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Abstract
A priority of Fragile X Syndrome (FXS) research is to determine the molecular mechanisms
underlying the functional, behavioral, and structural deficits in humans and in the FXS mouse
model. Given that metabotropic glutamate receptor (mGluR) long-term depression (LTD) is
exaggerated in FXS mice, considerable effort has focused on proteins that regulate this form of
synaptic plasticity. STriatal-Enriched protein tyrosine Phosphatase (STEP) is a brain-specific
phosphatase implicated as an ‘LTD protein’ because it mediates AMPA receptor internalization
during mGluR LTD. STEP also promotes NMDA receptor endocytosis and inactivates ERK1/2
and Fyn, thereby opposing synaptic strengthening. We hypothesized that dysregulation of STEP
may contribute to the pathophysiology of FXS. We review how STEP’s expression and activity
are regulated by dendritic protein synthesis, ubiquitination, proteolysis, and phosphorylation. We
also discuss implications for STEP in FXS and other disorders, including Alzheimer’s disease. As
highlighted here, pharmacological interventions targeting STEP may prove successful for FXS.

11.1 Introduction
A priority of Fragile X Syndrome (FXS) research is to identify potential therapeutic targets
by focusing on mRNAs regulated by Fragile X Mental Retardation Protein (FMRP) and
whose translated proteins regulate the expression of synaptic plasticity. STriatal-Enriched
protein tyrosine Phosphatase (STEP) is one such candidate protein. STEP is a brain-specific
tyrosine phosphatase that regulates dendritic proteins involved in synaptic plasticity,
including ERK1/2, Fyn, NMDA receptors (NMDARs), and AMPA receptors (AMPARs)
(Nguyen et al. 2002; Paul et al. 2003; Pelkey et al. 2002; Snyder et al. 2005; Zhang et al.
2008). Dysregulation of these proteins is proposed to contribute to the pathophysiology of
FXS (Eadie et al. 2010; Kim et al. 2008; Nakamoto et al. 2007). STEP reduces ERK1/2
activity by dephosphorylating one of its regulatory tyrosine residues, Tyr204 (Paul et al.
2003), and inactivates the Src family tyrosine kinase (SFK) Fyn by dephosphorylating its
regulatory site (Nguyen et al. 2002). Dephosphorylation of NMDARs and AMPARs
promotes internalization of these receptors (Snyder et al. 2005; Zhang et al. 2008), and
STEP is thought to mediate group 1 metabotropic glutamate receptor (mGluR)-dependent
long-term depression (LTD) (Gladding et al. 2009; Moult et al. 2006; Zhang et al. 2008).
Consistent with the mGluR theory of FXS (Bear et al. 2004), STEP is translated in response
to mGluR stimulation (Zhang et al. 2008). Over-activation of mGluRs in the mouse model
for FXS [Fmr1 knock-out (KO)] is associated with a tyrosine-phosphatase-dependent
reduction in ERK1/2 phosphorylation (Kim et al. 2008), suggesting upregulation of an
unknown tyrosine phosphatase in FXS. STEP is an excellent candidate for being this
unknown tyrosine phosphatase. In this chapter, we review the current understanding of
STEP and its potential role in the physiological and behavioral deficits associated with FXS.
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11.2. STEP basics
11.2.1. Isoforms, domain function, and STEP regulation

STEP was cloned and identified as a brain-specific tyrosine phosphatase twenty years ago
(Lombroso et al. 1991; Lombroso et al. 1993). As its name implies, STEP is enriched in the
striatum but is also found in other CNS structures including the hippocampus, cortex,
amygdala, optic nerve, and spinal cord (Boulanger et al. 1995; Lorber et al. 2004). STEP is
not expressed in the cerebellum (Lombroso et al. 1991). To date, four alternatively spliced
variants of STEP have been identified: STEP61, STEP46, STEP38, and STEP20 (Fig. 1) (Bult
et al. 1997; Bult et al. 1996; Sharma et al. 1995). The two major isoforms, STEP61 and
STEP46, contain a signature consensus tyrosine phosphatase sequence, [I/V]HCxAGxxR[S/
T]G, that is necessary for its catalytic activity, as well as a kinase-interacting motif (KIM)
essential for substrate binding (Bult et al. 1996). STEP38 and STEP20 do not contain the
consensus tyrosine phosphatase sequence and are therefore inactive variants of STEP with
unknown function (Bult et al. 1997; Sharma et al. 1995).

Unlike STEP46, STEP61 contains an additional 172 amino acids at its N terminus targeting it
to membranous organelles including the endoplasmic reticulum and the post-synaptic
density (Fig. 1) (Boulanger et al. 1995; Bult et al. 1996; Oyama et al. 1995). Without this
targeting sequence, STEP46 is restricted to the cytosol (Bult et al. 1996). The N-terminal
portion of STEP61 also has two polyproline-rich regions that impart substrate specificity.
For example, the first polyproline region is required for the interaction of STEP61 with Fyn
(in addition to the KIM domain), and STEP61 has a ten-fold greater affinity for Fyn than
STEP46 (Nguyen et al. 2002).

As mentioned, the KIM domain is required for binding STEP to its substrates, and this
interaction is tightly regulated (Fig. 2). In all variants, dopamine-induced PKA
phosphorylation of STEP in the KIM domain (Ser221 in STEP61 and Ser49 in STEP46)
decreases the ability of STEP to bind to substrates due to steric interference (Paul et al.
2003). Conversely, activation of PP2B/calcineurin and PP1 (via NMDAR or α7nAChR
stimulation) dephosphorylates STEP at this serine residue and increases its substrate affinity.
STEP integrates dopaminergic, glutamatergic and nicotinic signaling, suggesting a potential
role in psychostimulant addiction (Tashev et al. 2009; Valjent et al. 2005) and Alzheimer’s
disease (Kurup et al. 2010; Snyder et al. 2005; Zhang et al. 2010). Additional evidence for
its role in Alzheimer’s disease is discussed below.

A truncated STEP product, STEP33, is a calpain-mediated cleavage product generated
during extrasynaptic NMDAR stimulation (Fig. 1) (Gurd et al. 1999; Nguyen et al. 1999; Xu
et al. 2009). The calpain cleavage site resides in the KIM domain between residues Ser224

and Leu225 (Xu et al. 2009). Cleavage at this site disrupts the ability of STEP to associate
with and dephosphorylate its substrates. Consequently, proteolytic cleavage of STEP after
extrasynaptic NMDAR stimulation results in the activation of one of STEP’s substrates,
p38, and initiates the cell death signaling cascade. Preventing STEP cleavage through use of
a competitive peptide significantly attenuates cell death after either glutamate excitotoxicity
or oxygen-glucose deprivation models (Xu et al. 2009). The inactivation of STEP by calpain
cleavage is a possible mechanism for the observed increase in NMDAR tyrosine
phosphorylation following cerebral hypoxia-ischemia (Besshoh et al. 2005; Gurd et al.
1999).

11.2.2. Developmental profile, brain region specificity, and subcellular localization
STEP61 and STEP46 are differentially expressed during rodent development (Raghunathan
et al. 1996). STEP61 is abundant at birth and remains relatively unchanged into adulthood,
whereas STEP46 is virtually undetectable at birth. STEP46 appears around postnatal day 6

Goebel-Goody and Lombroso Page 2

Results Probl Cell Differ. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and is enriched by 14 days (Okamura et al. 1997; Raghunathan et al. 1996). STEP46 plateaus
at postnatal day 30 and remains constant throughout adulthood. Given that the first few
weeks of life are associated with extensive cell migration and synaptogenesis (reviewed in
Cayre et al. 2009), the onset of STEP46 expression during this time suggests a role in
synaptogenesis. In middle aged (12-month old) mice, STEP61 is elevated relative to 3–6
month olds (Kurup et al. 2010), suggesting that expression of STEP61 also changes during
aging.

The expression of STEP61 and STEP46 is brain-region specific (Boulanger et al. 1995;
Lorber et al. 2004). The striatum, central nucleus of the amygdala, and optic nerve express
both STEP isoforms. In contrast, the hippocampus, neocortex, spinal cord, and lateral
amygdala express only STEP61 (Boulanger et al. 1995). Initial subcellular characterizations
showed that STEP46 is enriched in cytosolic fractions, while STEP61 is enriched in light
membrane fractions (which include endoplasmic reticulum, golgi, and endosomes) (Bult et
al. 1996; Lombroso et al. 1993). Further investigation with electron microscopy showed that
STEP is also targeted to the post-synaptic density (Oyama et al. 1995), and biochemical
purification of these densities showed an enrichment of the STEP61 isoform (Gurd and
Lombroso, unpublished data). Recent work demonstrates that the concentration of STEP61 is
higher in extrasynaptic membranes than synaptic membranes (Goebel-Goody et al. 2009).
Given that clathrin-mediated internalization of membrane proteins is thought to occur
extrasynaptically (Blanpied et al. 2002; Racz et al. 2004), enrichment of STEP in
extrasynaptic compartments might play a role in facilitating endocytosis of glutamate
receptors in this part of the dendritic spine.

11.3. STEP substrates implicated in FXS
11.3.1. Mitogen-activated kinase ERK1/2

Activation of the extracellular signal-regulated kinases 1 and 2 (ERK1/2) is critical for the
induction and maintenance of synaptic plasticity. These kinases have been implicated in the
regulation of membrane electrical properties (via the Kv4-family channels and subsequent
NMDAR activation), local dendritic protein synthesis, nuclear transcriptional regulation,
and the formation and stabilization of dendritic spines (reviewed in Sweatt 2004). ERK1/2
inactivation disrupts these processes. STEP inactivates ERK1/2 by dephosphorylating the
regulatory tyrosine residue (Tyr204) in the activation loop (Fig. 2) (Paul et al. 2003). In wild-
type synaptoneurosomal preparations, ERK1/2 phosphorylation, as detected by a dual-
specificity Thr202/Tyr204 phospho-specific antibody, is rapidly increased upon mGluR
stimulation via the selective group 1 mGluR agonist (RS)-3,3-dihydroxyphenylglycine
(DHPG) (Kim et al. 2008). In contrast, in Fmr1 KO synaptoneurosomes, ERK1/2
phosphorylation is quickly and abnormally reduced following mGluR stimulation (Kim et
al. 2008). A broad spectrum tyrosine phosphatase inhibitor (orthovanadate) prevents the
DHPG-mediated decrease in ERK1/2 phosphorylation, suggesting over-activation of a
tyrosine phosphatase in FXS (Kim et al. 2008). Given that STEP dephosphorylates and
inactivates ERK1/2 (Paul et al. 2003), STEP is a likely candidate for the tyrosine
phosphatase that is upregulated in FXS. Given that the early-phase kinetics of ERK
activation is delayed in some individuals with FXS, ERK activation may be an useful
biomarker of metabolic status in FXS (Weng et al. 2008).

Further support for the regulation of ERK1/2 by STEP stems from studies of STEP KO mice
(Venkitaramani et al. 2009). ERK1/2 phosphorylation is significantly enhanced in the
striatum, CA2 region of the hippocampus, and central/lateral amygdala in STEP KOs.
Moreover, activation of ERK1/2 phosphorylation following DHPG treatment is more
pronounced in STEP KOs relative to wild-type (Venkitaramani et al. 2009), corroborating
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earlier work implicating a tyrosine phosphatase in the regulation of ERK1/2 activity
following mGluR stimulation (Kim et al. 2008).

ERK1/2 translocation to the nucleus and subsequent initiation of gene transcription is
required for the formation of fear memories and the expression of synaptic plasticity in the
lateral amygdala (Schafe et al. 2000). Infusion of a substrate trapping membrane-permeable
fusion protein of STEP46 (TAT-STEPC-S) in the lateral amygdala of rats inhibits Pavlovian
fear conditioning (Paul et al. 2007). This mutant STEP protein binds to its substrates, but
cannot dephosphorylate them and does not release them, thereby disrupting their
downstream signaling. Bath application of this construct also blocks the induction of LTP in
the lateral amygdala and prevents ERK1/2 translocation to the nucleus during memory
consolidation and synaptic plasticity (Paul et al. 2007). A recent report shows decreased
LTP in the lateral amygdala of Fmr1 KO mice that is not rescued by the mGluR5-specific
inverse agonist, MPEP (Suvrathan et al. 2010). Inhibitors targeted at other proteins
upregulated in FXS, such as STEP, should be tested for their capacity to rescue these
deficits.

11.3.2. Fyn and NMDA receptors
STEP regulates the phosphorylation and surface expression of NMDARs by two parallel
pathways (Fig. 2): indirectly via dephosphorylation and inactivation of Fyn, one of the SFKs
that phosphorylates NMDARs (Nguyen et al. 2002) and directly by dephosphorylation of the
NMDAR subunit NR2B (Snyder et al. 2005; Kurup et al. 2010). When activated, Fyn
phosphorylates the NMDAR NR2B subunit at Tyr1472 (Nakazawa et al. 2001). Full
activation of Fyn is achieved by phosphorylation of Tyr420 in its catalytic domain (Smart et
al. 1981). STEP dephosphorylates Fyn at this site (Nguyen et al. 2002), thereby inactivating
Fyn and reducing Fyn-mediated phosphorylation of NR2B at Tyr1472 (Fig. 2). Additionally,
STEP interacts with NMDARs (Pelkey et al. 2002) and dephosphorylates Tyr1472 directly
(Kurup et al. 2010; Snyder et al. 2005). Tyr1472 resides within a conserved tyrosine-
dependent endocytic motif (YXXΦ: X=any amino acid, Φ=bulky hydrophobic amino acid)
(Roche et al. 2001). When not phosphorylated, the tyrosine residue in this motif binds to
clathrin adapter proteins via strong hydrophobic interactions (reviewed in Marsh and
McMahon 1999). In this way, STEP mediates endocytosis of NR2B-containing NMDARs
by promoting the interaction between NMDARs and clathrin adapter proteins (Nakazawa et
al. 2006).

Consistent with STEP’s role in mediating NMDAR endocytosis, the surface expression of
NR1/NR2B receptor complexes is elevated in STEP KO mice and reduced in the presence
of increased STEP levels (Kurup et al. 2010; Zhang et al. 2010). STEP’s modulation of
surface NMDARs also affects their function. For example, application of recombinant STEP
to the cytoplasmic face of neurons decreases NMDAR excitatory post-synaptic currents
(EPSCs) and prevents the induction of long-term potentiation (LTP), whereas inhibiting
endogenous STEP with an anti-STEP antibody enhances NMDAR EPSCs and occludes LTP
(Pelkey et al. 2002). Moreover, theta-burst LTP is significantly increased in STEP KO mice
relative to wild-type (Zhang et al. 2010). Taken together, STEP dephosphorylates Tyr1472,
promotes internalization of surface NR1/NR2B receptors, and subsequently acts as a ‘brake’
on the induction of NMDAR-dependent LTP (Braithwaite et al. 2006; Kurup et al. 2010;
Pelkey et al. 2002; Snyder et al. 2005; Zhang et al. 2010).

Some forms of NMDAR-dependent synaptic plasticity and learning are impaired in Fmr1
KO mice, lending support to the hypothesis that over-activation of STEP may contribute to
hypofunction of NMDARs in FXS. NMDAR-dependent LTP and LTD are significantly
attenuated in the dendate gyrus of Fmr1 KO mice, which is associated with a decrease in
NMDAR EPSC amplitude (Eadie et al. 2010). Learning impairments are also observed in
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the ability of Fmr1 KOs to discriminate between two similar contexts and during contextual
fear extinction, both of which require functional NMDARs (Eadie et al. 2010). Moreover,
Desai et al. (2006) demonstrated that NMDAR-dependent spike timing-dependent plasticity
potentiation is attenuated in Fmr1 KOs relative to WT. While hippocampal CA1 NMDAR-
dependent LTD using a 1-Hz low-frequency stimulation protocol is unaffected in Fmr1 KOs
(Huber et al. 2002), it is clear that hypofunction of NMDARs in some brain regions, perhaps
via abnormal dephosphorylation by STEP, may contribute to NMDAR-dependent
physiological and behavioral deficits in Fmr1 KO mice.

11.3.3. AMPA receptors
Pioneering work in the FXS field demonstrated that Fmr1 KO mice have exaggerated
mGluR-dependent LTD (Huber et al. 2002). Both NMDARs and AMPARs are internalized
during mGluR stimulation with the pharmacological mGluR agonist DHPG (Snyder et al.
2001), so identification of a common mechanism regulating endocytosis of these receptors
would enhance our understanding of synaptic deficits in FXS. Given that STEP also
regulates the internalization of GluR1/GluR2-containing AMPARs (Zhang et al. 2008), it is
an excellent candidate for regulating this common mechanism.

Mounting evidence supports the hypothesis that a tyrosine phosphatase regulates the
expression of mGluR-dependent LTD. Moult and colleagues (2006) reported that blocking
tyrosine phosphatases with a broad spectrum tyrosine phosphatase inhibitor (phenylarsine
oxide) prevents the expression of DHPG-mediated LTD. Pre-treatment of slices with the
SFK inhibitor, PP2, prevents the tyrosine phosphatase-dependent block of mGluR-LTD
(Moult et al. 2006), suggesting that SFKs counteract tyrosine phosphatases during this form
of synaptic plasticity. Tyrosine phosphorylation of GluR2 is reduced during DHPG-
mediated LTD, and this dephosphorylation is associated with internalization of AMPARs
(Gladding et al. 2009; Moult et al. 2006). These findings point to a model in which a
tyrosine phosphatase is activated during mGluR stimulation to dephosphorylate GluR2-
containing receptors and mediate their endocytosis.

STEP appears to be the tyrosine phosphatase that mediates AMPAR internalization during
mGluR stimulation (Fig. 2) (Zhang et al. 2008). Internalization of surface GluR1/GluR2
receptors is associated with an increase in STEP protein levels following DHPG treatment,
and this occurs in conjunction with dephosphorylation of tyrosine residues on GluR2.
DHPG-induced internalization of AMPARs is abolished in STEP KO hippocampal slices
and cultures and restored with the addition of a wild-type TAT-STEP fusion protein to
STEP KO neurons (Zhang et al. 2008). In this way, STEP completes the model proposed by
Moult et al. (2006) and Gladding et al. (2009): it is activated by mGluR stimulation and
leads to the dephosphorylation and subsequent internalization of AMPARs (Zhang et al.
2008).

While the molecular mechanisms governing AMPAR endocytosis following mGluR
activation are still uncertain, tyrosine phosphorylation seems to play an important role.
There are four tyrosine residues in the C-terminal tail of GluR2 (Tyr837, Tyr869, Tyr873,
Tyr876) (Hayashi and Huganir 2004); yet none appear to reside within a conserved tyrosine-
dependent endocytic motif (YXXΦ). A new model proposed by Scholz et al. (2010) sheds
light on this paradox. These authors report that the GluR2 subunit directly interacts with the
synaptic protein BRAG2, which is a synaptically-localized protein that functions as a
guanine-exchange factor (GEF) for the GTPase Arf6. This interaction requires
dephosphorylation of Tyr876 by an unknown tyrosine phosphatase (Scholz et al. 2010).
When Arf6 is activated by BRAG2, it recruits the adaptor protein AP2 and clathrin to
synaptic membranes (Krauss et al. 2003), thereby promoting endocytosis of GluR2 (Scholz
et al. 2010). It is compelling to speculate that STEP is the tyrosine phosphatase that
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dephosphorylates GluR2 and mediates its internalization. Consistent with this hypothesis,
the surface expression of GluR1/GluR2-containing AMPARs is significantly elevated in the
absence of STEP (Zhang et al. 2008). Ongoing efforts are directed at confirming the site that
STEP dephosphorylates on GluR2.

Given that Fmr1 KO mice have exaggerated mGluR-dependent LTD (Huber et al. 2002),
one prediction is that the steady-state endocytosis of AMPARs would be upregulated in the
absence of FMRP. Nakamoto et al. (2007) used siRNA of FMRP in cultured hippocampal
neurons to demonstrate that DHPG induces excessive internalization of GluR1/GluR2 in
FMRP-deficient neurons as compared to controls. More recently, aberrant constitutive
AMPAR internalization was reported in hippocampal Fmr1 KO neurons relative to wild-
type neurons (Gross et al. 2010), and surface levels of GluR1 are reduced in the amygdala of
Fmr1 KO slices compared to wild-type (Suvrathan et al. 2010). Linking dysregulation of
STEP in Fmr1 KOs to aberrant endocytosis of AMPARs is the subject of current
investigation.

Because of its role in regulating AMPAR endocytosis following mGluR stimulation (Zhang
et al. 2008), STEP was coined an ‘LTD protein’ by Luscher and Huber (2010). There are
likely several ‘LTD proteins’ that are dysregulated in FXS. For example, microtubule
associated protein 1b (MAP1b) is elevated early in development in Fmr1 KO mice (Lu et al.
2004) and regulates AMPAR surface expression by binding to the AMPAR scaffolding
protein GRIP1 (Davidkova and Carroll 2007; Seog 2004). When bound to GRIP1, MAP1b
sequesters GRIP-AMPAR bound complexes away from the synaptic surface, thereby
negatively regulating AMPAR surface expression (Davidkova and Carroll 2007). Increased
levels of MAP1b in Fmr1 KOs could therefore result in greater GRIP-AMPAR bound
complexes and may explain increased AMPAR internalization. Even so, there is no evidence
to date suggesting that strategies which decrease the expression and/or function of MAP1b
improves behavioral performance in Fmr1 KOs. Another example of an ‘LTD protein’ that
is dysregulated in FXS is activity-regulated cytoskeletal associated protein (Arc). Increased
polysomal-associated Arc mRNA has also been reported in Fmr1 KOs (Zalfa et al. 2003);
however, Arc protein levels do not appear to be significantly upregulated at baseline in
Fmr1 KOs (Park et al. 2008). Arc directly associates with dynamin 2 and endophilin, which
are proteins required for AMPAR endocytosis. As a consequence, Arc promotes
internalization of AMPARs via interaction with these proteins (Chowdhury et al. 2006; Rial
Verde et al. 2006; Shepherd et al. 2006). Arc is rapidly translated in response to DHPG
stimulation in wild-type neurons, but this increase in Arc protein is absent in Fmr1 KOs
(Park et al. 2008), supporting work from (Zalfa et al. 2003) which demonstrated elevated
constitutive translation of Arc in Fmr1 KOs. Nonetheless, deletion of Arc in Fmr1 KO mice
does not entirely prevent the exaggerated mGluR-LTD (Park et al. 2008), suggesting that
additional proteins contribute to this electrophysiological deficit.

11.4. Regulation of STEP expression
11.4.1. Synaptic activity: mGluR stimulation and FMRP

The mGluR hypothesis of FXS proposes that stimulation of mGluRs leads to local
translation of synaptic proteins that are responsible for mediating mGluR-dependent LTD
(Bear et al. 2004). Moreover, this theory posits that many FXS-related phenotypes originate
in exaggerated signaling through mGluRs. FMRP normally suppresses translation of several
mRNAs downstream of mGluR stimulation (Li et al. 2001). In FXS, FMRP is functionally
absent, so many of these synaptically-localized proteins are upregulated (Gross et al. 2010
but see also Park et al. 2008). Here we review evidence that STEP is downstream of mGluR
activation (Zhang et al. 2008), interacts with FMRP, and is upregulated in Fmr1 KO mice
(Goebel-Goody et al. 2010). Given that STEP also regulates internalization of both
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NMDARs and AMPARs (Zhang et al. 2010; Zhang et al. 2008) and that mGluR-dependent
LTD is enhanced in Fmr1 KOs (Huber et al. 2002), a revised model of the FXS mGluR
theory emerges where exaggerated signaling through mGluRs causes dysregulation of STEP
translation and a subsequent increase in the endocytosis rate of glutamate receptors (Fig. 3).
These events likely lead to enhanced mGluR-LTD in Fmr1 KOs.

Stimulation of mGluRs with DHPG leads to a rapid, dose-dependent increase in the
translation of STEP (Fig. 3A) (Zhang et al. 2008). This increase is also time-dependent and
occurs within synaptoneurosomes, suggesting that STEP is dendritically-translated by
mGluR stimulation. Translation inhibitors block the DHPG-induced increase in STEP,
whereas transcription inhibitors have no effect. In line with the requirement for the MAPK
and phosphoinositide-3 kinase (PI3K) pathways in translation-dependent mGluR-LTD,
preincubation of MEK (MAPK kinase) and PI3K inhibitors abolishes the DHPG-induced
increase in STEP protein levels (Zhang et al. 2008). The use of specific group I mGluR1 and
mGluR5 inhibitors verify that the DHPG-mediated increase in STEP translation occurs
primarily through mGluR5 activation. As discussed previously, this DHPG-induced increase
in STEP levels is required for the internalization of AMPARs following mGluR stimulation
(Zhang et al. 2008).

We are beginning to uncover the molecular mechanisms underlying the DHPG-induced
translation of STEP (Zhang et al. 2008). In agreement with the mGluR theory, STEP appears
to associate with FMRP (Goebel-Goody et al. 2010; Darnell, unpublished results).
Moreover, STEP protein levels are elevated in the brains of adult Fmr1 KO mice (Goebel-
Goody et al. 2010), suggesting aberrant translation of STEP in the absence of FMRP (Fig.
3B). These findings are consistent with FMRP suppressing STEP translation under normal
conditions and STEP translation being abnormally upregulated in the absence of FMRP.

Accordingly, genetically reducing STEP in Fmr1 KO mice ameliorates some FXS-
associated behavioral deficits. For example, Fmr1 KO mice are well-characterized for their
susceptibility to audiogenic seizures (Musumeci et al. 2000; Yan et al. 2005; Dolen et al.
2007). Given that STEP KO mice are more resistant to pilocarpine-induced seizures (Briggs
et al. 2011), mice were generated that are null for both STEP and Fmr1 (Goebel-Goody et
al. 2010). STEP/Fmr1 double KOs had fewer audiogenic seizures and less seizure-induced
c-Fos positive neurons in the periaqueductal gray relative to Fmr1 KOs. Similarly,
genetically reducing STEP in Fmr1 KOs decreases hyperactivity and spatial anxiety in an
open field behavioral task (Goebel-Goody et al. 2010). Thus, inhibitors of STEP may be
promising therapeutic strategies in FXS.

11.4.2. Ubiquitination via beta amyloid
In addition to regulation of STEP by mGluRs and FMRP, STEP expression is regulated by
ubiquitination (Fig. 3A) (Kurup et al. 2010). The covalent attachment of ubiquitin targets
proteins to the 26S proteasome for degradation (reviewed in Hegde 2010). In some
neurological disorders, the ubiquitin proteasome system (UPS) is impaired. One pertinent
example is Alzheimer’s disease (AD). AD is a debilitating neurodegenerative disorder
associated with memory impairments. Accumulation of beta amyloid (Aβ) and the formation
of amyloid plaques are characteristic features of AD, both of which are implicated in
synaptic loss and cognitive decline (Hardy and Selkoe 2002; Lacor et al. 2004). In both
human AD brains and mouse models of AD, the buildup of Aβ inhibits the proteasome and
consequently leads to reduced degradation of proteins normally regulated by the UPS
(Keller et al. 2000; Lam et al. 2000; Oh et al. 2005; Almeida et al. 2006). Recent studies
demonstrate that STEP protein levels are increased in three mouse models of AD (Tg-2576,
J20, 3xTg-AD) (Chin et al. 2005; Kurup et al. 2010; Zhang et al. 2010) and in the prefrontal
cortex of human AD patients (Kurup et al. 2010). Elevated STEP levels in AD mouse
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models results in increased STEP activity, decreased phosphorylation and surface expression
of NR2B-containing NMDARs, and decreased cognitive ability (Kurup et al. 2010; Zhang et
al. 2010). STEP protein abundance is increased in AD due to Aβ-induced inhibition of the
UPS (Kurup et al. 2010). Specifically, STEP61-ubiquitin conjugates are increased in the
cortex of Tg-2576 AD mice and in wild-type cortical slices following Aβ treatment (Kurup
et al. 2010). Genetically eliminating STEP in the 3xTg-AD mouse model improves
cognitive performance, restores the NR1/NR2B surface expression deficit, and enhances
synaptic plasticity (Zhang et al. 2010), validating STEP as a target for drug discovery for the
treatment of AD.

Elucidating the molecular mechanisms underlying AD is relevant to FXS research because
amyloid precursor protein (APP), the precursor protein that is cleaved by β- and γ-secretases
to generate Aβ, is regulated by mGluRs and FMRP (Fig. 3A) (Westmark and Malter 2007).
In particular, translation of APP is increased following mGluR stimulation, and APP mRNA
associates with FMRP (Westmark and Malter 2007). As predicted by the mGluR hypothesis
(Bear et al. 2004), APP translation is elevated in Fmr1 KO mice (Fig. 3B) (Westmark and
Malter 2007). Greater levels of APP are also associated with increased soluble Aβ in
middle-aged (11–13 months old) Fmr1 KOs (Westmark and Malter 2007). To study the role
of APP and FMRP further, Westmark et al. (2008) created a novel mouse model (FRAXAD)
where Tg-2576 AD mice were crossed with Fmr1 KO mice. FRAXAD mice have even
greater levels of APP and Aβ than Tg-2576 mice alone (Westmark et al. 2008), suggesting
an additive effect of the two mutations. Moreover, FRAXAD mice are more susceptible to
seizures than either Fmr1 KO or Tg-2576 mice (Westmark et al. 2008; Westmark et al.
2009), and this deficit is abrogated when mice are pretreated with the mGluR5 antagonist
MPEP (Westmark et al. 2009). Taken together, these findings reveal that some FXS-
associated behaviors may be due to the accumulation of APP and Aβ in middle-aged Fmr1
KOs.

Given that Aβ inhibits the UPS, it is possible that the UPS is blocked in FXS later in life
(Fig. 3B). Aβ-induced inhibition of the UPS could lead to reduced degradation of proteins
normally regulated by the UPS. As a result, two possible explanations may exist for the
accumulation of proteins in FXS (Fig. 3B): (1) Lack of translation suppression by FMRP
and (2) Increased inhibition of the UPS by Aβ. Since STEP is regulated by both FMRP and
the UPS, it is a likely candidate for a protein being upregulated by these two mechanisms in
FXS. Current investigations are aimed at addressing these intriguing unanswered questions.

The UPS has already been implicated in FXS and Fragile X-associated tremor/ataxia
syndrome (FXTAS) by a number of studies in recent years (Hou et al. 2006; Greco et al.
2002; Greco et al. 2006; Iwahashi et al. 2006). Inhibitors of the UPS block the expression of
mGluR-LTD in wild-type mice (Fig. 3A). Specifically, FMRP is rapidly degraded by the
UPS after mGluR stimulation, presumably to permit FMRP-bound mRNAs to be translated.
In contrast, the enhanced mGluR-LTD observed in Fmr1 KOs is insensitive to UPS
inhibitors, demonstrating that degradation of FMRP is required for regulating the expression
of mGluR-LTD (Hou et al. 2006).

Ubiquitin-positive intranuclear neuronal and astroglial inclusion bodies are a feature of
FXTAS, a late-onset neurodegenerative disorder affecting pre-mutation carriers of expanded
CGG repeats (50–200) in the 5′ untranslated region of the Fmr1 gene (Greco et al. 2002;
Greco et al. 2006; Iwahashi et al. 2006). In particular, a striking correlation exists between
CGG length and the number of ubiquitin-positive inclusions (Greco et al. 2006). Given that
FXTAS patients present with cognitive decline and dementia, among other symptoms
(Garcia-Arocena and Hagerman 2010), it is likely that the presence of inclusion bodies in
the hippocampus contribute to these cognitive deficits. While ubiquitinated proteins are only
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a minor component of inclusion bodies (Iwahashi et al. 2006), future studies are required
which rigorously address whether the UPS is inhibited and what possible ubiquitin-
conjugated proteins are upregulated in FXTAS.

11.5. Summary and conclusions
Over the last two decades, considerable evidence has mounted which supports the role of
STEP in synaptic plasticity. Specifically, STEP dephosphorylates both NMDARs and
AMPARs and negatively regulates their surface expression by promoting their interaction
with clathrin-associated proteins. Additionally, STEP dephosphorylates and inactivates both
ERK1/2 and Fyn. For these reasons, STEP acts as a ‘tonic brake’ on LTP and is one of a
handful of ‘LTD proteins’ that promote the expression of LTD. STEP’s expression and
activity is regulated by several mechanisms, including mGluR-stimulated translation,
ubiquitination, proteolysis, and phosphorylation. Dysregulation of any of these mechanisms
can flip the balance of STEP function such that it is more or less active. Either of these
results could contribute to a disease state. In the case of FXS, enhanced activity of mGluRs
in the absence of FMRP appears to increase the translation of STEP. Given that APP and Aβ
levels are elevated in Fmr1 KOs and that Aβ inhibits the UPS in AD, it is also an intriguing
possibility that Aβ blocks the UPS in FXS and leads to less degradation of STEP.
Genetically reducing STEP reduces some FXS-associated behaviors in Fmr1 KOs. As
highlighted here, pharmacological treatments that target STEP may be successful strategies
not only for FXS, but also for other neurological disorders such as AD in which increased
levels of STEP contribute to cognitive decline. While a number of unanswered questions
remain, we continue to take one step at a time to advance our understanding of how STEP
contributes to the pathophysiology of FXS.
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Figure 1. Schematic of STEP
To date, four alternatively-spliced variants of STEP (STEP61, STEP46, STEP38, and
STEP20) and one calpain cleavage product (STEP33) have been identified. The kinase-
interacting motif (KIM) domain is essential for substrate binding, and the consensus protein
tyrosine phosphatase (PTP) sequence, [I/V]HCxAGxxR[S/T]G, is required for phosphatase
activity. Since STEP61 and STEP46 are the only two that contain both the KIM and PTP
sequence, they are the only active forms of STEP. STEP38 and STEP20 do not contain the
PTP sequence and are inactive variants of STEP with unknown function. It is possible that
these two inactive isoforms function as dominant-negative variants that compete with active
STEP variants for substrate binding, or they possess other functions yet to be discovered. A
unique ten amino acid sequence at the C-terminus of STEP38 and STEP20 is introduced
during splicing. A calpain cleavage site resides within the KIM domain between Ser224 and
Leu225 which is utilized to generate STEP33. Cleavage at this site disrupts the ability of
STEP33 to interact with its substrates. STEP61 also has an additional 172 amino acids in its
N-terminus which contains two transmembrane (TM) domains, two polyproline-rich (PP)
regions, and an adjacent PEST sequence (not labeled). The TM regions target STEP61 to the
endoplasmic reticulum, as well as the post-synaptic density. Without these TM regions,
STEP46 is restricted to the cytosol. The PP regions impart substrate binding specificity. PKA
phosphorylates STEP within the KIM domain (Ser221 and Ser49 on STEP61 and STEP46,
respectively), as well as in the region adjacent to the PP regions (Ser160 on STEP61).
Although the function of the additional phosphorylation site on STEP61 remains unclear,
current investigations are aimed at determining if phosphorylation at this or other sites is a
signal for calpain-mediated cleavage and/or ubiquitination.
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Figure 2. Regulation of STEP and its substrates by phosphorylation
In response to dopamine D1 receptor activation, PKA phosphorylation of STEP61 at Ser221

sterically prevents binding of STEP61 to its substrates. In contrast, stimulation of NMDARs
initiates calcium influx and activation of PP2B (calcineurin) and PP1 to dephosphorylate
and activate STEP61. When active, STEP dephosphorylates ERK1/2 and Fyn at their
regulatory tyrosine residues, Tyr204 and Tyr420 (respectively), and inactivates them. STEP61
regulates the phosphorylation of NR2B-containing NMDARs by two parallel mechanisms.
First, when Fyn is inactivated by STEP61, Fyn is unable to phosphorylate NR2B Tyr1472.
Second, STEP61 dephosphorylates NR2B Tyr1472 directly. Dephosphorylation of Tyr1472

promotes the interaction of NR2B with clathrin adaptor proteins and leads to endocytosis of
these receptors. STEP61 is also required for the internalization of GluR1/GluR2-containing
AMPARs following mGluR stimulation. While the molecular mechanisms are still
incompletely understood, STEP61 appears to promote the endocytosis of AMPARs in a
similar manner to NMDARs.
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Figure 3. Mechanisms governing STEP protein expression and implications for Fragile X
Syndrome
(A) In normal (or wild-type) neurons, brief stimulation of mGluR5 receptors with DHPG
triggers translation of STEP mRNA, as well as translation of other mRNAs including APP
and FMRP. STEP dephosphorylates a tyrosine residue on GluR2 and initiates endocytosis of
AMPARs following DHPG treatment. FMRP associates with both STEP and APP mRNA
and likely acts as a translation suppressor to prevent excessive translation of these mRNAs.
Ubiquitination and degradation by the proteasome regulate STEP and FMRP protein levels.
Upon stimulation of mGluRs with DHPG, FMRP is rapidly degraded by the proteasome,
presumably to permit translation of FMRP targets and allow the expression of LTD. (B) In
the absence of FMRP, STEP protein expression might be inappropriately elevated by two
parallel pathways. First, without the suppression of STEP mRNA translation by FMRP, the
steady-state translation rate of STEP would be upregulated. Similarly, translation of APP is
increased in Fmr1 KO mice. Elevated levels of APP provide more targets for β- and γ-
secretase-mediated cleavage and result in exacerbated Aβ production in aged Fmr1 KO
mice. Given that Aβ inhibits the ubiquitin proteasome system (UPS) in Alzheimer’s disease,
it is possible that the UPS is blocked in FXS later in life. Consequently, inhibition of UPS by
Aβ could lead to reduced degradation of STEP. Elevated STEP levels in FXS could
therefore maintain the persistent internalization of AMPARs and exaggerated mGluR-
dependent LTD. Of note, for simplicity, NR2B-containing NMDARs, ERK1/2, and Fyn
were removed from this figure; however, it is possible that these proteins would also be
more dephosphorylated and inactivated in the presence of elevated STEP levels.
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