key transcription
factor CREB in cultured neurons. Additional studies also showed that A exposure resulted
in increased endocytosis of AMPA receptors137:138.145 and that PP2B was required for the
effect of AB.138:145 The effects of AB on disruption of synaptic signaling were also
accompanied by loss of dendritic spines, and although the precise mechanisms have not

been clearly resolved, PP2B has been shown to be required for the effects of Ap on spine
loss, 133,138

PP2B is required for LTD, and studies of overexpression and inhibition of PP2B in mice
show that it plays an important negative role in learning and memory.191 Consistent with
this role, intraperitoneal injection of FK506 was found to rescue deficits in contextual fear
conditioning and novel object recognition in relatively young (5-month-old) mice expressing
human APPswe (the Tg2576 AD mouse model).146:147 Taken together, these studies
strongly support a role for PP2B in mediating early effects of Ap on synaptic plasticity and
synaptic structure that is likely linked to impairment of learning and memory as well as
cognition. Given the similarities observed, it has been suggested that the effects of Ap on
synaptic plasticity share common mechanisms with those involved in LTD.133.138

E. Mechanisms of Action of Protein Phosphatase 2B in Mediating the Effects of AB

Despite the clear evidence that PP2B is involved in the actions of AB on synaptic function, a
number of important questions remain to be answered. Several mechanisms may be involved
in the activation of PP2B. Consistent with the growing appreciation that soluble oligomeric
forms of A are critical for the early synaptic dysfunction, activation of PP2B also requires
AB oligomers,133145.148,149 The target for AR oligomers is not, however, clear and several
possible binding partners have been suggested.149145 Snyder et a/. implicated a.7 nicotinic
receptors in the effects of A on NMDA receptor endocytosis, 236 but no role for a7
receptors were found in studies of AB on spine loss.133 Rather, impairment in NMDA
receptor-dependent Ca2* influx was suggested. This may seem paradoxical since PP2B
requires Ca2* for activation. However, PP2B exhibits high affinity for Ca?*/calmodulin and
is preferentially responsive to small increases in Ca2*, which is the basis for its selective
activation in LTD.100 Alternatively, as discussed above, PP2B may be proteolytically
cleaved to produce a more active form.119111 While most of the studies implicating PP2B in
AP actions have focused on soluble oligomeric forms, and processes that occur prior to
amyloid plaque deposition, a recent study in AD model mice expressing human APP and
presenilin 1 shows elevated Ca2* overload in neurites and spines.130 Notably, the changes in
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Ca2* were located in the proximity of amyloid plaques, where it was shown that spino-
dendritic Ca2* compartmentalization was perturbed. Intraperitoneal injection of FK506
prevented Ca2* overload and the associated structural changes, further complicating the
identification of the source of Ca2* that might activate PP2B.

PP2B is a multifunctional phosphatase that dephosphorylates a wide variety of substrates in
different cellular compartments,101.103.151 Key phosphorylation sites in either NMDA or
AMPA receptors that are associated with receptor trafficking may be direct substrates for
PP2B.103.152.153 | sypport of this, studies of the Tg2576 AD mouse model suggested that
S845 of GIuR1 was a direct target for PP2B.113 Alternatively, PP2B may act to control
glutamate receptor trafficking indirectly through regulation of substrates that include the
tyrosine phosphatase STEP (see further discussion below). PP2B plays an important role in
the regulation of transcription, and transcription factors, including NFAT1-4 and MEF2, are
important neuronal substrates. MEF2 is activated by PP2B and this is known to be coupled
to loss of dendritic spines,14 although to date there are no studies of MEF2 in AD. NFAT
proteins have been studied intensively in immune signaling, and the immunosuppressants
cyclosporin A and FK506 work through inhibition of the actions of PP2B dephosphorylation
of NFATSs and nuclear translocation. Notably, two recent studies have implicated NFAT
transcription factors in the actions of PP2B, acting downstream of AB.149155 While the
general conclusions reached by the two studies were similar, the details were distinct. One
study found increased nuclear translocation of NFAT1 and NFAT3 which was associated
with mild cognitive decline or AD, respectively,15% while the second study found increased
NFAT4 in nuclear fractions from the cortex of AD patients.14° Oligomeric Ap was found to
stimulate NFAT in astrocyte cultures and to influence glutamate-induced neuronal
degeneration.1® In contrast, in the second study, NFAT signaling was required for dendritic
simplification and spine loss in neurons, a process dependent on PP2B.149 Finally, it has
also been suggested that proapoptotic proteins may be activated through their ability to be
dephosphorylated and activated by PP2B, and that this is involved in the neurodegenerative
actions of Ap.196.157

IV. Protein Phosphatase 1

A. General Properties

PP1 is known to have an important role in several aspects of neuronal function.100.158 ¢
plays a key role in synaptic signaling, where it is required for LTD.?9159 Behavioral studies
have also elegantly shown that PP1 controls aspects of learning and memory.160 There are
four isoforms of PP1 that are the products of three genes, with PP1a and y being highly
enriched in dendritic spines where they are positioned to regulate early stages of
postsynaptic signaling.158 A notable feature of PP1 is that the catalytic subunits of the
phosphatase can interact in a mutually exclusive way, with as many as 200 distinct
regulatory proteins that target PP1 to specific subcellular locations where they influence
substrate specificity.161 For example, the F-actin-binding proteins spinophilin and neurabin
are localized to actin-rich dendritic spines where they recruit PP1 to selectively
dephosphorylate glutamate receptors.162— 164 pp1 also plays an important role in other
cellular compartments such as the nucleus where it is a major phosphatase that
dephosphorylates S133 in CREB165.166 and is also targeted to histone modification via
interactions with HDACs.167 Extensive studies have shown that PP1 is a major target for
dopamine signaling in striatal neurons where it is regulated by DARPP-32, a protein highly
expressed in dopamine-innervated medium spiny neurons.*2
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B. Pathophysiological Roles of Protein Phosphatase 1 in Alzheimer’s Disease

Although most of the focus has been on the role of PP2A, PP1 has also been implicated in
the regulation of tau dephosphorylation. For example, PP1 prepared from human
postmortem brain was found to exhibit some site selectivity toward hyperphosphorylated
tau.28:29 T212, T217, S262, S396, and S422 were found to be preferentially
dephosphorylated by the PP1 preparations, while T181, S199, S202, T205, S214, and S404
were not dephosphorylated. Of the selected sites, in one study, it was suggested that T212
might be a specific site for PP1,2? as this site was apparently not a good substrate for PP2A
or PP2B. However, this observation was not confirmed in another study.28 It was also not
clear what the status of the PP1 preparation was in terms of potential PP1 regulatory
proteins, which might be expected to significantly influence substrate specificity.

In other recent studies, PP1 and hyperphosphorylated tau have been connected to deficits in
axonal transport via a mechanism involving PP1. Using a squid axoplasm preparation, a
reduced system in which various aspects of axonal transport can be studied, earlier studies
found that filamentous human tau could inhibit fast anterograde axonal transport.168 The
effect of human tau was found to act via a process that involved activation of PP1,
dephosphorylation and activation of GSK3, and subsequent phosphorylation of kinesin light
chains by GSK3. This process depended on an 18-amno acid domain at the N-terminus of
tau, which the authors suggested was a PP1-activating motif. In a follow-up study, it has
been shown that pathogenic AD forms of tau enable greater exposure of the PP1-activating
motif, which is normally sequestered by protein—protein interactions.189 Moreover, there is a
large increase in the accessibility of the PP1-activating motif in postmortem samples from
AD patients. The mechanism by which PP1 might be activated is not known. However, it
seems possible that this might involve recruitment of a form of PP1 that is targeted to GSK3
via a specific PP1-targeting protein. Alternatively, the N-terminal region of tau might
perturb the interaction of a specific targeting subunit with PP1.

There is no obvious data related directly to studies of PP1 activity or levels in AD brain.
However, PP1 activity may be required for mediating the effects of Ap on synaptic
plasticity. In a study that used transgenic mice expressing human APP with both Swedish
and Arctic mutations, hippocampal slice LTP was found to be inhibited.17? A selective PP1
inhibitor blocked the effects of AB, and a similar result was found in hippocampal slices
isolated from APPswe/ PS1 mice. Notably, the effects on LTP were not observed in mice
that overexpressed a PP1 inhibitor, a result that is consistent with the known role for PP1 in
LTD. Early studies of LTD in hippocampal neurons indicated that PP1 is required
downstream of PP2B,171 although the targets for PP1 have not been clearly identified. As
for PP2B, PP1 may act directly to dephosphorylate NMDA and AMPA glutamate receptors
and regulate their trafficking to and from synapses. Alternatively, PP1 may act at the level of
regulation of substrates such as CaM kinase I, or transcription factors such as CREB. The
tyrosine protein phosphatase, STEP, may also be a target since it can be regulated by PP1
(see below). Interestingly, PP1 has been suggested to be inhibited by AB,172 but it is not
clear how this would relate to known synaptic roles of PP1 in LTD where PP1 activity
would be required for the disruptive effects of Ap on synaptic plasticity.

A more indirect role for PP1 in AD has been suggested by studies of the translational control
of BACE1 protein levels.173 The level of BACEL1 protein, which is the rate-limiting protease
involved in AB formation, is known to be upregulated in AD.174175 |n attempts to address
the possible mechanisms involved, studies carried out in HEK cells and primary neuronal
cultures indicated that cell stress leads to regulation of the unfolded protein response system
and increased phosphorylation of the translational initiation factor elF2a.. Notably, while
phosphorylation of elF2a leads to a general inhibition of translation, certain mRNASs
including that for BACEL can be preferentially translated, leading to increased BACE1
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protein synthesis. A large body of work has found that elF2a dephosphorylation is regulated
by PP1 in complexes with the specific PP1 targeting protein GADD34. 176.177 |n primary
neurons, the small molecule, salubrinal, which specifically inhibits PP1 in this complex,178
selectively increased elF2a phosphorylation leading to increased levels of BACE1L and Ap.
In contrast, blocking elF2a phosphorylation had the opposite effect. Analysis of the 5xFAD
AD mouse model found parallel increases in levels of BACEL and elF2a phosphorylation,
and a similar effect on elF2a was observed in samples from AD brains. As for PP2A
(discussed earlier), these studies highlight the potential importance of studying specific
forms of PP1 in complexes with unique targeting subunits that may play important roles in
the regulation of neuronal processes related to AD.

V. Protein Phosphatase 5

A. General Properties

Protein phosphatase 5 (PP5) is a serine/threonine PPase related to PP2A, which is
ubiquitously expressed but present in high levels in neurons.17? It is unique in terms of the
domain structure of the catalytic subunit, in that it contains three so-called tetratricopeptide
repeat domains at the N-terminus which may play a role in autoinhibition of PPase activity.
While PP5 is less studied than PP2A, a few reports have suggested a role for PP5 in
regulation of tau dephosphorylation and also in the toxic effects of AB.

B. Pathophysiological Roles of Protein Phosphatase 5 in Alzheimer’s Disease

Using either recombinant PP533 or enzyme immunoprecipitated from rat or human

brain, 28:34 PP5 has been shown to dephosphorylate a number of sites in
hyperphosphorylated tau. T205, T212, and S409 were relatively good substrates for PP5,
while S199, T202, S214, S396, and S404 were less efficiently phosphorylated (Table I).
Interestingly, while S199 was not the best site for PP5 compared to PP1, PP2A, and PP2B,
PP5 was the most effective PPase for this site. Analysis of postmortem samples from human
AD brains indicated that PP5 levels and activity were reduced by ~20% compared to control
samples, suggesting a contributing role for PP5 in the increased phosphorylation of tau seen
in AD brain, 2834

PP5 may also be able to play a neuroprotective role to attenuate the effects of Ap
toxicity.180 Previous studies have indicated that AB impairs mitochondrial function and can
increase the levels of reactive oxygen species that may be causally involved in neuronal
toxicity.181 In cortical neurons in culture, PP5 downregulation was associated with increased
ApB-induced cell death, while overexpression of PP5 had the opposite effect. PP5 may
prevent the actions of AP through its ability to suppress MAP kinase pathways involved in
apoptosis.

VI. Striatal-Enriched Tyrosine Phosphatase

A. General Properties

STEP is an intracellular tyrosine phosphatase expressed in the striatum, hippocampus,
neocortex, and other brain regions that are involved in learning and memory.182-184 STEpP
isoforms include a cytosolic STEP46 and a membrane-associated STEP61, the latter being
localized, in part, to the postsynaptic density.18% A large body of work supports a model in
which STEP opposes the development of synaptic strengthening through its ability to
dephosphorylate various cellular substrates involved in this process (reviewed in
Refs.184.186) These include key neuronal signaling molecules such as the MAP kinases,
ERK1/2, and p38,187:188 the Src family kinase Fyn,18% and Pyk2.1%0 STEP also regulates
NMDA and AMPA receptor trafficking. STEP61 dephosphorylates the NR2B subunit of the
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NMDA receptor, leading to internalization of NR1/ NR2B. Increased STEP61 activity was
associated with increased internalization of GIuUR1/GIuR2 receptor complexes and STEP KO
mice have increased levels of these AMPA receptors on neuronal synaptic membranes,
although whether STEP directly dephosphorylates the GIuR2 subunit of the AMPA receptor
is under investigation,136.191-194

STEP is also subject to regulation by various mechanisms that control its level of expression
and activity. An important feature of STEP is the presence of a kinase-interacting motif
(KIM domain) that is essential for substrate binding.187.195 Notably, phosphorylation by
protein kinase A at a serine residue within the KIM acts to inhibit the interaction of STEP
with substrates, 1% and phosphorylation of the KIM domain can be reversed by the actions
of either PP1 or PP2B.188.196.197 The action of PP1 on STEP is subject to regulation in
striatal neurons by dopamine through the ability of DARPP-32 to inhibit PP1, a process that
contributes to synergistic activation of ERK1/2 by glutamate and dopamine and which plays
an important role in the actions of drugs of abuse.197 In addition to regulation of activity,
STEP protein levels can be controlled by local translation in neuronsi8 or through
degradation by calpain-dependent cleavage or through ubiquitination and targeting to the
proteasome.199-201 Gjven its critical role in regulation of synaptic function, as well as its
regulation by various signaling pathways, it is not surprising that STEP has been implicated
in various neuropsychiatric and neurological disorders, including drug addiction,
schizophrenia, fragile X syndrome, and stroke. Several recent studies have also revealed a
key role for STEP in AD.

B. Pathophysiological Roles of STEP in Alzheimer’s Disease

As discussed above, there is a growing appreciation that the effects of Ap on synaptic
plasticity are responsible, at least in part, for the cognitive decline observed in AD. An
important series of studies that contributed to this hypothesis has found that Ap reduces
surface expression of both NMDA and AMPA glutamate receptors at synapses through
increased endocytosis and that STEP plays a central role in the actions of Ap,136:137.194.202
In the case of NMDA receptors, activation of a-7 nicotinic receptors is coupled to activation
of PP2B, which promotes dephosphorylation of STEP at the regulatory site within the KIM
domain.138 PP2B may act directly on STEP as a substrate or act via inhibitor-1/DARPP-32
and PP1.197 |n either case, dephosphorylation of STEP would promote its interaction with
substrates. As mentioned earlier, STEP is known to regulate NMDA receptor endocytosis
through its ability to regulate the dephosphorylation the NR2B subunit!93:193 STEP likely
modulates the phosphorylation of the NR2B subunit of the NMDA receptor by two parallel
pathways. STEP can directly dephosphorylate Y1472 of the NR2B subunit.136:201 STEP
may also act indirectly via dephosphorylation and inactivation of the Src family kinase Fyn,
which is a kinase implicated in phosphorylation of Y1472189 Phosphorylation of Y1472
resides within a conserved tyrosine-dependent endocytic motif.203 When dephosphorylated
by STEP, the tyrosine residue in this motif binds to clathrin adapter proteins via strong
hydrophobic interactions and promotes endocytosis of the NMDA receptor.

Further direct support for a role of STEP in mediating the actions of Ap on glutamate
receptor endocytosis has come from studies of STEP knockout mice.1%* ST EP knockout
mice294 were crossed with 3xTg-AD mice2%° to produce progeny null for STEP but with
elevated AB levels (3xTg-AD/STEP~/~; double mutant). Genetic reduction of STEP
attenuated the loss of NR1 and NR2B NMDA receptor subunits from synaptosomal
membranes observed in the 3XxTg-AD mice. Similar biochemical results were observed in
Tg2576 mice in which STEP was knocked out. Importantly, the recovery in levels of
NMDA receptors was accompanied by attenuation of the cognitive deficits normally seen in
the 3xTg-AD mice. Specifically, 6-month-old double mutant mice were improved, relative
to 3xTg-AD littermates, when tested for spatial reference memory in the Morris water maze,
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spontaneous alteration performance in the Y maze, and nonspatial hippocampus-dependent
memory in an object recognition task. Notably, all groups tested displayed similar locomotor
activity and exploratory behavior in the open field task. An important aspect of this study
was that the attenuation of AD-like cognitive deficits in double mutant mice took place
despite unchanged levels of both AP and phospho-tau, which are measurable at 6 months of
age in 3xTg-AD mice. These findings suggest that the improved cognitive function was due
to the decrease in STEP levels and that these improvements could be achieved without
diminishing A and phospho-tau levels at least at the earlier age tested.

STEP is also likely to be involved in regulation of AMPA receptor endocytosis by AR
Biochemical studies have implicated STEP in regulation of dephosphorylation of the GIuR2
AMPA receptor subunit,192 although the precise mechanism remains to be clearly
elucidated. The GIuR2 subunit of the AMPA receptor appears to be phosphorylated by Src
family kinases.29 A recent study has found that phosphorylation of Y876 in GIuR2 controls
its endocytosis via a mechanism involving the guanine-exchange factor BRAG2, the
GTPAse Arf6, and the adaptor protein AP2.207 As for NMDA receptors, STEP may
therefore act either directly to dephosphorylate the GIuR2 subunit at Y876 or alternatively to
regulate the activity of Src family kinases or other tyrosine kinases that phosphorylate this
site. In support of a direct role for STEP, recent studies have shown that the decrease in
surface expression of GIuR1 and GIuR2 observed in Tg2576 mice is reversed when STEP is
knocked out.202

As mentioned above, the Src family kinase Fyn is a substrate for STEP that may be involved
in regulation of glutamate receptor endocytosis. For many years, Fyn has been implicated in
various aspects of AD. Fyn phosphorylates tau and may be involved in regulation of tau
hyperphosphorylation.299:210 Fyn has also been implicated in the synaptic and cognitive
impairments caused by AB.211:212 |nterestingly, recent studies suggest that tau may act as a
scaffold for Fyn that is needed for the effects of Ap213.214 Activation of Fyn is achieved by
intermolecular autophosphorylation of Y420 in its catalytic domain, and STEP can
inactivate Fyn through dephosphorylation of Y420.189 It is not clear how the actions of
STEP might influence these various effects of active Fyn in terms of mediating the effects of
AB, but it is possible that activation of Fyn and activation of STEP occur with different
kinetics or in different postsynaptic locations in neurons affected by Ap

STEP Protein Expression Are Elevated in Alzheimer’s Disease

In addition to regulation of activity, the levels of expression of STEP protein have been
implicated in AD. Elevated levels of the STEP61 isoform are present in Tg2576 201 and
3xTg-AD mice.194 Other studies have found that STEP61 levels are elevated in the J20 AD
mouse line.212 Moreover, elevated levels of STEP61 have been found in prefrontal cortex
from AD patients.21 The mechanism for the increase in STEP61 levels involves Ap-
mediated inhibition of the ubiquitin proteasome system (UPS).2%1 Increasing evidence
suggests that UPS dysfunction plays an important role in the pathogenesis of AD.215-217 |
human AD brains, ubiquitin immunoreactive inclusion bodies accumulate and proteasomal
activity is decreased.?18.219 proteasomal inhibition results in the accumulation of
ubiquitinated proteins, a decrease in free ubiquitin, and increased levels of several proteins
involved in AD pathology, including tau and BACE1.220-225 Notably, proteasome activity
decreases with age in the brains of Tg2576 mice,226 while restoring ubiquitin-recycling
enzymes rescues memory deficits and dendritic spine alterations in AD mouse
models.224227 STEP degradation is controlled by the UPS, and impairment of the UPS seen
in response to AB in cell-based assays, or in the Tg2576 AD mouse model, has been shown
to lead to increased levels of ubiquitinated STEP that remains active.201 Thus AB modulates
STEP via two parallel pathways which are not mutually exclusive. Ap-induced activation of
PP2B leads to dephosphorylation of STEP61 and activation, while AB-mediated inhibition
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of the UPS leads to reduced degradation of STEP61. In either case, elevated levels of A
result in upregulation of STEP activity and consequently lead to decreased phosphorylation
and surface expression of NMDA and AMPA glutamate receptors, leading to reduced
cognitive ability.

VII. Other Protein Phosphatases

A. Role of Additional Protein Phosphatases in the Pathophysiology of Alzheimer’s Disease

Given the likely role of diverse signaling pathways being involved in the actions of A in
the synaptopathology of AD, and the complexity of the numerous sites being
hyperphosphorylated in tau by various kinases, it is to be expected that roles for other serine/
threonine and tyrosine protein phosphatases will be elucidated in the near future. In support
of this, recent studies have begun to reveal unexpected roles for a number of protein
phosphatases in AD-related contexts. For example, a recent study has shown that the
leukocyte common antigen CD45, a receptor tyrosine phosphatase that plays an important
role in the immune response, contributes to microglial-mediated clearance of Ap
oligomers.228 Promotion of CD45 action might therefore be of help in treatment of AD. In
another recent study, the PTPase PTP1B has been implicated in the susceptibility to diet-
induced obesity and glucose intolerance in an APPswe/PSEN1 transgenic mouse line.229
Increased PTP1B activity is likely associated with insulin resistance, a possible risk factor
associated with AD. A number of previous studies in AD mouse models have indicated that
there is aberrant upregulation of expression in postmitotic neurons of proteins normally
associated with the cell cycle.230 Included in these cell cycle proteins is the tyrosine
phosphatase Cdc25, which plays a critical role at the G2/M transition in the cell cycle
through its ability to activate Cdc2/cyclin B.231.232

VIII. Protein Phosphatase-Directed Therapeutics for the Prevention and
Treatment of Alzheimer’s Disease

According to the National Institute on Aging, there are more than 5 million Americans who
suffer from AD. Yet, despite a desperate need, development of an effective treatment for AD
has been a major challenge. Four drugs are currently approved by the FDA to treat cognitive
deficits in AD. Three of them are acetylcholinesterase inhibitors, which combat the loss of
acetylcholine caused by the death of cholinergic neurons, while the other is a
noncompetitive NMDA receptor antagonist, which inhibits overactivation of NMDA
receptors by glutamate.? None of these drugs halts progression of the disease. Significant
effort has been put into development of inhibitors of Ap production.233 However, targeting
v-secretase with nonselective y-secretase inhibitors has deleterious effects on health, likely
because y-secretase also cleaves other substrates, such as Notch, which are essential for
normal biological function.234 This limitation is highlighted by the recent failure of the -
secretase inhibitor semagacestat in Phase 111 clinical trials.23° Given the lack of available
drugs to treat AD, it is imperative to identify novel molecular processes that might be
amenable to targeting through new drugs. Protein phosphatases, including PP2A, and STEP
may be potential therapeutic targets for AD. It may also be possible to use a strategy that
would combine one or more regulator of a protein phosphatase with kinase inhibitors that
would provide a complementary approach to control of, for example, hyperphosphorylation
of tau.

A. PP2A Regulators

Postmortem analysis and /in vivo models give strong indications of a central role for PP2A in
AD. Understanding neuronal mechanisms of PP2A regulation could therefore provide useful
pharmaceutical targets for rational therapeutic interventions to treat or prevent AD.
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Convincing data exist that reductions in PP2A activity can contribute to AD progression so
that enhanced activity would likely be beneficial. Although generally more difficult to
identify than inhibitors, it may be possible to either generate direct PP2A activators or take
advantage of the endogenous biochemical regulatory mechanisms to achieve this goal. A
number of compounds have been reported that activate PP2A (reviewed in Ref. 236).
Sodium selenate has recently been tested in a model of AD.237:238 This anionic PP2A
activator was administered to tau transgenic animals where it was found to reduce tau
hyperphosphorylation and enhance cognitive performance. The commonly used AD
therapeutic memantine has been demonstrated to inhibit 12’s activity toward PP2A, which
may explain some of its therapeutic efficacy.239 Metformin, which enhances PP2A levels by
inhibiting its degradation, has been shown to be beneficial in models of AD20, Finally it has
recently been shown that an inhibitor of PP2A demethylation, namely, eiconsanoyl-5-
hydroxytryptamide, provides enhanced PP2A activity, reduced protein phosphorylation, and
cognitive benefits in rodent models for neurodegeneration.241

The encouraging data from multiple PP2A enhancing strategies suggest efficacy. Questions
remain as to whether PP2A can be safely modulated in the therapeutic environment,
particularly due to its ubiquitous nature and broad range of substrates. Some of the
mechanisms of PP2A activation or stabilization described above may provide a level of
selectivity: for example, modulation of only certain regulatory subunits. Given the
compelling data linking PP2A to AD and the favorable outcomes from preliminary studies
with rodent models, it is apparent that PP2A-targeted therapeutic approaches have
significant potential for groundbreaking disease modifying pharmaceutical development.

B. STEP Inhibitors

Based on studies which show that STEP normally acts to oppose synaptic strengthening, that
knockout of STEP can attenuate behavioral and biochemical deficits in 3xTg-AD mice, and
that STEP is a tyrosine phosphatase with a known structure and enzymatic mechanism,
STEP would appear to be a viable drug target, inhibition of which may potentially alleviate
some of the synaptopathology of AD. However, past and current efforts to develop drugs
targeting specific PTPs have been plagued by issues related to bioavailability and selectivity.
This is due to the fact that the majority of PTP inhibitors carry a tyrosine phosphate-
mimicking group that provides most of the binding energy through interaction with a highly
conserved phosphate-binding loop in the catalytic center of every PTP. Based on emerging
evidence, selectivity of inhibitors may be more readily achieved by targeting and stabilizing
an inactive open-state PTP conformation, which dramatically differs from the active closed
state. 242-244 |n the open state, the flexible WPD-loop, which contains the catalytic acid/base
aspartate, is distant from the catalytic center. Interestingly, the 3D structure of STEP
exhibits an atypical open conformation that differs from most PTPs.24% In this conformation,
the WPD-loop is farther retracted, resulting in a large binding pocket that is not dominated
by the conserved phosphate-binding loop. Hence, small molecules that bind STEP in its
open state are likely to be very selective inhibitors. Moreover, STEP has a unique glutamine
residue in the flexible WPD-loop, which may be utilized for specific interactions with a
small molecule. In studies with the closely related phosphatase HePTP, a selective small-
molecule inhibitor was found to interact specifically with the corresponding histidine residue
in HePTP.246 Several pharmaceutical companies have begun drug discovery programs to
identify STEP inhibitors that will hopefully be available for preclinical studies in the near
future.

C. Other Protein Phosphatase Drug Targets

As for PP2A, PP5 appears to be downregulated in AD, and therefore activators of this
enzyme would presumably be desirable. Conceivably, identification of drugs that could
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relieve autoinhibition of the enzyme might be useful. With respect to development of drugs
that target PP1, a major limitation is the fact that there are potentially 200 or more forms of
PP1 in complexes with the large number of regulatory/targeting subunits that have been
identified. As discussed above, recent studies have identified the drug salubrinal that targets
one specific form of PP1 in a complex with GADD34 and is used to increase the
phosphorylation of initiation factor elF2a..178 This demonstrates the feasibility of designing
selective PP1 drugs. However, the specific example of salubrinal acts to paradoxically
increase the synthesis of BACE1, which would not presumably be useful in the treatment of
AD. Highly specific inhibitors of PP2B (calcineurin), that act as immunosuppressants, have
been identified and used for several decades following transplantation surgery.98:247.248
While commonly used, long-term cyclosporin and FK506 use is associated with
nephrotoxicity, and in some cases, neurotoxicity.249250 However, given the recent results
indicating that active fragments of PP2B are generated in response to Ap, and that PP2B
mediates many of the effects of AB, it may be worth considering the use of these
immunosuppressant drugs in AD, or alternatively, using different types of drugs that might
inhibit PP2B without unwanted side effects.251
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