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The Phosphoinositide 3-Phosphatase MTMR2 Interacts with
PSD-95 and Maintains Excitatory Synapses by Modulating
Endosomal Traffic
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MTMR?2 is a 3-phosphatase specific for the phosphoinositides PI(3)P and PI(3,5)P,, which are mainly present on endosomes.
Mutations in the MTMR2 gene in Schwann cells lead to a severe demyelinating peripheral neuropathy known as Charcot-Marie-
Tooth disease type 4B1. MTMR2 expression is also detected in peripheral and central neurons, but neural functions of MTMR2
remain unclear. Here, we report that MTMR2 is localized to excitatory synapses of central neurons via direct interaction with
PSD-95, a postsynaptic scaffolding protein abundant at excitatory synapses. Knockdown of MTMR2 in cultured neurons markedly
reduces excitatory synapse density and function. This effect is rescued by wild-type MTMR2 but not by a mutant MTMR2 lacking
PSD-95 binding or 3-phosphatase activity. MTMR2 knockdown leads to a decrease in the intensity of EEA1-positive early endo-
somes in dendrites but increases the intensity in the cell body region. Moreover, MTMR2 suppression promotes endocytosis, but
not recycling, of the GluR2 subunit of AMPA receptors, which is an endosomal cargo. In addition, colocalization of internalized
GluR2 with Lamp1-positive late endosomes/lysosomes is enhanced in the cell body area but not in dendrites. These results suggest
that PSD-95-interacting MTMR2 contributes to the maintenance of excitatory synapses by inhibiting excessive endosome forma-

tion and destructive endosomal traffic to lysosomes.

Introduction
PSD-95/SAP90, an abundant excitatory postsynaptic scaffolding
protein, has been implicated in the regulation of excitatory syn-
apse formation, maturation, and plasticity (Montgomery et al.,
2004; Funke et al., 2005; Fitzjohn et al., 2006; Okabe, 2007; Sheng
and Hoogenraad, 2007; Keith and El-Husseini, 2008). Although
various molecular mechanisms have been suggested to explain
PSD-95-dependent synaptic regulation, we may be far from a
comprehensive understanding of these mechanisms.
Phosphoinositides (PIs) are lipid signaling molecules that reg-
ulate cell signaling and membrane dynamics (Di Paolo and De
Camilli, 2006). Myotubularin and related proteins constitute a
large family of 3-phosphatases for PIs (Laporte et al., 2003;
Clague and Lorenzo, 2005; Robinson and Dixon, 2006; Bolis et
al., 2007). These proteins are conserved across a spectrum of
eukaryotic species, including yeast, worms, flies, and mam-
mals. In humans, there are 14 myotubularin family proteins—
myotubularin 1 (MTM1) and 13 myotubularin-related proteins
(MTMR1-13)—8 of which are catalytically active. MTM1,
MTMR?2, and MTMR13 have been associated with myopathy and
neuropathies, highlighting their clinical importance (Laporte et
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al., 1996; Bolino et al., 2000; Azzedine et al., 2003; Senderek et al.,
2003; Berger et al., 2006a; Previtali et al., 2007; Nicot and Laporte,
2008).

Mutations in the MTMR?2 gene cause Charcot-Marie-Tooth
disease type 4B1 (CMT4B1) (Bolino et al., 2000), an autosomal-
recessive peripheral neuropathy characterized by childhood onset,
progressive muscle weakness, reduced nerve conduction velocity,
and nerve demyelination with myelin outfolding (Quattrone et al.,
1996). MTMR2-deficient mice exhibit a CMT4B1-like neuropa-
thy (Bolino et al., 2004; Bonneick et al., 2005), and ablation of
MTMR?2 in Schwann cells, but not in motor neurons, is sufficient
to cause CMT4B1-like neuropathy (Bolino et al., 2004; Bolis et
al,, 2005). The interaction of MTMR2 with SAP97/Dlg1 (a rela-
tive of PSD-95) has been implicated in the regulation of mem-
brane remodeling during myelination (Bolino et al., 2004; Bolis
et al., 2009). In addition, most MTMR2 mutations in CMT4B1
patients disrupt the phosphatase activity of MTMR2 (Berger et
al., 2002; Begley et al., 2003). MTMR?2 is active toward two spe-
cific PIs, PI(3)P and PI(3,5)P, (Berger et al., 2002; Kim et al.,
2002; Laporte et al., 2002; Begley et al., 2003; Tronchere et al.,
2004), which are thought to regulate the endosomal pathway
(Robinson and Dixon, 2006). These results suggest that MTMR2-
dependent regulation of membrane remodeling and endosomal
trafficking may underlie the pathophysiology of CMT4B1.

In addition to Schwann cells, MTMR?2 is expressed in periph-
eral nerves (Berger et al., 2002; Previtali et al., 2003). MTMR2
mRNAs are also expressed in the brain (Laporte et al., 1998),
where it is detected in various principal neurons (Berger et al.,
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Figure 1. PSD-95 interacts with and promotes spine localization of MTMR2. A, Domain structure of MTMR2. PH-GRAM, glu-

cosyltransferases, Rab-like GTPase activators and myotubularins; PTP, protein tyrosine phosphatase; CC, coiled coil; PB, PDZ
binding motif. B, MTMR2 interacts with PSD-95 family proteins in yeast two-hybrid assays. The last seven amino acids of MTMR2
(WT or the C-terminal point mutant V643A) in the pBHA bait vector were tested for their binding to PDZ domains from PSD-95
family members and other PDZ proteins (S-SCAM, Shank1, and GRIP2) in the pGAD10 prey vector. HIS3 activity: + + +, > 60%;
++,30-60%; +, 10-30%; —, no significant growth. 3-Galactosidase activity: + + +, << 45 min; + +, 45-90 min; +,
90240 min; —, no significant activity. , Pulldown of PSD-95 family proteins by GST fusion proteins of MTMR2 (GST-MTMR2; full
length). HEK293T cell lysates transfected with PSD-95 family members were pulled down by GST-MTMR2 and immunoblotted with
antibodies against PSD-95, Myc (PSD-93), EGFP (SAP97), and Flag (SAP102). D, MTMR2 forms a complex with PSD-95 in HEK293T
cells. HEK293T cells doubly transfected with PSD-95 and Flag-tagged MTMR2 (WT, or a A C mutant that lacks the PSD-95-
interacting C terminus) were immunoprecipitated with Flag antibodies and immunoblotted with Flag and PSD-95 antibodies.
E, MTMR2 forms a complex with PSD-95, PSD-93, and SAP102, but not with SAP97 or other PDZ proteins, in rat brain. F, 6, MTMR2
WT shows a greater degree of spine localization than does MTMR2 A C. Cultured hippocampal neurons were transfected doubly
with MTMR2 (WT or A C) and PSD-95-EGFP (DIV 15-16) and stained for EGFP and MTMR2. Spine localization of MTMR2 was
quantified as the ratio of MTMR2 signals in a spine versus those in a neighboring dendrite. n = 8 cells for MTMR2 WT and 6 for
MTMR2 A C. **p << 0.01. Scale bar, 5 um.

2002; Bolino et al., 2002). However, functions of MTMR?2 in the
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of MTMR2 were subcloned into pSUPER.
gfp/neo (Oligoengine); sh-M1, nt 970-988, 5'-
AGTGTCAATGCTGTTGCCA-3'; sh-M1*, 5'-
AGCGTCAACGCGGTTGCCA-3'; sh-M2, nt
191-208, 5'-TGAGGGAGGCAAACAAATT-
3’; and sh-M3, nt 1615-1633, 5'-TCACT-
GTGGTCCTATATAA-3'. For the rescue
expression constructs [wild type (WT), A C,
and C417S], four point mutations (T972C,
T975G, T978C, and T981G) were introduced
to MTMR2 in p3XFLAG-CMV7.1 using a
QuikChange kit (Stratagene). For GST-
MTMR?2, full-length MTMR2 was subcloned
into pGEX4T-1. GW1-PSD-95-EGFP has been
described previously (Arnold and Clapham, 1999).

Antibodies. Rabbit polyclonal MTMR2
(#1490) and PSD-95 (#1399) antibodies were
generated using GST—full-length MTMR2
and PSD-95 fusion proteins as immunogens,
respectively. Specific antibodies were affinity-
purified using PVDF membrane (GE Health-
care). The following antibodies have been
described previously: PSD-95 (SM55 and 1399),
PSD-93/Chapsyn-110 (B9594), SAP97 (B9591),
SAP102 (1445), S-SCAM (1146), GRIP (C8399;
pan-GRIP antibody), and EGFP (1167). Other
antibodies were obtained from the following
sources: PSD-95 (Affinity BioReagents); synap-
tophysin, B-tubulin, MAP2, and Flag (Sigma),
EEA1 (BD Transduction Laboratory), and
Lampl (StressGen).

Yeast two-hybrid screen and assays. Two-
hybrid screen and assays were performed using
the L40 yeast strain. The C-terminal region of
MTMR?2 [aa 637-643 (wild type and point mu-
tants) were generated by annealing oligonucle-
otides and subcloning them into pBHA (bait
vector). PDZ domains in pGADI10 (prey vec-
tor) have been described previously (Kim et al.,
1995; Wyszynski et al., 2002).

In situ hybridization. To study the spatial ex-
pression of MTMR2 mRNAs, i situ hybridiza-
tion was performed as described previously
(Kim etal., 2004). The hybridization probe was
prepared from pGEM?7zf containing cDNA con-
taining rat MTMR?2 (436 bp; nucleotides 1691-
2126; GenBank accession number XM-235822).
5S-labeled antisense riboprobes were prepared
using Riboprobe System (Promega).

Immunoprecipitation. In vivo coimmuno-
precipitation were performed as described pre-
viously (Wyszynski et al., 1999). Deoxycholate
extracts of the crude synaptosomal fraction of
adult rat brain were incubated with MTMR2

CNS are not well understood. In addition, it is unclear whether
and how MTMR2 is targeted to specific subcellular sites (i.e., sites
of endosomal generation) for local regulation of endosomal
trafficking.

Here, we report that MTMR?2 is targeted to excitatory syn-
apses via direct interaction with PSD-95 and show that MTMR2
is important for excitatory synapse maintenance by regulating
endosomal trafficking.

Materials and Methods

Expression and shRNA constructs. For expression constructs, regions of
rat MTMR2 (full length, aa 1-643; A C, aa 1-640; C417S, phosphatase-
inactive form) were subcloned into p3XFLAG-CMV7.1 (Sigma). For
shRNA constructs, oligonucleotides targeting the following three regions

(1490, 2 pg/ml) and PSD-95 (1399, 2 ug/ml) antibodies or IgG (2 g/
ml), followed by protein A-Sepharose precipitation. For in vitro immu-
noprecipitation, transfected HEK293T cells were extracted with PBS
containing 1% Triton X-100 and incubated with FLAG-agarose (Sigma).

Neuron culture, transfection, and immunohistochemistry. Cultured hip-
pocampal neurons were prepared from embryonic day 18 rat brain. Neu-
rons were placed on coverslips coated with poly-p-lysine (1 mg/ml) and
maintained in Neurobasal medium supplemented with B27 (Invitro-
gen), 0.5 mm L-glutamine, and 12.5 um glutamate, and grown in fresh
medium without glutamate. Neurons were transfected using the calcium
phosphate transfection kit (Clontech). For immunostaining, neurons
were permeabilized in PBS containing 0.2% Triton X-100 and incubated
with primary antibodies against MTMR2 (2 pg/ml) and PSD-95 (1:500),
synaptophysin (1:200), MAP2 (1:500), EGFP (1:500), and Flag (1 g/
ml), followed by Cy3- or FITC-conjugated secondary antibodies.
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Time-lapse imaging. Cultured neurons ex- A
pressing sh-M1 (or sh-vec) were mounted in a
chamber (Zeiss) in which temperature (37°C)
and CO, concentration (10%) were main-
tained during the image acquisition. Images
were acquired with an LSM510 confocal mi-
croscope (Zeiss) using a C-Apochromat ' 63,

1.20 numerical aperture water-immersion ob-
jective. The laser power was attenuated to <3%
to avoid fluorescence bleaching and neuronal
toxicity. Images were captured every 10 min for D

90 min. Ctx He

Antibody feeding assay. Live cultured neu-
rons expressing HA-GluR2 were incubated
with mouse HA antibodies (10 ug/ml) for 10
min at 37°C. After DMEM washing, neurons
were returned to conditioned medium and
incubated at 37°C for 10 min. Fixed neurons F
were incubated with Cy3-conjugated anti-
bodies for surface GluR2, permeabilized, and
labeled with Cy5- and FITC-conjugated
antibodies for internalized GluR2 and EGFP
(expressed from the shRNA vector),
respectively.

Recycling assay. Live labeling of HA-GluR2
was performed as in the antibody feeding assay.
After brief washing in prewarmed DMEM,
neurons were returned to normal conditioned
medium and incubated for 10 min at 37°C to
allow endocytosis. Remaining surface HA-
GluR2-bound HA antibodies were acid
stripped with 0.5 M NaCl/0.2 M acetic acid on
ice for 4 min. Neurons were returned to nor-
mal conditioned medium and incubated for 30
min at 37°C to allow recycling. Neurons were
fixed, and recycled receptors were labeled with
Cy3-conjugated secondary antibodies. After
permeabilization, internalized receptors were
labeled with Cy5-conjugated secondary
antibodies.

Endosomal sorting. After surface labeling and endocytosis of HA-
GluR?2 as described in the antibody feeding assay, neurons were fixed in
cold 4% formaldehyde/4% sucrose/1’ PBS, and incubated with anti-
rabbit IgG donkey antibodies (10 ug/ml) to block HA-GluR2 remained
at the surface. Then, neurons were permeabilized in cold 0.2% Triton
X-100, followed by triple immunostaining for HA (internalized HA-
GluR2), EEA1/Lamp1, and EGFP (for knockdown vector). Neurons were
incubated with leupeptin (50 ug/ml) during the endosomal sorting experi-
ments to block lysosomal degradations; neurons not treated with leupeptin
were used for comparison.

Image acquisition and quantification. Fluorescent images were ac-
quired using a confocal microscope (LSM510). Neuronal images ac-
quired from two or three independent experiments using the same
parameter settings for all scans were analyzed using MetaMorph image
analysis software (Universal imaging) and in part by a blind manner.
Spines were defined as dendritic protrusions of 0.5-3 wm length, with or
without a head. The number of excitatory synapses was measured by
counting the number of PSD-95 or spines in contact with synapsin I on
12-24 neurons (~200 wm total dendritic length per neuron). To quan-
tify the number of EEA1- and Lamp1-positive endosomes, the number of
the EEA1 and Lamp1 clusters in the cell body region and dendritic pro-
cesses of cultured neurons were normalized to the cell body area and the
dendritic length, respectively. As Lamp1 clusters were most abundant in
proximal dendrites, dendrites within 50 um from the cell body were
used to analyze Lampl1 cluster density. Colocalization between inter-
nalized HA-GluR2 and endosomal markers was determined using the
colocalization module of the MetaMorph program. Means from mul-
tiple individual neurons were averaged to obtain a population mean
and SEM. The numbers () in figure legends represent cell numbers

Figure 2.
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Patterns of MTMR2 mRNA and protein expression. A-C, Distribution patterns of MTMR2 mRNAs in the brain. Coronal
(A), horizontal (B), and sagittal (€) sections of adult rat brain (8 weeks) were hybridized with an MTMR2 riboprobe. Arc, Arcuate
hypothalamic nucleus; CA1, CA1 field of Ammon’s horn; CA3, CA3 field of Ammon’s horn; (b, cerebellum; CPu, caudate—putamen;
(tx, cerebral cortex; DG, dentate gyrus; Me, medial amygdaloid nucleus; MHb, medial habenular nucleus; Ob, olfactory bulb; VMH,
ventromedial hypothalamic nucleus. Scale bar, 6 mm. D, Widespread expression of MTMR2 proteins in various brain regions,
determined by immunoblotting. R, Other regions of the brain. 3-Tubulin was used as a control. E, MTMR2 expression during rat
brain development. E, Embryonic day; P, postnatal day; Wk, week. PSD-95 and B-tubulin were used as controls. F, Distribution
patterns of MTMR2 in rat brain subcellular fractions. H, Homogenates; P2, crude synaptosomes; S2, supernatant after P2 precipi-
tation; S3, cytosol; P3, light membranes; LP1, synaptosomal membranes; LS2, synaptosomal cytosol; LP2, synaptic vesicle-
enriched fraction. SynPhy, synaptophysin. G, Enrichment of MTMR2 in PSD fractions. PSD fractions extracted with Triton X-100
once (PSD) or twice (PSD Il), or with Triton X-100 and a strong detergent Sarcosyl (PSD Ill), were immunoblotted with MTMR2 and

from two to four independent experiments. Statistical significance
was determined by Student’s f test or ANOVA.

Electrophysiology. Cultured neurons were transfected with pSUPER.
gfp/neo (sh-vec), or MTMR2 shRNAs, at day in vitro (DIV) 15. After 2 d,
EGFP-expressing neurons were whole-cell voltage-clamped at —60 mV
using an Axopatch 200B amplifier (Molecular Devices). mEPSCs were
analyzed using the Mini Analysis Program (Igor).

Results

PSD-95 interacts with MTMR2

To identify proteins that contribute to PSD-95-dependent orga-
nization of excitatory synaptic structure and function, we
searched for binding partners of PSD-95 using the second PDZ
domain of PSD-95 as bait and a human brain yeast-two hybrid
c¢DNA library. We identified MTMR?2, a 3-phosphatase for PIs, as
a novel binding partner of PSD-95 (Fig. 1 A).

In yeast-two hybrid assays, the C terminus of MTMR2, which
ends with the class I PDZ domain-binding motif, QTVV, inter-
acted with the first two PDZ domains of the PSD-95 family
proteins, PSD-95/SAP90, PSD-93/Chapsyn-110, SAP97, and
SAP102, but not with PDZ domains from S-SCAM, Shankl, or
GRIP2 (Fig. 1B). A mutant MTMR2 with a C-terminal point
mutation (V643A) eliminated the PDZ interactions. GST-
MTMR?2 fusion proteins pulled down all four PSD-95 family
proteins (Fig. 1C). Wild-type MTMR2, but not a mutant MTMR2
lacking the three C-terminal PSD-95-binding residues (MTMR2
A C), formed a complex with PSD-95 in HEK293T cells (Fig. 1 D).
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insets are shown below the original images. Scale bar, 50 umy; inset, 5 um.

In rat brain, MTMR2 formed a complex with PSD-95, PSD-93,
and SAP102, but not with SAP97, S-SCAM or GRIP (Fig. 1 E).

A known function of PSD-95 is to promote synaptic localization
of interacting proteins (Kim and Sheng, 2004; Funke et al., 2005;
Sheng and Hoogenraad, 2007). In support of this hypothesis,
WT MTMR2 showed greater spine localization than did MTMR2
A C, as measured by the ratio of MTMR2 signals in a spine to
those in an adjacent dendrite (Fig. 1 F, G). Expression levels of
MTMR2 WT and MTMR2 A C, as measured by their fluores-
cence signals relative to that of PSD-95 in dendritic regions
including the spines, were comparable (n = 8 for WT and 6 for
A C, p = 0.97), suggesting that the difference in their spine
localizations did not stem from altered expression. Together,
these results suggest that PSD-95 directly interacts with
MTMR2, and that this interaction promotes synaptic localiza-
tion of MTMR2.

Subcellularlocalization of MTMR2 in cultured hippocampal neurons. Cultured hippocampal neurons (DIV 18) were stained by
double immunofluorescence staining for MTMR2 (42, B2, and (2; green) and various subcellular markers (red); MAP2 (AT; a marker for
dendrites), PSD-95 (BT; a marker for excitatory synapses), and synaptophysin (C7; a presynaptic marker). A3, B3, and (3 indicate merged
images. MTMR? distributes to MAP2-positive dendrites as well as MAP2-negative axons (4; MAP2-negative axons are indicated by arrow-
heads) and colocalizes with PSD-95 and synaptophysin (B, ; sites of colocalizations are indicated by arrowheads). Enlargements of the
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Expression patterns of MTMR2 mRNAs
and proteins in the brain

We investigated the expression pattern of
MTMR2 mRNA in the adult rat brain (Fig.
2A-C). Strong expression of MTMR2
mRNAs was found in the granular layer of
olfactory bulb and dentate gyrus of hip-
pocampal formation. Relatively strong
expression was observed in the cerebral
cortex (strong in the layer IV and piriform
cortex), CA1-CA3 area of Ammon’s horn,
medial habenular nucleus of thalamus,
ventromedial and arcuate nuclei of hypo-
thalamus, medial amygdaloid nucleus,
and granule cell layer of cerebellum.

Immunoblot analysis using MTMR2
antibodies generated in this study re-
vealed that MTMR2 proteins are widely
expressed in various rat brain regions
(Fig. 2D). Expression levels of MTMR2
proteins gradually increased during post-
natal rat brain development, similar to
PSD-95 (Fig. 2E). In brain subcellular
fractions, MTMR2 was mainly detected
in synaptic fractions, including crude
synaptosomal (P2) and synaptosomal
membrane (LP1) fractions (Fig. 2F).
Lower, but significant, levels of MTMR2
were also detected in synaptic cytosol
(LS2) and synaptic vesicle (LP2) frac-
tions. Much smaller amounts of
MTMR2 were detected in the extra-
crude synaptosomal (S2) fraction,
which contains the cytosol (S3) and mi-
crosomes (P3). MTMR2 was detected in
postsynaptic density (PSD) fractions,
including PSD I and PSD II fractions,
but unlike PSD-95, it was not detected
in PSD III fractions (Fig. 2G), suggest-
ing that MTMR?2 is not tightly associ-
ated with the PSD at synapses.

In cultured hippocampal neurons,
MTMR2 was mainly detected in den-
drites, although axons also showed weak
MTMR?2 expression (Fig. 3A). A majority
of dendritic MTMR2 signals was detected
in discrete clusters, some of which were
colocalized with PSD-95 and synaptophysin (a presynaptic pro-
tein) (Fig. 3 B, C), indicating their presence at excitatory synapses,
while others were present in dendritic trunks.

Knockdown of MTMR?2 reduces excitatory synapse number
and suppresses synaptic transmission

Myotubularins have been implicated in the regulation of endo-
somal trafficking, an important cell biological process known to
regulate postsynaptic trafficking of membranes and receptors in
neurons (Kennedy and Ehlers, 2006; Newpher and Ehlers, 2008).
Therefore, we tested whether MTMR2 knockdown in cultured
neurons had any effect on excitatory synaptic structure and func-
tion. To this end, we generated an MTMR2 shRNA (sh-M1) that
reduces exogenous MTMR2 expression in HEK 293T cells by
~80%, and endogenous MTMR?2 expression in cultured hip-
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pocampal neurons by ~55% (supple-
mental Fig. S1A-C, available at www.

>
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MTMR?2 suppression (supplemental Fig.
S2A,B, available at www.jneurosci.org
as supplemental material). Additionally,
MTMR?2 knockdown reduced the number G

"l

of dendritic spines, but had no effect on 2.2F sol T
their morphology (length and width) (sup- sh-vec 2.0 l
plemental Fig. S3A-D, available at www. | w ~ 18 < 40}
jneurosci.org as supplemental material). ‘ ‘ =16} s
The reduction in dendritic spine density oy 1'4: 2 30}
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enhanced the number of disappearing den- ‘ SRl 0.4 10
dritic spines during the 90 min live imaging MW 0.21
period, compared with control neurons 0.0 © W O«
transfected with the empty shRNA vector 50pA L o ‘\9«@ < 5\9 ‘\9
(supplemental Fig. S4A,B, available at 500ms =S ° ©

www.jneurosci.org as supplemental mate-
rial). In contrast, the number of newly ap-
pearing spines remained unaffected. These
results suggest that MTMR2 knockdown re-
duces spine density by suppressing spine
maintenance, and not formation.

To further characterize the effects of
MTMR?2 knockdown, we generated two
additional MTMR2 shRNAs (sh-M2 and
sh-M3), which target independent sites of
MTMR2 (supplemental Fig. S1A, avail-
able at www.jneurosci.org as supplemental material). MTMR2
knockdown by sh-M2 and sh-M3 similarly reduced the density of
excitatory synapses (PSD-95-positive spines) (Fig. 4A,B). In ad-
dition, a mutant MTMR2 shRNA that is not active against
MTMR2 mRNAs (sh-M1*) (supplemental Fig. S1 D, available
at www.jneurosci.org as supplemental material) did not re-
duce excitatory synapse number (Fig. 4A,B). These results
suggest that the effects of MTMR2 knockdown are caused by
specific degradation of MTMR2 mRNAs.

We next tested whether MTMR2 knockdown affects excitatory
synaptic functions. MTMR2 knockdown in cultured neurons
(DIV 15-17) caused a marked reduction in the frequency, but not
amplitude, of miniature EPSCs (mEPSCs) (Fig. 4C—E). The lack
of change in mEPSC amplitude may reflect the homeostatic
maintenance of synaptic strength in the remaining spines. These
results suggest that MTMR2 is required for both morphological
and functional maintenance of excitatory synapses.

Figure 4.

amplitude of mEPSCs.

PSD-95 binding and phosphatase activities of MTMR2 are
required for excitatory synapse maintenance

To identify molecular determinants of MTMR?2 that are required
for the maintenance of excitatory synapses, we rescued the effects

Knockdown of MTMR2 reduces excitatory synapse number and suppresses excitatory synaptic function. A, MTMR2
knockdown reduces the number of excitatory synapses, defined as PSD-95-positive dendritic spines. Cultured hippocampal neu-
rons were transfected with three independent shRNA constructs for MTMR2 (sh-M1, sh-M2, and sh-M3), a mutant sh-M1 with
point mutations (sh-M1%) that is not active for MTMR2 mRNAs, or empty shRNA vector (sh-vec; control) (DIV 15-17), and stained
for EGFP and PSD-95 for visualization of PSD-95-positive dendritic spines. Scale bar, 5 wm. B, Quantification of the effects of
shRNA-mediated MTMR2 knockdown on the linear density of excitatory synapses. Histogram represents mean values = SEM
(sh-vec, n = 16 cells; sh-M1, n = 15; sh-M2, n = 16; sh-M3, n = 13; sh-M1*, n = 13; ***p < 0.001, ANOVA). ¢, MTMR2
knockdown reduces the frequency, but not amplitude, of mEPSCs. Cultured neurons transfected with sh-vec, sh-M1, or sh-M1*
(DIV 15-17), were used to measure mEPSCs. D, E, Quantification of the effects of MTMR2 knockdown on the frequency and

of MTMR2 knockdown by coexpressing sh-M1 and sh-M1-
resistant MTMR2 rescue constructs (supplemental Fig. S1E,
available at www.jneurosci.org as supplemental material; WT
and mutants), which are expressed at levels comparable to those
of endogenous proteins. The WT MTMR?2 rescue construct fully
rescued the synapse-reducing effect of MTMR2 knockdown, re-
storing the number of excitatory synapses to a normal range (Fig.
5A,B). In contrast, the MTMR2 mutant that lacks phosphatase
activity (C417S) failed to rescue the knockdown effects (Fig.
5A,B). MTMR2 A C, which lacks the ability to bind PSD-95,
exhibited a reduced ability to rescue the knockdown phenotype
compared with WT MTMR?2 (Fig. 54, B), but did partially rescue
the knockdown effect, compared with MTMR2 C417S (Fig.
5A,B). This partial rescue activity may be attributable to the
widespread distribution of the mutant protein at various subcel-
lular sites, including dendritic spines. Expression levels of the
three rescue constructs (MTMR2 WT, MTMR2 A C, and
MTMR?2 C417S) were comparable, as measured by MTMR2 sig-
nals in dendrites and cell bodies of the neurons transfected with
these constructs, relative to those in neurons transfected with
empty shRNA vector (WT, 85%, n = 13; A C, 98%, n = 23;
C4178S, 91%, n = 10 in the cell body; WT, 95%, n = 15; A C,
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cesses of sh-M1-expressing neurons, a re-
sult that contrasts with that obtained in
the cell body area (Fig. 6 A, B). Neither the
number nor intensity of Lamp1 clusters in
dendrites was changed by MTMR2
knockdown (Fig. 6 A, B). These results in-
dicate that MTMR2 knockdown decreases
EEA1 intensity in dendrites but increases
EEA1 intensity in the cell body without
affecting the number of EEA1 clusters in
dendrites or the cell body, suggesting the
interesting possibility that MTMR2

-
g o

knockdown causes dendritic early endo-
somes to move toward the cell body.

PSD-95-positive spines/100um
N
o

o

Figure 5.

n = 15;**p < 0.01; ***p < 0.001, ANOVA).

110%, n = 28; C417S, 89%, n = 10 in dendrites). These results
suggest that MTMR?2 contributes to the maintenance of excita-
tory synapses through mechanisms that depend on the PSD-95-
binding and phosphatase activities of MTMR2.

MTMR2 knockdown leads to a decrease in the intensity of
EEA1-positive early endosomes in dendrites but increases the
intensity in the cell body region

How might the catalytic activity of MTMR2 contribute to the
maintenance of excitatory synapses? PI(3)P and PI(3,5)P,, the
main substrates of MTMR?2, are localized primarily to the sur-
faces of early and late endosomes, respectively (Berger et al.,
2002; Kim et al., 2002; Laporte et al., 2002; Begley et al., 2003;
Tronchere et al., 2004; Robinson and Dixon, 2006; Nicot and
Laporte, 2008). Accordingly, we examined whether early/late en-
dosomes were altered in cultured neurons transfected with the
MTMR2 knockdown construct by monitoring EEA1 (an early
endosome-associated protein) and Lamp] (a transmembrane protein
enriched in late endosomes and lysosomes).

MTMR?2 knockdown had no effect on the number of EEA1 or
Lampl clusters in the cell body region (Fig. 6 A, B). Interestingly,
the intensity of total EEA1 clusters, but not that of Lamp1, nor-
malized to the cell body area was increased by MTMR2 knock-
down (Fig. 6A,B). In addition, the fluorescence intensities of
EEA1 on individual clusters were significantly increased by MTMR2
knockdown, whereas Lamp! intensities were unaffected (*p <
0.05 and p = 0.362, respectively). Because PI(3)P and Rab5 on
early endosomes recruit EEA1 and stimulate endosome fusion
(Simonsen et al., 1998), these results suggest that MTMR2 knock-
down caused an increase in the concentration of PI(3)P, a sub-
strate of MTMR?2, on early endosomes.

Interestingly, EEA1 clusters (normalized to dendritic length)
were reduced in intensity, but not number, in the dendritic pro-

Rescue of the effect of MTMR2 knockdown requires the PSD-95-binding and phosphatase activities of MTMR2.
A, Rescue of MTMR2 knockdown by an sh-RNA-resistant MTMR2 expression construct. Both WT and mutant MTMR2 expression
constructs were used to identify the molecular determinants important for MTMR2 function. Cultured hippocampal neurons were
doubly transfected with sh-M1 plus MTMR2 [WT and mutants that lack PSD-95 binding (A C) or the phosphatase activity ((4175)],
or singly with sh-M1 or sh-vec (DIV 15-17), and stained for EGFP, PSD-95, and MTMR2 to visualize PSD-95-positive dendritic
spines and to monitor changes in MTMR2 expression. Note that MTMR2 images are shown in black and white instead of blue
for image clarification. Scale bar, 5 wm. B, Quantification of the effects of the rescue constructs. Histogram represents
mean = SEM (sh-vec, n = 21 cells; sh-M1, n = 15; sh-M1 plus WT, n = 19; sh-M1 plus A C, n = 34; sh-M1 plus (4175,

MTMR2 knockdown enhances
O . endocytosis, but not recycling, of
& @N AMPA receptors
BN If early endosomes move down the den-

drites toward the cell body under MTMR2
knockdown conditions, how might the
number of EEA1 clusters in dendrites re-
main constant? One possibility is that
MTMR2 knockdown increases the num-
ber of dendritic endosomes, for example
by promoting endosomal production or
suppressing endosomal recycling. To this
end, we used GluR2, a subunit of AMPA
receptors that translocates through endo-
somal pathways at excitatory synapses
(Newpher and Ehlers, 2008). After surface labeling N-terminally
HA-tagged GluR2 (HA-GluR2) by incubating live neurons with HA
antibodies, endocytosis of the antibody-HA-GluR2 complex was
monitored (antibody feeding assay in Materials and Methods).
Interestingly, the amount of internalized GluR2 within a given
time frame (20 min) was significantly increased in MTMR2-
suppressed neurons, compared with control neurons expressing
the empty knockdown vector (Fig. 7 A, B). It should be noted that
this difference was observed during a relatively short time win-
dow (20 min), which is normally used in endocytosis assays to min-
imize contamination of recycling events over longer time periods.
Accumulation of these small changes over the time course of days
may lead to significant changes, such as loss of synapses and den-
dritic spines.

The increase in the amount of internalized GluR2 following
MTMR?2 knockdown may be attributable to enhanced endocyto-
sis or reduced recycling. In our experiments, MTMR2 knock-
down had no effect on the recycling of internalized GluR2,
relative to control (empty knockdown vector) (Fig. 7C,D), sug-
gesting that suppression of MTMR2 selectively enhances endo-
cytosis of AMPA receptors.

MTMR2 knockdown induces a large increase in the
colocalization between internalized AMPA receptors

and late endosomes/lysosomes mainly in the cell body
Enhanced EEAL1 localization to early endosomes and increased
production of GluR2-containing endosomes may lead to changes
in the endosomal trafficking of internalized GluR2. Accordingly,
we monitored whether internalized GluR2 shows enhanced co-
localization with early endosomes or late endosomes/lysosomes
in dendrites and the cell body. MTMR?2 knockdown significantly
increased the colocalization of internalized GluR2 with Lamp1
(late endosomes/lysosomes) in the cell body but not in dendrites
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in the presence of leupeptin, an inhibitor
of lysosomal proteases (Fig. 8 A, B). Con-
versely, Lamp1 showed increased colocal-
ization with internalized GluR?2 in the cell
body but not in dendrites (Fig. 8 A, B). The
same experiments in the absence of leu-
peptin yielded essentially identical results
with a small reduction in the colocaliza-
tion (supplemental Fig. S5, available at
www.jneurosci.org as supplemental ma-
terial). The absence of leupeptin did not
significantly decrease the absolute levels
of GluR2, although there was a tendency
(data not shown). As for EEA1 (early en-
dosomes), MTMR2 knockdown caused
relatively small increases, compared with
Lampl, in the colocalization of internal-
ized GIluR2 with EEA1 in both dendrites
and the cell body (Fig. 8 A,B). These re-
sults suggest that MTMR2 knockdown
promotes sorting of internalized AMPA
receptors to the late endosomal/lysosomal
pathway for protein degradation.

Discussion ’_‘
Synaptic localization of MTMR2

by PSD-95

Our results indicate that PSD-95 di-
rectly interacts with and promotes spine
localization of MTMR?2, effectively en-
riching MTMR?2 in dendritic spines. Con-
sistent with this, a large fraction of
MTMR?2 is detected in synaptic mem-
brane and PSD fractions. It should be
noted that relatively small, but significant,
amounts of MTMR2 are also detected in
synaptic cytosol and synaptic vesicle-
enriched fractions. This is consistent with
the fact that MTMR2 is not enriched in
PSD fractions to as great an extent as PSD-
95. Therefore, it appears that the affinity
of MTMR?2 for PSD-95 is in a range that
allows MTMR?2 protein to be localized at
the PSD, as well as in the cytosol and ves-
icles within the spine. A relatively small
amount of MTMR2 was also detected in
axons, indicating that MTMR2 acts at
widespread subcellular sites in neurons.

There are 14 members of the myotubularin family of PI
3-phosphatases in humans. Although their biochemical func-
tions have been relatively well characterized, whether and how
they are targeted to distinct subcellular sites of major endoso-
mal production has remained unclear. Our results indicate that
MTMR?2 is enriched at excitatory synapses. Importantly, we have
identified a novel mechanism for this synaptic enrichment: inter-
action with the PDZ domain of a synaptic scaffolding protein.
These results also suggest the novel involvement of PSD-95 in
the MTMR2-dependent regulation of PI signaling at excita-
tory synapses.

A previous study has shown that MTMR?2 in Schwann cells
interacts with SAP97/Dlg1 (Bolino et al., 2004; Bolis et al., 2009),
a PSD-95 family protein with a relatively widespread tissue dis-
tribution pattern compared with other PSD-95 family proteins
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MTMR2 knockdown leads to a decrease in the intensity of EEA1 clusters in dendrites but an increase in the cell body
region. A, Cultured hippocampal neurons were transfected with sh-vec or sh-M1 (DIV 15-17), followed by immunostaining for
EGFP (for sh vectors) and EEAT/Lamp1. Scale bars, 50 m in soma and 10 m in dendrites. B, Quantification of results in A. Total
intensities and numbers of EEA1/Lamp1 clusters normalized to the cell body area or dendriticlengthin sh-M1-expressing cells were
normalized to those in sh-vec-expressing control neurons. Soma/den, Somatic and dendritic. Histogram represents mean = SEM
(soma, sh-vec/EEAT, n = 32 cells; sh-M1/EEAT, n = 41; sh-vec/Lamp1, n = 26; sh-M1/Lamp1, n = 29; dendrites, sh-vec/EEAT,
n = 29;sh-M1/EEAT, n = 25; sh-vec/Lamp1, n = 19; sh-M1/Lamp1, n = 20; **p << 0.01, Student’s t test).

(Lue et al., 1994; Miiller et al., 1995). SAP97 is mainly detected at
the node/paranode region in Schwann cells, and this localization
is reduced in MTMR2-null mice (Bolino et al., 2004). This sug-
gests that MTMR2 is important for the subcellular localization of
SAP97/Dlgl, and that disruption of the MTMR2-SAP97 interac-
tion may dysregulate cellular junctions or membrane dynamics at
the node/paranode region, and as a consequence, lead to the myelin
outfolding observed in CMT4B1. As our results indicate that
MTMR? interacts with PSD-95 and PSD-93/chapsyn-110, but not
with SAP97, in the brain, MTMR?2 appears to interact differentially
with PSD-95 family proteins in different cell types. In addition, our
finding that PSD-95 promotes synaptic localization of MTMR2
suggests the possibility that SAP97 might regulate nodal/paran-
odal localization of MTMR2.

MTMR?2 is known to form heteromultimers with other myo-
tubularins, including the catalytically inactive MTMR5/SBF1 and
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MTMRI13/SBF2; these interactions enhance the phosphatase ac-
tivity of MTMR2 (Kim et al., 2003; Robinson and Dixon, 2005;
Berger et al., 2006b). A previous proteomic analysis identified
MTMRS5 as a component of the PSD, suggesting that MTMRS5 is
localized to excitatory synapses (Peng et al., 2004). In addition,
MTMR13, which is also associated with the CMT4B2 demyeli-
nating neuropathy (Azzedine et al., 2003; Senderek et al., 2003), is
widely expressed in various tissues, including the brain (Azzedine
etal., 2003). Therefore, these myotubularins might be indirectly
recruited to excitatory synapses through MTMR2 and participate
in the local regulation of endosomal trafficking.

Maintenance of excitatory synapses by MTMR2

Our results indicate that MTMR2 is required for the maintenance
of excitatory synapses and dendritic spines. The MTMR2
knockdown-induced reduction in excitatory synapse number
was rescued by WT MTMR2 but not by MTMR2 mutants that
lack either PSD-95 binding or phosphatase activity. The
3-phosphatase activity of MTMR?2 is active toward two specific
PIs, PI(3)P and PI(3,5)P,, which are thought to be present mainly
on early and late endosomes, respectively (Berger et al., 2002;

1.50 4
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MTMR2 knockdown enhances endocytosis, but not recycling, of the GIuR2 subunit of AMPA receptors. A, B, MTMR2
knockdown enhances GIuR2 endocytosis. Cultured neurons transfected with HA-GIuR2 plus sh-vec (or sh-M1; DIV 16 -20) were
subjected to the antibody feeding assay (see Materials and Methods for details). The internalization index [ratio of internalized to
total (internalized plus surface) receptors] in sh-M1-expressing cells was normalized to that in sh-vec-expressing control neurons.
Histogram represents mean == SEM (sh-vec, n = 25 cells; sh-M1,n = 17;**p << 0.01, Student’s t test). €, D, MTMR2 knockdown
does not affect GluR2 recycling. Cultured neurons transfected with HA-GIuR2 plus sh-vec (or sh-M1; DIV 16 —20) were subjected to
the recycling assay (see Materials and Methods for details). The ratios of recycled/internalized (GluR2 remaining internalized after
recycling) receptors in sh-M1- and sh-vec-expressing cells at 0 and 30 min time points were compared. Histogram represents
mean = SEM (sh-vec, 0 min, n = 22;30 min, n = 16; sh-M1, 0 min, n = 19; 30 min, n = 15; ***p < 0.001, Student’s t test).

J. Neurosci., April 21,2010 - 30(16):5508 =5518 * 5515

Kim et al., 2002; Laporte et al., 2002; Beg-
ley et al., 2003; Tronchere et al., 2004;
Robinson and Dixon, 2006; Nicot and
Laporte, 2008). Therefore, it is expected
that MTMR2 targeted to excitatory syn-
apses by PSD-95 interaction might par-
ticipate in the regulation of synaptic
endosomal trafficking.

Consistent with this hypothesis, endo-
somal compartments are found in den-

n.s.
dritic spines (Cooney et al., 2002), and

*%
*%k* |_‘
active endosomal trafficking of synaptic

s
*
membrane proteins occurs within the
6"\\0 @Q@\Q spine (Kennedy and Ehlers, 2006; Lau and
O Zukin, 2007; Shepherd and Huganir,
2007; Newpher and Ehlers, 2008). In ad-
dition, specialized endocytic zones are
present in dendritic spines at sites adja-
cent to the PSD (Blanpied et al., 2002). As
the endocytic zone and the PSD are phys-
ically coupled by dynamin-3 (Lu et al,
2007), PSD-95-bound MTMR2 may be
ideally localized to regulate the endoso-
mal production and traffic occurring at an
adjacent endocytic zone.

How might endosomal dysregulation
contribute to the loss of excitatory syn-
apses? One possibility is that excessive
production of endosomes, which contain
synaptic surface proteins as well as mem-
branes, leads to synaptic loss. In support
of this possibility, our data indicate that
MTMR2 knockdown leads to an increase
in endocytosis (not recycling) of GluR2-
containing AMPA receptors, a well
known endosomal cargo, at excitatory
synapses (Fig. 7). Little is known about the
potential involvement of MTMR?2 in reg-
ulating the very early steps of endocytosis
or endosome production, although stud-
ies in non-neural cells suggest this possi-
bility. In L6 cells, the MTMR2 substrate
PI(3)P is generated in the plasma membrane by insulin stimula-
tion, which acts via activation of the small GTPase TC10 (Maf-
fucci et al., 2003). PI(3)P increases the affinity of the AP2
endocytic complex for the tyrosine-based endocytic motif in tar-
get receptors (Rapoport et al., 1997). In addition, the class II PI
3-kinase C2a, which produces PI(3)P from PI, is localized to
clathrin-coated pits and is activated by clathrin binding (Gaida-
rov et al., 2001). Deletion of let-512, a Caenorhabditis elegans
homolog of the class III PI 3-kinase Vps34, leads to defects in
endocytosis (Xue et al., 2003). These results suggest that PI(3)P
can be generated in the plasma membrane and may have function
at early stages of endocytosis. It is thus possible that MTMR?2,
which dephosphorylates PI(3)P to PI, may act as a negative reg-
ulator of early endocytic processes.

Alternatively, MTMR2 knockdown may lead to synaptic loss
by interfering with normal endosomal trafficking. Specific P1spe-
cies in endosomal surfaces, often in combination with small
GTPases such as Rab5, function as an identity code that directs their
interaction with effector proteins and mediates trafficking to various
subcellular compartments (Zerial and McBride, 2001; Behnia and
Munro, 2005). For instance, PI(3)P and Rab5 on early endo-

sh-vec sh-M1

&

30 min
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somes recruit EEA1 and promote endo- A
some fusion (Simonsen et al., 1998). In
support of a role for PIs in endosomal
trafficking, overexpression of MTMR?2 in
yeast, which reduces levels of PI(3)P and
PI(3,5)P, in endosomes, induces abnor-
mal accumulation of enlarged vacuoles
(Laporte et al.,, 2002). Knockdown or
pharmacological inhibition of the class ITI
PI 3-kinase Vps34, which reduces endo-
somal PI(3)P levels, inhibits the endo-
somal pathway (Petiot et al., 2003;
Johnson et al.,, 2006). Interestingly,
MTMR2 knockdown in epithelial cells
increases the amount of PI(3)P in late
endosomes and blocks the egress of the
epidermal growth factor receptor from
late endosomes (Cao et al., 2008). These
results suggest the interesting possibility
that MTMR2 knockdown might cause
EEAl-containing early endosomes to
move from dendrites to the cell body.
Our results indicate that MTMR2
knockdown induces a decrease in the in-
tensity of EEA1 clusters in dendrites and
increases the intensity in the cell body area
(Fig. 6). In addition, MTMR?2 knockdown
markedly enhances colocalization of inter-
nalized GluR2 with Lamp1-containing late
endosomes/lysosomes mainly in the cell
body region (Fig. 8). These results suggest
that EEAl-associated early endosomes in
the absence of MTMR2 expression are likely
to move from dendrites to the cell body area.
If this is the case, there should be a decrease 0.0
in the number of EEA1 clusters in dendrites.
However, there was no change in the
number of dendritic EEA1 clusters (Fig.
6). A possible explanation is that early
endosome generation in dendrites is en-
hanced, as demonstrated by increased
generation of GluR2-containing endo-
somes with MTMR2 knockdown (Fig. 7).
It is conceivable that the continuous
dendrite-to-soma flow of EEA1 mole-
cules could eventually lead to a decrease
in the intensity of EEA1 clusters in den-
drites. Last, our results suggest that abnormal endosomal traf-
ficinduced by MTMR2 knockdown may trap AMPA receptors in
defective endosomal compartments, promoting their lysosomal
degradation.

In conclusion, our results suggest that PSD-95 promotes the
synaptic localization of MTMR2, and that synaptically tar-
geted MTMR2 maintains excitatory synapses by inhibiting ex-
cessive endosomal production and destructive trafficking to
lysosomes.

.
o

N
o

Colocalization of iIHA-GIuR2
with endosomes

Figure 8.

ttest).

References

Arnold DB, Clapham DE (1999) Molecular determinants for subcellular lo-
calization of PSD-95 with an interacting K+ channel. Neuron
23:149-157.

Azzedine H, Bolino A, Taieb T, Birouk N, Di Duca M, Bouhouche A, Ben-
amou S, Mrabet A, Hammadouche T, Chkili T, Gouider R, Ravazzolo R,
Brice A, Laporte J, LeGuern E (2003) Mutations in MTMR13, a new

iHA-GIUR2/EEA1

O sh-vec
- [ sh-M1

soma den

EEA1

Lee et al. @ Excitatory Synaptic Regulation by MTMR2

iHA-GluR2/Lamp1

@ [ sh-vec ]
*k%k £

o

o

'ng.O

o=

— O

[o N1

c<

ol

§£1.0

5 =

(&)

o

o

(@]

0.0

soma den soma den soma den
Lamp1 EEA1 Lamp1

MTMR2 knockdown induces a large increase in the colocalization between internalized AMPA receptors and late
endosomes/lysosomes mainly in the cell body region. A, Cultured neurons were doubly transfected with sh-M1 (or sh-vec) and
HA-GIuR2 (DIV 15-17), followed by antibody feeding, endocytosis, and triple staining for internalized HA-GIuR2 (iHA-GIuR2;
green), EEA1/Lamp1 (red), and EGFP (shRNA; blue). The sorting experiment was performed in the presence of leupeptin to block
lysosomal degradation. Scale bars, 50 m in soma and 10 um in dendrites. B, Quantification of colocalization between internal-
ized GluR2 and EEAT/Lamp1 in the cell body (soma) and dendrites (den). The histogram represents mean = SEM (soma, sh-vec/
EEA1, n = 18 cells; sh-M1/EEAT, n = 26; sh-vec/Lamp1,n = 17;sh-M1/Lamp, n = 20;*p << 0.05; ***p < 0.001, Student's t test;
dendrites, sh-vec/EEA1, n = 28; sh-M1/EEAT, n = 26; sh-vec/Lamp1, n = 19; sh-M1/Lamp1, n = 20; ***p < 0.001, Student’s

pseudophosphatase homologue of MTMR2 and Sbfl, in two families with
an autosomal recessive demyelinating form of Charcot-Marie-Tooth dis-
ease associated with early-onset glaucoma. Am ] Hum Genet
72:1141-1153.

Begley MJ, Taylor GS, Kim SA, Veine DM, Dixon JE, Stuckey JA (2003) Crystal
structure of a phosphoinositide phosphatase, MTMR?2: insights into myo-
tubular myopathy and Charcot-Marie-Tooth syndrome. Mol Cell
12:1391-1402.

Behnia R, Munro S (2005) Organelle identity and the signposts for mem-
brane traffic. Nature 438:597—604.

Berger P, Bonneick S, Willi S, Wymann M, Suter U (2002) Loss of phospha-
tase activity in myotubularin-related protein 2 is associated with Charcot-
Marie-Tooth disease type 4B1. Hum Mol Genet 11:1569-1579.

Berger P, Niemann A, Suter U (2006a) Schwann cells and the pathogenesis
of inherited motor and sensory neuropathies (Charcot-Marie-Tooth dis-
ease). Glia 54:243-257.

Berger P, Berger I, Schaffitzel C, Tersar K, Volkmer B, Suter U (2006b)
Multi-level regulation of myotubularin-related protein-2 phosphatase ac-



Lee et al. o Excitatory Synaptic Regulation by MTMR2

tivity by myotubularin-related protein-13/set-binding factor-2. Hum
Mol Genet 15:569-579.

Blanpied TA, Scott DB, Ehlers MD (2002) Dynamics and regulation of
clathrin coats at specialized endocytic zones of dendrites and spines. Neu-
ron 36:435—449.

Bolino A, Muglia M, Conforti FL, LeGuern E, Salih MA, Georgiou DM,
Christodoulou K, Hausmanowa-Petrusewicz I, Mandich P, Schenone A,
Gambardella A, Bono F, Quattrone A, Devoto M, Monaco AP (2000)
Charcot-Marie-Tooth type 4B is caused by mutations in the gene encod-
ing myotubularin-related protein-2. Nat Genet 25:17-19.

Bolino A, Marigo V, Ferrera F, Loader J, Romio L, Leoni A, Di Duca M, Cinti
R, Cecchi C, Feltri ML, Wrabetz L, Ravazzolo R, Monaco AP (2002)
Molecular characterization and expression analysis of Mtmr2, mouse ho-
mologue of MTMR?2, the myotubularin-related 2 gene, mutated in
CMT4B. Gene 283:17-26.

Bolino A, Bolis A, Previtali SC, Dina G, Bussini S, Dati G, Amadio S, Del Carro
U, Mruk DD, Feltri ML, Cheng CY, Quattrini A, Wrabetz L (2004) Dis-
ruption of Mtmr2 produces CMT4B1-like neuropathy with myelin out-
folding and impaired spermatogenesis. J Cell Biol 167:711-721.

Bolis A, Coviello S, Bussini S, Dina G, Pardini C, Previtali SC, Malaguti M,
Morana P, Del Carro U, Feltri ML, Quattrini A, Wrabetz L, Bolino A
(2005) Loss of Mtmr2 phosphatase in Schwann cells but not in motor
neurons causes Charcot-Marie-Tooth type 4B1 neuropathy with myelin
outfoldings. ] Neurosci 25:8567—8577.

Bolis A, Zordan P, Coviello S, Bolino A (2007) Myotubularin-related
(MTMR) phospholipid phosphatase proteins in the peripheral nervous
system. Mol Neurobiol 35:308-316.

Bolis A, Coviello S, Visigalli I, Taveggia C, Bachi A, Chishti AH, Hanada T,
Quattrini A, Previtali SC, Biffi A, Bolino A (2009) Dlgl, Sec8, and
Mtmr2 regulate membrane homeostasis in Schwann cell myelination.
] Neurosci 29:8858 —8870.

Bonneick S, Boentert M, Berger P, Atanasoski S, Mantei N, Wessig C, Toyka
KV, Young P, Suter U (2005) An animal model for Charcot-Marie-
Tooth disease type 4B1. Hum Mol Genet 14:3685-3695.

Cao C, Backer JM, Laporte J, Bedrick EJ, Wandinger-Ness A (2008) Sequen-
tial actions of myotubularin lipid phosphatases regulate endosomal
PI(3)P and growth factor receptor trafficking. Mol Biol Cell
19:3334-3346.

Clague MJ, Lorenzo O (2005) The myotubularin family of lipid phospha-
tases. Traffic 6:1063—1069.

Cooney JR, Hurlburt JL, Selig DK, Harris KM, Fiala JC (2002) Endosomal
compartments serve multiple hippocampal dendritic spines from a wide-
spread rather than a local store of recycling membrane. ] Neurosci
22:2215-2224.

Di Paolo G, De Camilli P (2006) Phosphoinositides in cell regulation and
membrane dynamics. Nature 443:651-657.

Fitzjohn SM, Doherty AJ, Collingridge GL (2006) Promiscuous interactions
between AMPA-Rs and MAGUKSs. Neuron 52:222-224.

Funke L, Dakoji S, Bredt DS (2005) Membrane-associated guanylate kinases
regulate adhesion and plasticity at cell junctions. Annu Rev Biochem
74:219-245.

Gaidarov I, Smith ME, Domin ], Keen JH (2001) The class II phosphoino-
sitide 3-kinase C2alpha is activated by clathrin and regulates clathrin-
mediated membrane trafficking. Mol Cell 7:443—449.

Johnson EE, Overmeyer JH, Gunning WT, Maltese WA (2006) Gene silenc-
ing reveals a specific function of hVps34 phosphatidylinositol 3-kinase in
late versus early endosomes. J Cell Sci 119:1219-1232.

Keith D, El-Husseini A (2008) Excitation control: balancing PSD-95 func-
tion at the synapse. Front Mol Neurosci 1:4.

Kennedy MJ, Ehlers MD (2006) Organelles and trafficking machinery for
postsynaptic plasticity. Annu Rev Neurosci 29:325-362.

Kim E, Sheng M (2004) PDZ domain proteins of synapses. Nat Rev Neuro-
sci 5:771-781.

Kim E, Niethammer M, Rothschild A, Jan YN, Sheng M (1995) Clustering
of Shaker-type K+ channels by interaction with a family of membrane-
associated guanylate kinases. Nature 378:85—88.

Kim IH, Park SK, Sun W, Kang Y, Kim HT, Kim H (2004) Spatial learning
enhances the expression of inositol 1,4,5-trisphosphate 3-kinase A in the
hippocampal formation of rat. Brain Res Mol Brain Res 124:12—19.

Kim SA, Taylor GS, Torgersen KM, Dixon JE (2002) Myotubularin and
MTMR?2, phosphatidylinositol 3-phosphatases mutated in myotubular

J. Neurosci., April 21,2010 - 30(16):5508 —5518 « 5517

myopathy and type 4B Charcot-Marie-Tooth disease. ] Biol Chem
277:4526—-4531.

Kim SA, Vacratsis PO, Firestein R, Cleary ML, Dixon JE (2003) Regulation
of myotubularin-related (MTMR)2 phosphatidylinositol phosphatase by
MTMRS, a catalytically inactive phosphatase. Proc Natl Acad Sci U S A
100:4492—-4497.

Laporte J, Hu L], Kretz C, Mandel JL, Kioschis P, Coy JF, Klauck SM, Poustka
A, Dahl N (1996) A gene mutated in X-linked myotubular myopathy
defines a new putative tyrosine phosphatase family conserved in yeast.
Nat Genet 13:175-182.

Laporte J, Blondeau F, Buj-Bello A, Tentler D, Kretz C, Dahl N, Mandel JL
(1998) Characterization of the myotubularin dual specificity phospha-
tase gene family from yeast to human. Hum Mol Genet 7:1703-1712.

Laporte J, Liaubet L, Blondeau F, Tronchére H, Mandel JL, Payrastre B
(2002) Functional redundancy in the myotubularin family. Biochem
Biophys Res Commun 291:305-312.

Laporte J, Bedez F, Bolino A, Mandel JL (2003) Myotubularins, a large
disease-associated family of cooperating catalytically active and inactive
phosphoinositides phosphatases. Hum Mol Genet 12:R285-R292.

Lau CG, Zukin RS (2007) NMDA receptor trafficking in synaptic plasticity
and neuropsychiatric disorders. Nat Rev Neurosci 8:413—426.

Lu J, Helton TD, Blanpied TA, Racz B, Newpher TM, Weinberg RJ, Ehlers
MD (2007) Postsynaptic positioning of endocytic zones and AMPA re-
ceptor cycling by physical coupling of dynamin-3 to Homer. Neuron
55:874—889.

Lue RA, Marfatia SM, Branton D, Chishti AH (1994) Cloning and charac-
terization of hdlg: the human homologue of the Drosophila discs large
tumor suppressor binds to protein 4.1. Proc Natl Acad Sci USA
91:9818-9822.

Maffucci T, Brancaccio A, Piccolo E, Stein RC, Falasca M (2003) Insulin
induces phosphatidylinositol-3-phosphate formation through TC10 ac-
tivation. EMBO J 22:4178-4189.

Montgomery JM, Zamorano PL, Garner CC (2004) MAGUKSs in synapse
assembly and function: an emerging view. Cell Mol Life Sci 61:911-929.

Miiller BM, Kistner U, Veh RW, Cases-Langhoff C, Becker B, Gundelfinger
ED, Garner CC (1995) Molecular characterization and spatial distribu-
tion of SAP97, a novel presynaptic protein homologous to SAP90 and the
Drosophila  discs-large  tumor suppressor protein. ] Neurosci
15:2354-2366.

Newpher TM, Ehlers MD (2008) Glutamate receptor dynamics in dendritic
microdomains. Neuron 58:472—497.

Nicot AS, Laporte ] (2008) Endosomal phosphoinositides and human dis-
eases. Traffic 9:1240-1249.

Okabe S (2007) Molecular anatomy of the postsynaptic density. Mol Cell
Neurosci 34:503-518.

Peng J, Kim MJ, Cheng D, Duong DM, Gygi SP, Sheng M (2004) Semi-
quantitative proteomic analysis of rat forebrain postsynaptic density frac-
tions by mass spectrometry. ] Biol Chem 279:21003-21011.

Petiot A, Faure J, Stenmark H, Gruenberg ] (2003) PI3P signaling regu-
lates receptor sorting but not transport in the endosomal pathway.
J Cell Biol 162:971-979.

Previtali SC, Zerega B, Sherman DL, Brophy PJ, Dina G, King RH, Salih MM,
Feltri L, Quattrini A, Ravazzolo R, Wrabetz L, Monaco AP, Bolino A
(2003) Myotubularin-related 2 protein phosphatase and neurofilament
light chain protein, both mutated in CMT neuropathies, interact in pe-
ripheral nerve. Hum Mol Genet 12:1713-1723.

Previtali SC, Quattrini A, Bolino A (2007) Charcot-Marie-Tooth type 4B
demyelinating neuropathy: deciphering the role of MTMR phosphatases.
Expert Rev Mol Med 9:1-16.

Quattrone A, Gambardella A, Bono F, Aguglia U, Bolino A, Bruni AC, Montesi
MP, Oliveri RL, Sabatelli M, Tamburrini O, Valentino P, Van Broeckhoven
C, Zappia M (1996) Autosomal recessive hereditary motor and sensory
neuropathy with focally folded myelin sheaths: clinical, electrophysiologic,
and genetic aspects of a large family. Neurology 46:1318-1324.

Rapoport I, Miyazaki M, Boll W, Duckworth B, Cantley LC, Shoelson S,
Kirchhausen T (1997) Regulatory interactions in the recognition of en-
docytic sorting signals by AP-2 complexes. EMBO J 16:2240-2250.

Robinson FL, Dixon JE (2005) The phosphoinositide-3-phosphatase
MTMR?2 associates with MTMR13, a membrane-associated pseudophos-
phatase also mutated in type 4B Charcot-Marie-Tooth disease. ] Biol
Chem 280:31699-31707.



5518 - J. Neurosci., April 21,2010 - 30(16):5508 -5518

Robinson FL, Dixon JE (2006) Myotubularin phosphatases: policing
3-phosphoinositides. Trends Cell Biol 16:403—412.

Senderek J, Bergmann C, Weber S, Ketelsen UP, Schorle H, Rudnik-Schoneborn
S, Biittner R, Buchheim E, Zerres K (2003) Mutation of the SBF2 gene,
encoding a novel member of the myotubularin family, in Charcot-Marie-
Tooth neuropathy type 4B2/11p15. Hum Mol Genet 12:349-356.

Sheng M, Hoogenraad CC (2007) The postsynaptic architecture of excita-
tory synapses: a more quantitative view. Annu Rev Biochem 76:823—847.

Shepherd JD, Huganir RL (2007) The cell biology of synaptic plasticity:
AMPA receptor trafficking. Annu Rev Cell Dev Biol 23:613—643.

Simonsen A, Lippé R, Christoforidis S, Gaullier JM, Brech A, Callaghan J, Toh
BH, Murphy C, Zerial M, Stenmark H (1998) EEALI links PI(3)K func-
tion to Rab5 regulation of endosome fusion. Nature 394:494—498.

Tronchere H, Laporte J, Pendaries C, Chaussade C, Liaubet L, Pirola L, Mandel
JL, Payrastre B (2004) Production of phosphatidylinositol 5-phosphate by

Lee et al. @ Excitatory Synaptic Regulation by MTMR2

the phosphoinositide 3-phosphatase myotubularin in mammalian cells.
] Biol Chem 279:7304-7312.

Wryszynski M, Valtschanoff JG, Naisbitt S, Dunah AW, Kim E, Standaert DG,
Weinberg R, Sheng M (1999) Association of AMPA receptors with a
subset of glutamate receptor-interacting protein in vivo. ] Neurosci
19:6528-6537.

Wyszynski M, Kim E, Dunah AW, Passafaro M, Valtschanoff JG, Serra-Pages
C, Streuli M, Weinberg RJ, Sheng M (2002) Interaction between GRIP
and liprin-a/SYD2 required for AMPA receptor targeting. Neuron
34:39-52.

Xue Y, Fares H, Grant B, Li Z, Rose AM, Clark SG, Skolnik EY (2003) Ge-
netic analysis of the myotubularin family of phosphatases in Caenorhab-
ditis elegans. ] Biol Chem 278:34380-34386.

Zerial M, McBride H (2001) Rab proteins as membrane organizers. Nat Rev
Mol Cell Biol 2:107-117.



