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Abstract

Alzheimer’s disease (AD) is the most common form of dementia among the elderly, affecting
millions of people worldwide and representing a substantial economic burden. AD is a progressive
disease associated with memory loss and impaired cognitive function. The neuropathology is
characterized by cortical accumulation of amyloid plaques and neurofibrillary tangles (NFTS).
Amyloid plagues are small, aggregated peptides called beta amyloid (Ap) and NFTs are
aggregates of hyperphosphorylated Tau protein. Because AP disrupts multiple intracellular
signaling pathways, resulting in some of the clinical symptoms of AD, understanding the
underlying molecular mechanisms has implications for the diagnosis and treatment of AD. Recent
studies have demonstrated that Ap regulates striatal-enriched protein tyrosine phosphatase (STEP)
(PTPN5). AB accumulation is associated with increases in STEP levels and activity that in turn
disrupts glutamate receptor trafficking to and from the neuronal membrane. These findings
indicate that modulating STEP levels or inhibiting its activity may have beneficial effects for
patients with AD, making it an important target for drug discovery. This article reviews the
biology of STEP and its role in AD as well as the potential clinical applications.

[. Introduction

Alzheimer’s disease (AD) is a common neurodegenerative disorder in people aged 65 years
and older and its prevalence is increasing as the population ages. It is characterized by
irreversible and progressive loss of cognitive function. Clinical symptoms include mild to
severe memory loss, problems with cognition and behavior, and gradual losses in the
activities of daily living (Castellani et al., 2010). At cellular level, AD is associated with
gradual synapse loss, followed by severe neurodegeneration in the brain areas related to
cognitive functions. None of the available pharmacological treatments for AD provide more
than temporary relief from the relentless decline in cognitive and daily function. It is
critically important to understand the pathophysiology of this disease at the molecular level
in order to develop new pharmacological treatments.

In AD, brain regions involved in cognitive functions such as hippocampus, cortex, and
amygdala show pronounced pathological alterations. Postmortem studies of AD brains have
established the neuropathological hallmark of this disease: the accumulation of amyloid
plagues and neurofibrillary tangles (NFTs). Beta amyloid (AB) peptides accumulate during
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the course of the disease and contribute to synaptic dysfunction (Hardy & Selkoe, 2002;
Haass & Selkoe, 2007). Transgenic mice that overproduce A (Philipson et al., 2010) show
that the AP produced at the onset of the illness disrupts synaptic function and contributes to
cognitive impairment early in the disease process (Hsiao et al., 1996; Jacobsen et al., 2006).
The toxic effect (Terry et al., 1991) of Ap on synapse function is confirmed by its ability to
inhibit long-term potentiation (LTP), induce aberrant changes in the synaptic networks,
cause synapse loss, and disrupt cognitive functions in animal models (Lacor et al., 2007;
Palop & Mucke, 2010; Shankar et al., 2008; Walsh et al., 2002).

Striatal-enriched protein tyrosine phosphatase (STEP) is a brain-enriched tyrosine
phosphatase (Lombroso et al., 1991). Accumulating evidence implicates STEP in the
pathophysiology of AD. STEP regulates several synaptic events including glutamate
receptor trafficking, which plays a crucial role in learning and memory (Baum et al., 2010;
Fitzpatrik & Lombroso, 2011a; Goebel-Goody et al., 2012). Recent findings indicate that
AP peptides generated during the course of disease regulate the function of STEP by up-
regulating its activity and protein levels through different mechanisms. Increased STEP
activity and protein levels lead to excessive internalization of glutamate receptors both,
NMDARs (N-methyl-D-aspartate receptors) and AMPARS (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) from the neuronal membrane, which is thought to be
responsible for the synaptic changes associated with cognitive and memory deficits in AD
(Kurup et al., 2010a; Snyder et al., 2005; Zhang et al., 2010). The role of STEP in these
events has been confirmed in AD mouse models by several in vitroand in vivo studies, as
well as behavioral and electrophysiological studies. This chapter reviews what we know
about STEP beginning with its discovery and ending with recent demonstrations of its role
in the pathophysiology of AD.

Il. Striatal-Enriched Protein Tyrosine Phosphatase (STEP)

Protein kinases and protein phosphatases regulate a great variety of cellular pathways
including cell division and higher order brain functions including learning and memory
(Mayford, 2007). A major class of protein kinases is those that phosphorylate their
substrates at tyrosine residues to initiate or modulate intracellular events. Protein tyrosine
phosphatases (PTPs) oppose these activities by dephosphorylating the tyrosine residues, thus
playing a major role in cellular signaling. Although STEP was initially discovered as a
protein enriched in the striatum (Lombroso et al., 1991), it is distributed in other regions of
brain including the cortex and hippocampus (Lombroso et al., 1993). STEP is not present in
the cerebellum; here it is substituted by a homologous PTP called STEP-like PTP (Shiozuka
et al., 1995). Another closely related PTP expressed in immune cells termed “HePTP”
(Hematopoietic Protein Tyrosine Phosphatase) shares sequence homology with STEP
(Adachi et al., 1992).

STEP is an intracellular tyrosine phosphatase encoded by the pfpn5 gene. It exists as two
major isoforms, STEPg; and STEP,46, named after their protein mobility in SDS-PAGE
(Boulanger et al., 1995; Bult et al., 1997) (Fig. 1). The distribution of these two STEP
isoforms varies within different brain regions. STEPg, is present in the cortex, hippocampus,
and striatum, whereas all isoforms are present in the striatum (Boulanger et al., 1995; Bult et
al., 1996). The expression pattern of STEP isoforms changes during development
(Raghunathan, Matthews, Lombroso, & Naegele, 1996). Rodent studies indicate that
STEPg, is expressed at birth and its expression continues throughout adulthood, whereas
STEPg first appears at postnatal day 6 and progressively increases until adulthood,
indicating that the expression of STEP is developmentally regulated, although a specific role
of STEP during later stages of life or in cognitive deficits that occur with aging has not yet
been examined (Okamura et al., 1997; Raghunathan et al., 1996). STEP,4 is primarily a
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cytosolic protein, whereas STEPg, is targeted to membrane compartments (e.g.,
endoplasmic reticulum, Golgi bodies, and endosomes) and postsynaptic densities (Goebel-
Goody et al., 2009; Oyama et al., 1995).

A. Domain Structure

Both STEPg; and STEP,4 isoforms share a common conserved PTP catalytic domain at their
C-terminal region consisting of a conserved sequence ([I/V]JHCxAGxxR[S/T]G) that
contains a critical cysteine residue required for phosphatase activity. Mutation of the
cysteine residue results in a catalytically inactive variant. All STEP isoforms contain a
kinase interacting motif (KIM), which is required for the interactions between STEP and its
physiological substrates (Bult et al., 1996). The KIM contains a critical serine residue;
phosphorylation of this residue by protein kinase A (PKA) prevents STEP from interacting
with and dephosphorylating its substrates (Paul et al., 2000; Paul et al., 2003).

STEPg; differs from STEP4¢ by an additional 172 amino acid residues in the N-terminal
region. This sequence contains two hydrophobic domains that are essential for targeting
STEPg; to the neuronal membrane, including postsynaptic densities. The N-terminal region
of STEPg; also contains two polyproline-rich domains and PEST motifs, which are rich in
proline (P), glutamic acid (E), serine (S), and threonine (T) (Boulanger et al., 1995; Bult et
al., 1996; Oyama et al., 1995). The N-terminal polyproline domain is required for the
association of STEPg; with Fyn kinase (Nguyen, et al., 2002), while the second polyproline
domain is necessary for the interaction of STEPg; with Pyk2 (Xu et al., 2012). The PEST
sequences in several proteins are known to mediate rapid degradation (Shumway et al.,
1999; Spencer et al., 2004), they may also serve as recognition motifs for proteolytic
cleavage or ubiquitination of STEP under certain physiological conditions. Additional STEP
members like (STEP3g and STEPq exists, but their functions are not known. These isoforms
do not contain conserved PTP domain and they are catalytically inactive (Bult et al., 1996;
Sharma, et al., 1995). The recently resolved crystal structure of STEP shows some
distinctive features compared to other PTPs (Eswaran et al., 2006), including a unique open
conformation that is critical for PTP catalysis (WPD loop). This structure may prove useful
in the search for small, specific STEP inhibitors.

B. STEP Regulation

STEP is regulated by several mechanisms including phosphorylation, ubiquitination,
proteolytic cleavage, oligomerization, and local translation (Deb, et al., 2011; Kurup et al.,
2010a; Paul et al., 2000; Xu et al., 2009; Zhang et al., 2008). Recent work shows that PKA
phosphorylation and ubiquitination of STEP play a role in AD (Kurup et al., 2010a; Snyder
et al., 2005). Both events decrease STEP activity in neurons. PKA phosphorylation of a
regulatory serine residue within the KIM domain interferes with the ability of STEP to
interact with its substrates (Paul et al., 2000). Ubiquitination rapidly removes STEPg; from
synaptic sites and promotes degradation by the proteasome (Kurup et al., 2010a; Xu et al.,
2009). A model has thus emerged that STEP normally opposes the development of synaptic
strengthening by inactivating enzymes that facilitates this process. STEP must be inactivated
at synaptic sites, either by phosphorylation within the KIM domain or by rapid degradation
for synaptic plasticity and learning to take place (Braithwaite et al., 2006b; Fitzpatrick &
Lombroso, 2011; Goebel-Goody et al., 2012). Thus, events that disrupt STEP inactivation
would oppose synaptic strengthening.

1. Phosphorylation—Phosphorylation is an important form of posttranslational
modification that regulates various intracellular signaling pathways. Both STEPg; and
STEP,g isoforms are phosphorylated by PKA. PKA-mediated STEP phosphorylation was
initially discovered after dopamine receptor (D1R) activation (Paul et al., 2000). Dopamine
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(DA) D1 receptor (D1R) stimulation activates PKA leading to phosphorylation of both
STEPg; and STEP¢ at a conserved serine residue (designated ser?2! in STEPg; and ser®? in
STEP,6). Phosphorylation at these serine residues results in steric interference, preventing
STEP from interaction with its substrates (Paul et al., 2000). PKA also opposes the
dephosphorylation of STEP by inhibiting the phosphatase PP1 through a DARPP-32-
mediated pathway. PKA phosphorylates DARPP-32 at Thr34, and this phosphorylated form
of DARPP-32 acts as a potent inhibitor for PP1 and blocks its activity (Greengard et al.,
1999). By initiating these parallel events PKA stabilizes the phosphorylated and inactive
forms of STEP (Valjent et al., 2005). PKA phosphorylates another unique serine residue
serl60 in STEPg; at its N-terminal region, although the functional significance is not known.

STEPg; phosphorylation at ser?2! is reduced in AD mouse models and in neuronal cultures
treated with AP (Kurup et al., 2010a; Snyder et al., 2005). Such conditions would increase
the ability of STEP to interact with and dephosphorylate its substrates. Dephosphorylation of
these serine residues is mediated by calcineurin (PP2B)/PP1 pathway, favoring its
interaction with substrates (Snyder et al., 2005; Valjent et al., 2005). As discussed in the
following sections, AP peptide binds to a7 nicotinic acetylcholine receptors (a7 NAChRS)
that in turn lead to the activation of PP2B and STEP dephosphorylation (Snyder et al.,

2005).

2. Ubiquitination—The ubiquitination of target proteins involves the covalent attachment
of ubiquitin to the substrate and often leads to proteasomal degradation of the protein. The
ubiquitin—proteasome system (UPS) plays an important role in cellular protein recycling and
has been implicated in several pathological processes including cancer and
neurodegenerative disease (Hegde & Upadhya, 2011; Yi & Ehlers, 2007). STEPg; is a target
for ubiquitin-mediated proteasomal degradation. STEPg, levels are increased in cortical
neurons treated with Ap (Kurup et al., 2010a). The increase in STEPg; is insensitive to
transcription or translation inhibitors, suggesting that STEPg; accumulation occurs when
normal degradation is blocked. This work led to the isolation of STEP-ubiquitin conjugates
from cells treated with proteasome inhibitors, suggesting that STEPg; is a direct substrate
for ubiquitin conjugation and proteasomal degradation. Together, this work indicates that
AB-mediated inhibition of the proteasome leads to STEPg; accumulation (Kurup et al.,
2010a).

STEP is differentially regulated by synaptic and extrasynaptic NMDARs (Xu et al., 2009).
These receptors are localized in distinct compartments on the neuronal membrane where
they initiate signaling pathways when activated by glutamate (Hardingham & Bading, 2010;
Ivanov et al., 2006). Synaptic NMDAR activation is coupled to extracellular-regulated
kinase (ERK) activation and is involved in synaptic strengthening and neuronal survival
(Hardingham et al., 2002). In contrast, extrasynaptic NMDAR activation is linked to p38
activation and cell death pathways. When synaptic NMDARs are stimulated, STEPg; is
ubiquitinated and rapidly degraded from synaptic sites by the UPS pathway (Xu et al.,
2009). STEP degradation is required for sustained ERK activation. Activated ERK
phosphorylates several synaptic and cytoplasmic proteins, and is translocated to the nucleus
where it phosphorylates and activates transcription factors such as CREB and EIk-1 that are
involved in spine remodeling (Thiels & Klann, 2001).

C. STEP Substrates

1. Mitogen-Activated Protein Kinase—The mitogen-activated protein kinase (MAPK)
family of proteins consists of several enzymes that activate signaling pathways to regulate
cellular differentiation, cell survival and synaptic plasticity (Sweatt, 2004; Thomas &
Huganir, 2004). The MAPK family of extracellular signal-regulated kinases (ERK1/2) and
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p38 are both STEP substrates. STEP dephosphorylates regulatory tyrosine residues in the
activation loop of ERK1/2 (Tyr2%4 in ERK1 and Tyr!87 in ERK2) and p38 (Tyr182), leading
to inactivation of these proteins (Munoz et al., 2003; Paul et al., 2003; Xu et al., 2009).

The ERK1/2 signaling pathway regulates synaptic plasticity by post-translational
modification of synaptic proteins and by initiating nuclear transcription in neurons (Davis,
Vanhoutte, Pages, Caboche, & Laroche, 2000). Activation of ERK1/2 also initiates the local
translation of MRNAs targeted to synapses, as well as promoting neurotransmitter release
from presynaptic axon terminals (Gelinas et al., 2007; Jovanovic et al., 2000). These events
lead to changes in dendritic morphology required for the induction and maintenance of
synaptic plasticity (Thomas & Huganir, 2004). Both STEPg; and STEP4¢ dephosphorylate
the regulatory tyrosine residue of ERK2, thereby playing a role in regulating the duration of
ERK signaling (Paul et al., 2003).

The impact of STEP on these mechanisms has been demonstrated with a membrane-
permeable TAT (transactivator of transcription)-STEP-cysteine to serine isoform. TAT-
STEP (CS) is an inactive variant of STEP, which binds to but does not release its substrates,
as release depends on dephosphorylation (Snyder et al., 2005; Tashev et al., 2009). Infusion
of TAT-STEP (CS) into the lateral amygdale of rats had no effect on the acquisition of
Pavlovian fear conditioning but blocked the consolidation of these memories, suggesting
that the inhibition of ERK-mediated downstream events is required for memory
consolidation (Paul et al., 2007). Further insights into the role of STEP in regulating ERK2
are provided by studies involving the STEP knock out mouse (STEP KO). The hippocampus
of STEP KOs show increased activation of ERK1/2 and its downstream phosphorylation
targets, CREB and ELK transcription factors (Venkitaramani et al., 2011; Venkitaramani et
al., 2009). Furthermore, STEP KO mice perform better in hippocampus-dependent memory
tasks compared to wild-type littermates, which is consistent with prolonged ERK1/2
activation (Venkitaramani et al., 2011).

p38 is a second member of the MAPK family that is dephosphorylated and inactivated by
STEP (Munoz et al., 2003; Poddar et al., 2010; Xu et al., 2009). p38 activation plays a role
in NMDAR-mediated neuronal excitotoxicity and initiates cell death pathways (Bossy-
Wetzel et al., 2004; Semenova et al., 2007). Excess glutamate release results in p38
phosphorylation by preferential activation of extrasynaptic GIuUN2B-containing NMDARS,
and p38 in turn phosphorylates several key proteins involved in cell death pathways (Poddar
etal., 2010; Xu et al., 2009). Extrasynaptic NMDAR activation results in STEPg, cleavage
by calpain, resulting in a nonfunctional isoform, STEP33. STEP33 lacks an intact KIM
domain and does not interact with its substrates, including p38. This leads to the sustained
activation of p38 and favors p38-mediated cell death pathways. Preventing STEPg; cleavage
with a peptide corresponding to the calpain cleavage site protects neurons from glutamate-
mediated excitotoxicity (Xu et al., 2009). This neuroprotective effect is accompanied by
decreased STEPg; cleavage and decreased p38 phosphorylation at its regulatory tyrosine
residue.

In summary, ERK2 and p38 are differentially regulated by STEPg,, depending on whether
synaptic or extrasynaptic NMDARs are activated. Stimulation of synaptic NMDARSs results
in the degradation of STEPg; by the UPS, favoring the development of synaptic plasticity
and neuronal survival. Extrasynaptic NMDAR stimulation results in STEPg; cleavage by
calpain, p38 activation, and promotes cell death. Both of these events are implicated at
different stages of in AD. The role of STEP in regulating p38-mediated pathway and
neuronal death in later stage of AD is under investigation.
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2. Fyn—Fyn is a member of Src family of tyrosine kinases that was originally identified as
a protooncogene regulating cellular growth (Semba et al., 1986). It is a nonreceptor tyrosine
kinase associated in part with the cytoplasmic side of the plasma membrane. Fyn is targeted
to the postsynaptic density and regulates neuronal signaling, including synaptic plasticity
(Ali & Salter, 2001; Husi et al., 2000; Walikonis et al., 2000). Fyn activity is regulated by its
own tyrosine phosphorylation; it is activated by autophosphorylation at a tyrosine residue
(Tyr#20), whereas phosphorylation by C-terminal Src kinase (Tyr>31) leads to Fyn
inactivation (Sun et al., 1998; Superti-Furga, et al., 1993). One role that Fyn plays in
synaptic strengthening is to participate in the trafficking of NMDARs (Kohr & Seeburg,
1996; Lau & Huganir, 1995). Fyn phosphorylates GIuUN2B subunit at Y1472 residue in a
conserved (YEKL) motif of, resulting in NMDAR insertion into membrane (Nakazawa,
Komai, & Tezuka et al., 2001; Roche et al., 2001).

STEP binds to Fyn by interacting with the first polyproline domain and the KIM domain.
STEP opposes Fyn activation by dephosphorylating the tyrosine residue (Tyr429) (Nguyen et
al., 2002). STEP KO mice have increased Fyn tyrosine phosphorylation at Tyr420 and
increased phosphorylation of NR2B GIuN2B subunit at Tyr1472, Moreover, STEP KO mice
show increased surface NMDAR levels, enhanced theta-burst LTP in hippocampal slices,
and improved hippocampus-dependent memory (Venkitaramani et al., 2011; Zhang et al.,
2010). Together, these findings suggest that STEP regulation of Fyn contributes to
suppression of synaptic plasticity and memory consolidation.

3. Glutamate Receptors—Glutamate is the most abundant excitatory neurotransmitter in
the central nervous system. It is involved in several physiological processes including
synaptic plasticity, learning and memory, and several pathological processes that promote
excitotoxicity through excessive glutamate release (Lau & Tymianski, 2010; Riedel et al.,
2003). Glutamate binding to metabotropic glutamate receptors (mGIuR) mediates cellular
signaling via G-protein coupled pathways. Glutamate activation of ionotropic glutamate
receptors leads to ion influx and changes in the postsynaptic membrane potential, which in
turn activates signaling cascades inside neurons (Mayer & Armstrong, 2004; Traynelis et al.,
2010). As mentioned earlier, two major classes of ionotropic receptors regulated by STEP
include the NMDARs and AMPARs, both of which play major roles in synaptic plasticity
and learning and memory (Pelkey et al., 2002; Snyder et al., 2005; Zhang et al., 2008). In
AD, Ap-mediated synaptotoxicity is associated with decreased NMDARs and AMPARs-
dependent excitatory synaptic transmission, decreased surface receptor levels, and spine
loss. These changes in the glutamatergic function may eventually lead to synaptic
depression, alterations in synaptic networks, and cognitive deficits associated with the
progression of AD (Palop & Mucke, 2010).

(a) NMDARSs are tetramers composed of two GIuN1 (formerly known as NR1) subunits and
two GIuN2 subunits (GluN2A-GIuN2D), and less commonly, the GIuN3 subunit. NMDARs
are ligand-gated ion channels activated by a selective pharmacological agonist called
NMDA. NMDARs require the co-agonist glycine for full activation. A distinctive feature of
NMDAR activation is the requirement for strong postsynaptic depolarization. Activation
requires both glutamate/glycine binding and strong post-synaptic membrane depolarization
to remove an internal Mg2* from blocking the channel pore. NMDARSs are selectively
permeable to Ca2* ions, which activate numerous signaling molecules including the protein
kinases and protein phosphatases required for LTP and long-term depression (LTD) (Cull-
Candy et al., 2001; Rebola et al., 2010).

Surface expression and channel function of NMDARSs is modulated by the Src family
kinases such as Fyn (Nakazawa et al., 2001; Nakazawa et al., 2006; Roche et al., 2001). Fyn
phosphorylates the GIuUN2B subunit at a conserved motif, leading to exocytosis of the

Adv Pharmacol. Author manuscript; available in PMC 2013 August 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu et al.

Page 7

GIuN1/GIuN2B receptor complex. STEP opposes NMDAR surface expression by two
parallel pathways: it inactivates Fyn and dephosphorylates the Tyr1472 of the GIuN2B
subunit (Braithwaite et al., 2006a; Nguyen et al., 2002; Pelkey et al., 2002; Snyder et al.,
2005). Dephosphorylated Tyr472 of GIUN2B is a docking site for adaptor protein AP-2 and
promotes the internalization of NMDA receptor by a clathrin-mediated endocytic pathway
(Lavezzari et al., Roche, 2003).

Dysregulation of NMDAR function and trafficking is involved in several neuropsychiatric
disorders including AD (Lau & Zukin, 2007). STEP represents one mechanism by which Ap
regulates NMDAR trafficking (Selkoe, 2008; VVenkitaramani et al., 2007). Ap binds to a7
nAChRs with high affinity and activates calcineurin (PP2B), which leads to STEP
dephosphorylation within the KIM domain. Activated STEP dephosphorylates GIuN2B,
leading to the internalization of surface NMDARs. Application of synthetic oligomeric Ap
peptides or AP oligomers (derived from 7PA2 conditioned medium) to primary cortical
neurons or cortical slices leads to STEP activation (Kurup et al., 2010a; Snyder et al., 2005).
Reduced STEP phosphorylation is associated with decreased surface of GluN1 and GIuN2B
complexes. In AP overexpressing AD mouse models, STEP phosphorylation is significantly
decreased at its KIM domain as determined by a phospho-specific antibody against STEP
ser?2l (Kurup et al., 2010a; Snyder et al., 2005). The surface expression of NMDARs is
significantly elevated in STEP KO mice. Cortical cultures derived from STEP KO mice are
insensitive to the affects of Ap in mediating NMDAR receptor internalization, suggesting a
critical role of STEP in regulation of NMDAR trafficking by A (Kurup et al., 2010b).

(b) AMPAR:s are ligand-gated ion channels composed of the hetero-oligomeric subunits
GluAl to GluA4. AMPARs are permeable to cations such as Na* and K* and to a lesser
extent Ca*. The presence of the GIuA2 subunit in the channel makes it less permeable to
calcium ions. AMPARSs mediate fast synaptic transmission leading to depolarization of
postsynaptic membranes and the removal of the Mg2* block from NMDARs. AMPARSs thus
play an important role in synaptic plasticity and long-term memory (Santos, et al., 2009;
Traynelis et al., 2010).

LTP and LTD are synaptic plasticity events, which are suggested to play a role in the
regulation of synaptic strength. Trafficking of AMPARS play a vital role in LTP and LTD,
and is regulated by different kinases and phosphatases (Anggono & Huganir, 2012). Recent
studies show that tyrosine phosphatases are implicated in LTD (Moult et al., 2006). STEP is
locally translated at the synapse during mGIluR-dependent LTD and regulates AMPAR
trafficking. Activation of mGIluRs by agonist DHPG (S-3,5-dihydroxyphenylglycine) is
correlated with increased STEP translation, decreased tyrosine phosphorylation of GIuA2
subunit and internalization of AMPAR subunits form neuronal surface (Zhang et al., 2008).
DHPG-induced AMPAR endocytosis and GluA2 dephosphorylation in hippocampal
cultures and slices are blocked by a substrate trapping dominant negative STEP protein
[TAT-STEP (CS)]. In addition, STEP KO cultures fail to show AMPAR internalization
upon stimulation with DHPG, but are rescued by the addition of WT STEP protein (TAT-
STEP WT) suggesting the role of STEP activity in AMPA receptor internalization (Zhang et
al., 2008). These results suggest STEP activity is required to regulate AMPAR trafficking.
The identity of the tyrosine residue(s) in GIUA2 that are dephosphorylated by STEP is not
known. AMPAR trafficking is modulated by AB. Adding Ap to cortical cultures or slices
causes synaptic depression and is associated with the loss of dendritic spines and the
removal of AMPARs from the membrane (Almeida et al., 2005; Hsieh et al., 2006;
Parameshwaran et al., 2007). Recent studies shed light on the role of STEP in Ap-mediated
endocytosis of AMPARS. STEPg; levels and activity are increased when Ap is added to
cortical cultures or slices and is associated with decreases in surface AMPAR subunits
GIuAl/GluA2, as well as NMDAR subunits GIuN1/GIuN2B (Zhang et al., 2011). This
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effect is specific to Ap oligomers but not monomers. Adding Ap oligomers leads to STEP
activation by dephosphorylation of the regulatory serine residue within the KIM domain.
The catalytic activity of immunoprecipitated STEP has been analyzed by /n vitro
phosphatase assays that use a phospho-substrate corresponding to the GluA2 C-terminal
region. Together, these results indicate that STEP activation contributes to the Ap-mediated
endocytosis of both NMDARs and AMPARs (Kurup et al., 2010b; Zhang et al., 2011).

D. Regulation of STEP by Beta Amyloid

AP peptide is derived from amyloid precursor protein (APP) by the sequential action of
and -y secretases (Turner, et al., 2003; Wolfe, 2010). The AP peptide that is generated by
this process slowly accumulates in the brain and is thought to contribute to the
pathophysiology of AD. Recent studies indicate that soluble Ap oligomers formed in the
initial stages of AD, even before amyloid plaques formation, disrupt synaptic function
(Palop & Mucke, 2010). This idea is supported by studies showing that soluble Ap
oligomers inhibit LTP (Walsh et al., 2002), induce synapse loss (Lacor et al., 2007), and
cause cognitive defects in animal models (Shankar et al., 2008).

STEP opposes synaptic strengthening by down regulating several enzymes involved in
synaptic plasticity (Braithwaite et al., 2006b; Goelbel-Goody et al., 2012). Under normal
conditions, STEP is either removed or inactivated to favor synaptic strengthening. In
contrast, several neurological disorders involve STEP accumulation and overactivation. For
example, AP activates STEP by two mechanisms: (1) dephosphorylating the KIM domain of
STEP by activating PP2B (Snyder et al., 2005) and (2) blocking efficient STEP degradation
by inhibiting the proteasome system (Kurup et al., 2010a). Ap binds to the a7 nAChRs
through a critical aromatic residue (Tyr!88) present in the agonist binding domain and
activates the calcium-dependent phosphatase PP2B (Snyder et al., 2005; Tong, Arora,
White, & Nichols, 2011). Activation of the PP2B/PP1 pathway dephosphorylates STEP at
the KIM domain, thereby increasing the ability of STEP to interact with its substrates. As
previously mentioned, PKA phosphorylation of STEP within its KIM domain inhibits the
affinity of STEP for its substrates, whereas STEP dephosphorylation by PP2B/PP1 increases
its affinity. PP2B-mediated STEP activation leads to increased binding and
dephosphorylation of GIUN2B and subsequently enhanced endocytosis of the NMDA
receptors. Furthermore, AB-mediated NMDAR endocytosis is blocked by the a7 nAChR
antagonist, a-bungarotoxin, and by the PP2B inhibitor, cyclosporine, as well as a membrane
permeable TAT-STEP (CS), which preferentially binds to STEP substrates and competes
with endogenous STEP protein (Snyder et al., 2005).

AP also regulates STEP levels by an independent mechanism involving the UPS (Kurup et
al., 2010a). Ap inhibits proteasome activity and causes accumulation of several proteins that
are normally degraded by the proteasomal pathway (Keller et al., 2000; Tseng et al., 2008).
In human AD brains, decreased proteasomal activity is associated with an accumulation of
ubiquitin-immunoreactive inclusion bodies (Lam et al., 2000; Mori, et al., 1987). AD mouse
models and exogenous AP treated cultures show an accumulation of several UPS substrates,
suggesting a defect in the clearance of these proteins by proteasomes (Almeida, et al., 2006;
David et al., 2002; Oh et al., 2005; Qing et al., 2004). In support of this hypothesis, an
increase in STEP levels is observed in cortical cultures treated with Ap-enriched condition
medium (derived from APP expressing 7PA2 cell lines) (Walsh et al., 2002). The increase in
STEP levels is insensitive to translation or transcriptional inhibitors, and this effect is
specific to Ap in the conditioned medium. Immunodepletion of Ap from conditioned
medium prior to adding it to cultures blocks the increase in STEP levels. Ap-stimulation of
cortical cultures leads to dose-dependent increases in STEP levels and decreases in
membrane bound NMDAR receptors. Similarly, mutant APP mouse models that express
high levels of Ap show a progressive increase in STEP levels with age that correlates with
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increases in AP species in the cortex. In this mouse model of AD, increased STEP levels are
associated with decreased expression of NMDAR and AMPAR subunits in the membrane
(Kurup et al., 2010a; Zhang et al., 2011). Together, these findings highlight STEP regulation
by AP species through two parallel pathways (Fig. 2). Ap binding to a7 nAChRs activates
STEP through a PP2B/PP1-dependent dephosphorylation of STEP. A also blocks STEP
degradation through inhibition of the proteasome, leading to increased STEP expression.
The kinetics of these events show that application of Ap to cortical slices initially decreases
phospho-STEP levels, which is followed by a gradual increase in STEP levels and then
subsequent loss of surface GIUN2B (Kurup et al., 2010a). Further studies with STEP KO
cultures confirm the direct implication of STEP on Ap-mediated glutamate receptor
endocytosis. Treatment of wild-type cultures with AB-containing conditioned medium
decreases the number of GIuN1/GIuN2B and GluA1/GluAz2 subunits in the membrane as
examined by surface biotinylation experiments. In contrast, AB-containing conditioned
medium does not recapitulate the decrease in GIUN1/GIuN2B and GIuA1/GIuA2 subunits in
STEP KO cultures, which clearly explained the role of STEP in mediating glutamate
receptor endocytosis through A (Kurup et al., 2010b; Zhang et al., 2011).

E. Transgenic AD Mouse Models

Transgenic mouse models have made important contributions to our understanding of AD
(German & Eisch, 2004). These animal models carry one or more human mutant gene that is
implicated in familial AD such as: APP, presenelin-1, or Tau. These models recapitulate
some, but not all of the features of the disease phenotype, but have been useful for the
exploration of underlying pathological mechanisms of the disease, disease progression, and
to identify new therapeutic strategies (Ashe & Zahs, 2010). Although several AD mouse
models have been characterized, this review focuses mainly on two widely used transgenic
AD mouse models, Tg2576 and the triple transgenic mice (3xTg-AD), for which data for
STEP exist.

1. Tg2576 Mouse Model—The Tg2576 mouse model carries a mutant APP
(APPg9sSWE) found in human familial AD and produces excess Ap. The mice show
synaptic and cognitive defects in the early stages of the disease, and amyloid plaques
accumulate as the disease progresses (Hsiao et al., 1996). This model has been used to test
the effect of soluble Ap in the early stages of the disease and its effects on synaptic plasticity
and cognitive function. The mice show significant cognitive defects associated with reduced
spine density as early as 4 months of age, decreased hippocampal neurotransmission, and
decreased LTP (Jacobsen et al., 2006). These changes occur even before the apparent
accumulation amyloid plaques, supporting the idea that early effects of A result in synaptic
perturbations.

STEPg; levels in Tg2576 mouse brains increase progressively with age from 6 months
onwards, and soluble Ap increases in the cortex at the same time. The examination of
NMDARs and AMPARs in synaptic membrane fractions of Tg2576 cortex show a
significant decrease in GIuN1, and GIuN2B subunits of the NMDA receptor, and decreases
in Tyrl472 phosphorylation of the GIUN2B subunit (Kurup et al., 2010a). A reduction in
AMPAR subunits GIuA1/GIuA2 is also observed in the cortical membrane fraction of
Tg2576 compared to wild type (Zhang et al., 2011). The increase in STEPg; levels is
associated with decreases in STEP phosphorylation at KIM domain, suggesting that STEP is
overactive and causes excessive internalization of NMDARs and AMPARs. To directly
access the catalytic activity of accumulated STEP, it was immunoprecipitated from the
membrane fractions of Tg2576 brain tissue and subjected to an /n vitro phosphatase assay.
STEP immunoprecipitated from Tg2576 brain shows increased phosphatase activity of a
phospho-GIluN2B substrate (Kurup et al., 2010a; Zhang et al., 2011).
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Work in the Tg2576 AD mouse model confirms the role of STEP in glutamate receptor
trafficking. This was tested in STEP knockout mice that replace the genomic STEP
phosphatase domain with the neomycin gene in embryonic stem (ES) cells by homologous
recombination (Venkitaramani et al., 2009). These mice are viable and show no obvious
phenotypic abnormalities. Biochemical characterization of STEP KO brains show a absence
of STEP expression, increased tyrosine phosphorylation of STEP substrates, and increased
membrane expression of glutamate receptors, including NMDARs (Venkitaramani et al.,
2009, 2011; Zhang et al., 2010) and AMPARs in synaptosomal membrane fractions (Zhang
et al., 2008). The potential effect of genetically lowering STEP levels in Tg2576 mice was
examined by crossing STEP KOs with Tg2576 mice, resulting in Tg2576 progeny that have
high levels of Ap but are null for STEP. Glutamate receptor levels (GIuN1/GIuN2B and
GIuAl/GIluA2) were analyzed in the cortical tissue of this double transgenic mouse. As
predicted, membrane expression of glutamate receptors (GIuN1/GIuN2B and GIuA1/GluA2)
was increased, suggesting that the STEP elimination is sufficient to rescue the biochemical
defects in the cortex of Tg2576 mice (Kurup et al., 2010a, 2010b; Zhang et al., 2011). AR
levels are comparable in Tg2576 and double transgenic mice in the absence of STEP,
suggesting that the rescue is not due to altered Ap metabolism or clearance.

2. Triple-Transgenic Mouse Model—The triple-transgenic mouse model (3xTg-AD) of
AD carries three transgenes: PSIM146V, APPswe, and tauP301L (Oddo et al., 2003a). All
three genes are implicated in human AD and the accumulation of characteristic AR plaques
(composed of AP peptides) and NFTs (composed of hyperphosphorylated Tau). 3xTg-AD
mice show synaptic dysfunction and LTP defects even before the plaques and tangles are
apparent. This supports the amyloid cascade hypothesis, suggesting that synaptic
dysfunction caused by soluble A is responsible for cognitive impairment in early stages of
AD, and is independent of plaques or tangles (Oddo, et al., 003b).

The 3xTg-AD mouse model mimics human AD in several ways, including steady-state
expression of APP and the Tau transgene, which are present in the hippocampus and cortex,
whereas other brain regions such as the cerebellum show the least expression (Oddo et al.,
2003a). Recent studies with 3xTg-AD (Oddo et al., 2003a) and STEP KO (Venkitaramani et
al., 2009) provide direct evidence for the role of STEP in AD pathophysiology. Zhang and
colleagues crossed STEP KO mice with 3xTg-AD to produce progeny of 3xTg-AD that are
null for STEP (Zhang et al., 2010). The progeny of these double mutants were tested with
behavioral tasks to assess cognitive function. At 6 months of age, 3xTg-AD mice show
significant impairment in spatial reference memory, spatial working memory, and memory
tasks mediated by the hippocampus. In addition, NMDAR subunits (GIuN1/GIuN2B) are
significantly reduced in the hippocampal synaptosomal fractions of 3xTg-AD compared to
wild type, which is associated with increases in STEP levels. Interestingly, the double
mutants (3xTg-AD-STEP KO) showed cognitive rescue in similar behavioral paradigms at 6
months of age, indicating that lowering STEP is sufficient to rescue the cognitive defects
observed in the 3xTg-AD mice.

In addition to cognitive rescue, the double mutant hippocampal synaptosomal fractions
showed restored GIUN1/GIuN2B subunit levels, which were similar to wild-type receptor
levels. Electrophysiological studies show that theta-burst LTP is significantly enhanced in
double mutants compared to 3xTg-AD. The attenuation of cognitive deficits in the double
mutants occurred despite the continued elevation of Ap and phospho-tau. This finding
suggests that reducing STEP levels in the early stages of AD was beneficial (Zhang et al.,
2010). Further study is needed to determine whether the cognitive rescue is restricted to
early stages of AD or persists to later stages when amyloid accumulation and NFTs are
increased. Nonetheless, these findings suggest that STEP is a link between the toxic effects
of AB, synaptic dysfunction, and cognitive deficits in AD.
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[1l. STEP Inhibitors

The integral role STEP plays in synaptic function and the striking implications for its role in
AD point to this molecule as an important target for drug discovery. ldentifying small
molecules that inhibit STEP activity has potential therapeutic value for the treatment of AD.
Tyrosine phosphatase catalysis occurs within a highly conserved phosphatase domain. Most
existing PTP inhibitors have a tyrosine phosphate-mimicking group that interacts with a
highly conserved phosphate-binding loop in the catalytic center (reviewed by Blaskovich,
2009). It is also possible that small molecules that stabilize PTPs in the open inactive
conformation of PTP may be useful for identifying STEP inhibitors. In the active state, the
flexible WPD (Try-Pro-Asp) loop plays an important role in PTP catalysis (Barr, 2010). The
WPD loop is more flexible in STEP and contains an atypical open conformation that is
dominated by charged residues such as glutamine; it is located further away from the
catalytic site, thereby creating a large binding pocket in the WPD loop (Eswaran et al.,
2006). This binding pocket might be an interacting site for small molecules that increase the
specificity for STEP compared to other PTPs. Strategies to identify STEP inhibitors are in
progress; hopefully STEP inhibitors will be available in the market in near future.

V. Conclusion

Recent advances have helped to clarify the regulation of STEP, identify its substrates, and
explore its contribution to AD. STEP dephosphorylates and inactivates specific substrates
including ERK1/2, p38, and Fyn that begin to explain its role in neuronal signaling. STEP
down regulates membrane expression of NMDARs and AMPARS, and thereby opposes the
development of synaptic strengthening. STEP KO mice show enhanced theta-burst LTP in
the hippocampus and perform better in some hippocampus-dependent memory tasks. The
synaptic and cognitive changes that occur in STEP KO mice are associated with increased
NMDAR and AMPARs at synaptic membrane. STEP activity and function are both
upregulated in AD. Increased STEP levels are found in human AD brains and in several AD
mouse models. The two mechanisms that result in the upregulation of STEP activity are
increased dephosphorylation as well as decreased degradation by the proteasome. Both of
these events contribute to increased STEP activity and result in excessive internalization of
NMDARs and AMPARs. Lowering STEP levels attenuates the biochemical and cognitive
deficits observed in AD mouse models and validate STEP as a potential target for drug
discovery.

Acknowledgments

This work was supported by the National Institutes of Health, Grants [MH091037, MH052711] to P.J.L and Grant
[AG09464] to A.C.N. We thank Dr. Marilee Ogren for critically reading and editing the manuscript. We also thank
all members of the Lombroso laboratory for helpful discussions during the manuscript preparation.

Abbreviations

AMPARs a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ERK extracellular regulated kinase
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FIGURE 1. Domain structure of STEP isoforms

STEP occurs as two major isoforms: STEPg; (541 amino acid residues) and STEP,¢ (369
amino acid residues). Both these isoforms have conserved PTP catalytic domain at C-
terminal and KIM (Kkinase interacting motif) domain. KIM domain has a conserved serine
residue, which gets phosphorylated by protein kinase A (PKA), denoted as Ser?2 in STEPg;
and Ser%® in STEP,6. STEPg; isoform has additional N-terminal region (172 amino acids)
containing polyproline-rich domains (PP) and transmembrane domains (TM).
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FIGURE 2. Role of STEP in Alzheimer’s disease

In Alzheimer’s disease, Ap-oligomers activate STEP by two parallel pathways. (1) AB-
oligomers bind to a7-nicotinic receptors and cause calcinuerin-dependent
dephosphorylation of STEP at its KIM domain (2) AB-oligomers block the proteasome-
mediated degradation of STEP and increase STEP levels. Both these events lead to increase
in STEP function and increased endocytosis of NMDA and AMPA receptors causing
cognitive dysfunction.
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