
Cellular/Molecular

The Deubiquitinating Enzyme USP-46 Negatively Regulates
the Degradation of Glutamate Receptors to Control Their
Abundance in the Ventral Nerve Cord of Caenorhabditis
elegans
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Department of Molecular Physiology and Pharmacology, Tufts University School of Medicine, Boston, Massachusetts 02111

Ubiquitin-mediated endocytosis and post-endocytic trafficking of glutamate receptors control their synaptic abundance and are impli-
cated in modulating synaptic strength. Ubiquitination is a reversible modification, but the identities and specific functions of deubiq-
uitinating enzymes in the nervous system are lacking. Here, we show that the deubiquitinating enzyme ubiquitin-specific protease-46
(USP-46) regulates the abundance of the glutamate receptor GLR-1 in the ventral nerve cord of Caenorhabditis elegans. Mutants lacking
usp-46 have decreased GLR-1 in the ventral nerve cord and corresponding defects in GLR-1-dependent behaviors. The amount of
ubiquitinated GLR-1 is increased in usp-46 mutants. Mutations that block GLR-1 ubiquitination or receptor degradation in the multi-
vesicular body/lysosome prevent the decrease in GLR-1 observed in usp-46 mutants. These data support a model in which USP-46
promotes GLR-1 abundance at synapses by deubiquitinating GLR-1 and preventing its degradation in the lysosome. This work suggests
that the balance between the addition and removal of ubiquitin is important for glutamate receptor trafficking.

Introduction
Regulation of synaptic strength is critical for nervous system
function and constitutes the molecular basis for learning and
memory. Changes in the abundance of postsynaptic AMPA-type
glutamate receptors (AMPARs) via activity-dependent regula-
tion of receptor exocytosis and endocytosis can alter synaptic
strength and are major cellular mechanisms for long-term poten-
tiation and long-term depression (Shepherd and Huganir, 2007).
After endocytosis, AMPARs can be sorted into multi-vesicular
bodies (MVBs) for degradation in the lysosome or into recycling
endosomes for delivery back to the postsynaptic membrane
(Ehlers, 2000; Lin et al., 2000), but the mechanisms involved are
poorly understood.

Ubiquitin has emerged as a key regulator of synapse develop-
ment and synaptic plasticity (Jiang et al., 1998; Speese et al., 2003;
Zhao et al., 2003; Yi and Ehlers, 2007). Ubiquitination of mem-
brane proteins is a highly conserved mechanism that is used to

mark proteins at the cell surface for endocytosis and to sort pro-
teins in the early endosome into the MVB/lysosome pathway for
degradation (Hicke and Dunn, 2003). Indeed, glutamate recep-
tor (GluR) trafficking in both invertebrates and mammals is con-
trolled by ubiquitination (Burbea et al., 2002; Colledge et al.,
2003; Patrick et al., 2003; Juo and Kaplan, 2004; van Roessel et al.,
2004; Dreier et al., 2005; Kato et al., 2005; Schaefer and Rongo,
2006; Jurd et al., 2008; Park et al., 2009). Ubiquitin is attached to
specific substrates by a large family of E3 ubiquitin ligases (Hicke
and Dunn, 2003). However, ubiquitination is reversible, and re-
moval of ubiquitin is accomplished by a less well understood
family of proteases called deubiquitinating enzymes (DUBs) (Ni-
jman et al., 2005).

The need for dynamic control of synaptic protein abundance
and the reversible nature of ubiquitination suggest that the bal-
ance between ubiquitination and deubiquitination is critical for
proper synapse function; however, only a few synaptic DUBs
have been described. One important function of DUBs is to act in
a target-specific manner to counter the action of ubiquitin li-
gases. Genetic studies in Drosophila demonstrated that the bal-
ance of activity between the DUB Fat facets and the ubiquitin
ligase Highwire is critical for synapse function (DiAntonio et al.,
2001). Mammalian Fat facets Usp9x/FAM specifically regulates
the deubiquitination of the presynaptic vesicle endocytic protein
epsin/liquid facets in an activity-dependent manner (Chen et al.,
2003). Other DUBs function more generally to maintain the cel-
lular pool of free ubiquitin monomers (Song and Rape, 2008).
Disruption of DUBs involved in ubiquitin homeostasis, such as
Ap-Uch in Aplysia and ubiquitin carboxyl-terminal hydrolase L1
(Uch-L1) and ubiquitin-specific protease 14 (Usp14) in mam-
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mals, result in defects in long-term facilitation (Hegde et al.,
1997) and in synapse structure and function (Wilson et al., 2002;
Gong et al., 2006; Cartier et al., 2009; Chen et al., 2010). Given
that the majority of DUBs are expected to counter the actions of
ubiquitin ligases by deubiquitinating specific target proteins,
much remains to be learned regarding the identities of DUBs and
their substrates in the nervous system.

Here we describe a novel and specific role for the deubiquiti-
nating enzyme USP-46 and show that it controls the abundance
of GLR-1 glutamate receptors in Caenorhabditis elegans.

Materials and Methods
Strains. The following strains were used in this study: N2 Bristol, nuIs24
(Pglr-1::GLR-1::GFP), nuIs25 (Pglr-1::GLR-1::GFP), nuIs125 (Pglr-1::
Synaptobrevin::GFP), nuIs108 [Pglr-1::GLR-1(4KR)::GFP], nuIs145
[Pglr-1::vps4(DN )], lin-35(n745);eri-1(mg366), usp-46(ok2232), unc-
11(e47), glr-1(n2461), pzEx100 [Pglr-1::usp-46(wt)], pzEx93 (Pglr-1::
mCherry::USP-46), pzEx85 (Pusp-46::GFP), pzEx99 (Pusp-46::NLS::GFP),
pzEx96 (Pglr-1::dsRED), nuEx1004 (Pglr-1::MAGI-1::YFP), nuEx993
(Pglr-1::LIN-10::GFP), pzEx132 (Pnmr-1::YFP::SOL-1), pzIs12 (Pglr-1::
HA::GLR-1::GFP), pzEx133 (Pglr-1::Venus::KDEL), nuIs80 [Pglr-1::
GLR-1(A/T)::YFP], and pzEx135 (Pglr-1::Venus::RAB-5). All strains were
maintained at 20°C as described previously (Brenner, 1974).

Identification of R10E11.3 as USP-46. An alignment of the amino acid
sequences of R10E11.3, human USP-46, and human USP-12 proteins was
performed using Clustal X software. Thirty-nine residues differ between
human USP-12 and USP-46. Nine of these 39 residues in R10E11.3 are
identical to mammalian USP-12, 13 residues are identical to USP-46, and 17
residuesarenotidenticaltoeitherhomolog.Becauseagreaternumberofhomol-
ogous residues was found between R10E11.3 and USP-46, we named the
R10E11.3 gene usp-46. Additional R10E11.3 homologs exist in other vertebrate
and invertebrate species, including Xenopus laevis, Drosophila melanogaster, and
Danio rerio, as well as in yeast (data not shown) (Hansen-Hagge et al., 1998),
indicating the high conservation of this DUB across phylogeny.

Constructs, transgenes, and germ-line transformation. Plasmids were gen-
erated using standard techniques, and details are available on request.
Pglr-1::usp-46(wt) (FJ#1) was made by subcloning the 1281 nt open reading
frame of R10E11.3a into the pV6 glr-1 expression vector (KP#1008). To
create the Pglr-1::usp-46(C�A) mutant in pV6 (FJ#2), Quickchange site-
directed mutagenesis with Pfu Ultra DNA polymerase (Stratagene) was used
to change the cysteine at amino acid 36 in USP-46 (plasmid FJ#1) to alanine.
Pglr-1::mCherry::USP-46 (FJ#3) was generated by subcloning the mCherry
sequence from plasmid KP#1272 downstream of and in-frame with the
USP-46 start codon in FJ#1 using a NotI restriction site engineered into the
5� end of the usp-46 cDNA. Glutathione S-transferase (GST)-tagged USP-46
or USP-46(C�A) were generated by PCR subcloning usp-46 and usp-
46(C�A) from FJ#1 and FJ#2 into pGEX-4T1 to create pGEX-4T–USP-
46(FJ#58) and pGEX-4T–USP-46(C�A) (FJ#59), respectively. pSK–USP-46
(FJ#60) was generated by subcloning usp-46 from FJ#1 into pSK. Standard
techniques were used to isolate transgenic strains by microinjection of these
plasmids (10 ng/�l for FJ#1 and FJ#2; 25 ng/�l for FJ#3) along with the
coinjection marker Pmyo-2::NLS::mCherry (5 ng/�l) (KP#1368).
Pnmr-1::YFP::SOL-1 (pYZ167; gift from V. Maricq, University of Utah, Salt
Lake City, UT), Pglr-1:: HA::GLR-1::GFP (pWR6; gift from V. Maricq),
Pglr-1::MAGI-1::YFP, and Pglr-1::LIN-10::GFP were each injected at 25 ng/
�l. Pglr-1::Venus::KDEL (gift from J. Kaplan, Massachusetts General Hospi-
tal, Boston, MA) was injected at 10 ng/�l. Pusp-46::GFP (FJ#7) was created
by subcloning 2.0 kb of the 5� untranslated region of R10E11.3 upstream of
the start codon into pPD49.26 expressing green fluorescent protein (GFP).
Pusp-46::NLS::GFP (FJ#8) was created by subcloning 2.0 kb of the 5� untrans-
lated region of R10E11.3 upstream of the start codon into pPD95.67. pzEx85
(FJ#7) was injected at 25 ng/�l along with the coinjection marker
Pmyo-2::NLS::mCherry. pzEx99 (FJ#8) was injected at 50 ng/�l. pzEx96
(Pglr-1::dsRED) (KP#889; gift from J. Kaplan) was injected at 25 ng/�l. pzEx135
(Pglr-1::Venus::RAB-5)was injectedat1ng/�l alongwiththecoinjectionmarker
Pttx-3::GFP.

RNA interference. RNA interference (RNAi) screening was performed
in the GLR-1::GFP-expressing RNAi-enhanced strain nuIs25 lin-

35(n745);eri-1(mg366) (kindly provided by L. Dreier, University of Cal-
ifornia, Los Angeles, Los Angeles, CA) (Wang et al., 2005). RNAi clones
targeting genes encoding DUBs (identified by homology) were cherry-
picked from a genome-wide library consisting of Escherichia coli carrying
RNAi constructs in the T7-tailed L4440 vector (Kamath et al., 2003; Rual
et al., 2004). Bacteria were maintained in the presence of 50 �g/ml am-
picillin and 15 �g/ml tetracycline for plasmid selection (Kamath et al.,
2003). For GLR-1::GFP imaging experiments, two-generation RNAi was
performed as follows: 3 ml overnight cultures of bacteria carrying an
RNAi plasmid targeting either R10E11.3 or lin-35 (control) were grown
in Luria broth containing 50 �g/ml ampicillin. One hundred fifty micro-
liters of these cultures were spotted onto 35 mm nematode growth me-
dium (NGM) agar plates containing 50 �g/ml ampicillin and 5 mM

isopropyl-�-D-thiogalactopyranoside (IPTG). Plates were dried open in
a chemical hood for 2 h and then closed overnight at room temperature.
Three larval stage 4 (L4) animals per strain were placed on each plate and
grown at 20°C for 4 d (one-generation RNAi). Three first-generation L4
animals were transferred to freshly made RNAi plates and grown 4 addi-
tional days at 20°C (two-generation RNAi). Second-generation L4
worms picked from these plates were imaged as described below.

Fluorescence imaging. All imaging experiments were performed using a
Carl Zeiss Axiovert M1 microscope with a 100� Plan Apochromat (1.4
numerical aperture) objective equipped with GFP and red fluorescent
protein filters. L4 animals were immobilized with 30 mg/ml 2,3-
butanedione monoxamine (Sigma-Aldrich) for 5– 6 min before imaging.
Images were captured with an Orca-ER CCD camera (Hamamatsu) us-
ing MetaMorph (version 7.1) software (Molecular Devices).

For quantitative analyses of fluorescent ventral nerve cord (VNC)
puncta, maximum intensity projections of Z-series stacks (1 �m total
depth) were made. Exposure settings and gain were set to fill the 12-bit
dynamic range without saturation and were identical for all images taken
of a given fluorescent marker. All images were taken of the anterior
portion of the ventral nerve cord, just posterior to the RIG neuronal cell
bodies. Line scans of ventral cord puncta were generated using Meta-
Morph (version 6.0). Line-scan data were analyzed with Igor Pro (ver-
sion 5) (Wavemetrics) using custom-written software as described
previously (Burbea et al., 2002). Arc lamp output was normalized by
measuring the intensities of 0.5 �m FluoSphere beads (Invitrogen) for
each imaging day. Puncta intensities were normalized to the average bead
intensity for the corresponding day. These bead-corrected intensities
were normalized to wild-type controls. Puncta widths were calculated by
measuring the width of each punctum at half the maximal peak fluores-
cence intensity. Puncta densities were determined by quantifying the
average number of puncta per 10 �m of the ventral nerve cord.

To quantify the amount of GLR-1::GFP in neuronal cell bodies, images
were taken of PVC cell bodies, and maximum intensity projections were
generated from Z-series stacks (2 �m total depth) as described above.
The average pixel intensities of three separate regions of each cell body
were measured using MetaMorph (version 7.1) software.

Surface labeling of HA::GLR-1::GFP was performed as described
previously (Zheng et al., 2004; Wang et al., 2008a). Briefly, the
pseudocoelom of young adult transgenic animals were injected with anti-
hemagglutinin (HA)–Alexa Fluor 594 antibodies (16B12) (Invitrogen)
diluted 20� in dilution buffer (10 mM HEPES, pH 7.7, 50 mM NaCl, 10%
glycerol, and 1 mg/ml BSA), recovered for 2–3 h at 20°C, imaged, and
quantified as described above.

For all imaging quantification, average � SEM values (normalized to
wild-type) are reported, and statistical significance was determined using
the Student’s t test.

Real-time PCR. Total RNA was isolated from mixed-stage populations
of wild-type and usp-46 mutant animals using an RNeasy Fibrous Tissue
Mini kit (Qiagen). Two independent RNA preparations were made for
each genotype. cDNA was synthesized from this RNA using Superscript
III Reverse Transcriptase (Invitrogen). Real-time PCR was performed
using the Brilliant SYBR Green QPCR Master Mix, including SureStart
Taq polymerase (Stratagene). Reactions were run on a Stratagene
MX3000P real-time PCR machine (Tufts Center for Neuroscience Re-
search). Standard curves were used to calculate the relative amount of
glr-1 mRNA in each sample, and this was normalized to the relative
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amount of act-1 actin mRNA. The glr-1/act-1 ratio in wild-type animals
was set to 1 in the figure shown. Significant differences were determined
using the Student’s t test (n � 6 replicates per genotype).

Subcellular fractionations, immunoprecipitations, and Western blots.
Membrane fractions were isolated from mixed-stage populations of
wild-type and usp-46 mutant worms expressing GLR-1::GFP (nuIs25) as
follows. Lysates were prepared essentially as described (Cheeseman and
Desai, 2005). Briefly, worms were washed off plates in 100 mM NaCl,
isolated by sucrose gradient centrifugation, and resuspended in freezing
buffer (50 mM HEPES, pH 7.4, 1 mM EGTA, 1 mM MgCl2, 100 mM KCl,
and 10% glycerol) plus 1 mM PMSF and 10 mM N-ethylmaleimide
(NEM). Worm suspensions were dropped into liquid nitrogen, and the
recovered frozen pellets were ground using a chilled mortar and pestle.
Lysates were made by resuspending the ground worm powder in buffer A
(50 mM HEPES, pH 7.7, 50 mM potassium acetate, 2 mM magnesium
acetate, 250 mM sucrose, and 1 mM EDTA) plus protease inhibitors (10
�g/ml leupeptin, 5 �g/ml chymostatin, 3 �g/ml elastin, 1 �g/ml pepsta-
tin A, and 1 mM PMSF) and 10 mM NEM, followed by sonication. Mem-
branes were isolated by spinning the clarified lysates at 55,000 rpm in a
Beckman Ti 60 rotor, followed by resuspension in buffer A plus protease
inhibitors, NEM, and 7 mM �-mercaptoethanol (Burbea et al., 2002).

Immunoprecipitation (IP) experiments were performed as described
previously (Burbea et al., 2002). Briefly, membranes were solubilized in 1
vol of SDS buffer (50 mM Tris-HCl, pH 8.5, 1% SDS, and 2 mM DTT) and
then diluted with 5 vol of 50 mM HEPES, pH 7.7, 250 mM NaCl, and 1%
NP-40 plus protease inhibitors. GLR-1::GFP was immunoprecipitated
with anti-GFP polyclonal antibodies (gift from J. Kaplan) and Protein A
and Protein G Sepharose beads (GE Healthcare) at 4°C overnight (first
IP). Washes were performed using 50 mM HEPES, pH 7.7, 150 mM NaCl,
1% NP-40, and GLR-1::GFP was eluted by incubation in SDS buffer twice
at 95°C for 5 min per elution. Eluates were pooled and diluted with 5 vol
of 50 mM Tris, pH 7.6, 10 mM magnesium acetate, 1% NP-40, and
0.1 mg/ml IgG-free BSA (Sigma-Aldrich) plus protease inhibitors.
Ubiquitin-conjugated GLR-1::GFP then was immunoprecipitated from
the diluted eluate using anti-ubiquitin polyclonal antibodies (gift from J.
Kaplan) and Protein A and Protein G Sepharose beads for 3 h at 4°C
(second IP). Beads were washed in Tris–magnesium acetate–NP-40
buffer and eluted in SDS sample buffer (125 mM Tris, pH 6.8, 20%
glycerol, 5% SDS, and 200 mM DTT). Total GLR-1::GFP from the first IP
and ubiquitin–GLR-1::GFP conjugates from the second IP were analyzed
by Western blot with either monoclonal anti-GFP antibodies (JL-8;
Clonetech) and/or monoclonal anti-ubiquitin antibodies (P4D1; Co-
vance), followed by horseradish peroxidase-conjugated anti-mouse sec-
ondary antibodies (GE Healthcare) and detected with Pierce Super Signal
chemiluminescence solution using a UVP imager. Integrated band inten-
sities were calculated using Adobe Photoshop, and the relative ratios of
ubiquitinated GLR-1::GFP/total GLR-1::GFP were determined. Three
independent membrane preparations for each strain were made and
tested in IP experiments. For anti-ubiquitin blots, boxes were drawn
around the entire area of ubiquitin–GLR-1 conjugates. To confirm that
the bands observed on the anti-ubiquitin blot were ubiquitinated GLR-1,
the double IP protocol was performed as described above on membranes
from nuIs24 GLR-1::GFP-expressing animals with the following modifi-
cation: anti-ubiquitin polyclonal antibodies were preincubated with 2
mg/ml free ubiquitin (Sigma-Aldrich) or 2 mg/ml IgG-free BSA (Sigma-
Aldrich) for 1 h at 4°C, and excess (2 mg/ml) free ubiquitin or IgG-free
BSA was also included in the second IP.

Total GLR-1::GFP protein levels were determined by Western blot
analysis of total worm lysates prepared from mixed-stage populations of
wild-type and usp-46 mutant worms expressing GLR-1::GFP (nuIs25).
Lysates were made by resuspending worms in SDS sample buffer fol-
lowed by a brief sonication. After electrophoresis and transfer, nitrocel-
lulose membranes were cut in half. The upper half of the membrane was
probed with monoclonal anti-GFP antibodies (L-8; Covance) and the
lower half with polyclonal anti-tubulin antibodies (Abcam) for normal-
ization of GLR-1 levels. Blots were further processed and detected as
described above. Quantification of integrated band intensities was per-
formed using Adobe Photoshop, and the ratios of GLR-1::GFP/tubulin

were determined for each sample. Four independent lysates for each
strain were made and analyzed by Western blot.

Endoglycosidase H (Endo H) assays were performed as described previ-
ously (Grunwald and Kaplan, 2003). Briefly, membrane fractions were iso-
lated and solubilized in SDS buffer as described above. Solubilized
membranes were diluted in 5 vol of Endo H (New England Biolabs buffer
G5) or peptide N-glycosidase F (PNGase F) (New England Biolabs buffer
G7) assay buffer (supplemented with 1% NP-40, 14 mM �-mercaptoethanol,
1 mM PMSF, and protease inhibitors) and digested with Endo H or PNGase
F enzyme for 2–3 h in a 37°C water bath. Endo H digestion only removes the
simple carbohydrate modifications added in the endoplasmic reticulum
(ER), whereas PNGase F digestion removes all glycosylation. Proteins were
precipitated by adding 1 vol of cold 20% TCA, washed with acetone, and
resuspended in sample buffer. Samples were analyzed by Western blot using
GFP antibodies (JL-8; Clontech) and quantitated using an UVP gel imager
and Adobe Photoshop. Three independent experiments were performed
and analyzed. Percentage Endo H-sensitive GLR-1::GFP was calculated ac-
cording to the following equation: %Endo H-S � [(Endo H-S)/(Endo H-R
� Endo H-S)] * 100, where Endo H-S indicates Endo H-sensitive and Endo
H-R indicates Endo H-resistant. The average percentage � SEM Endo H-S
for each strain is shown.

In vitro binding and deubiquitination assays. For purification of recom-
binant proteins, GST and GST fusions were expressed in DH5� cells. All
cultures were grown to log phase and induced with 0.1 mM IPTG. GST
and GST–GLR-1C were induced at 37°C for 2.5 h. After isolation on
glutathione Sepharose beads, the proteins were eluted with 10 mM gluta-
thione in buffer B (20 mM Tris, pH 7.5, 100 mM NaCl, and 1 mM DTT)
and were dialyzed against buffer B. GST–USP-46 and GST–USP-
46(C�A) were expressed at 16°C for 20 h. GST fusion proteins were
either isolated on glutathione Sepharose beads immediately before use or
were eluted from the beads with 10 mM glutathione and stored at �80°C.

For in vitro binding assays, 35S-labeled MAGI-1 [consisting of the last
three PDZ (postsynaptic density-95/Discs large/zona occludens-1) do-
mains] and USP-46 were expressed from pBlueScript plasmids using
TnT Coupled Reticulocyte Lysate System (Promega). After protein ex-
pression, GST or GST–GLR-1C terminus was incubated with the reticu-
locyte lysate for 2.5 h at 4°C in 500 �l of buffer C (25 mM HEPES, pH 7.8,
150 mM NaCl, and 1 mM DTT) and 2 �g/ml PMSF. The reaction was
incubated with glutathione resin for 1 h at 4°C. The resin was washed four
times with buffer C, resuspended in SDS buffer, and analyzed by SDS-
PAGE, Coomassie staining, and fluorography.

For binding assays between recombinant USP-46 and GLR-1::GFP,
GST–USP-46 or GST–USP-46(C�A) was purified from bacteria and
incubated with GLR-1::GFP-containing worm membrane fractions at
4°C overnight. GLR-1::GFP was immunoprecipitated with anti-GFP
polyclonal antibodies and washed several times in buffer containing 50
mM HEPES, pH 7.7, 150 mM NaCl, and 1% NP-40 or 50 mM HEPES, pH
7.7, 250 mM NaCl, and 1% NP-40, before analysis by SDS-PAGE and
Western blotting with anti-GFP (JL-8; Clontech) or anti-GST (Covance)
antibodies. The reciprocal binding experiment was performed in a sim-
ilar manner, except glutathione Sepharose beads were used to pull down
GST, GST–USP-46, or GST–USP-46(C�A) that had been incubated
with GLR-1::GFP membranes overnight at 4°C.

For the in vitro DUB assay, GLR-1::GFP was immunoprecipitated
from worm membrane fractions as described above and incubated with
500 ng of recombinant GST–USP-46 or GST–USP-46(C�A) in DUB
reaction buffer (20 mM HEPES-KOH, pH 7.8, 20 mM NaCl, 0.1 mg/ml
ovalbumin, 0.5 mM EDTA, and 10 mM DTT) for 30 min at 37°C as
described (Kee et al., 2010). Samples were washed with buffer containing
50 mM HEPES, pH 7.7, 150 mM NaCl, and 1% NP-40 before the elution
step and second IP with anti-Ubiquitin antibody as described above. The
relative amounts of ubiquitinated GLR-1::GFP was normalized to the
total GLR-1::GFP in the first IP.

For labeling with an HA-tagged Ubiquitin vinyl methyl ester probe
(HA–Ub–VME), 5–10 �M recombinant protein was incubated with 1 �g
of HA–Ub–VME (gift from Hidde Ploegh, Whitehead Institute for Bio-
medical Research, Cambridge, MA) in labeling buffer (20 mM Tris, pH
8.0, 150 mM NaCl, and 1 mM DTT) for less than 1 min at room temper-
ature (final reaction volume was 25 �l). Longer incubation times at 37°C
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did not improve labeling of either USP-46 or
UCH-L3. Reactions were stopped with the ad-
dition of SDS sample buffer and were analyzed
by SDS-PAGE, Coomassie staining, and West-
ern blotting with anti-HA antibodies (Roche).

Behavioral assays. Nose touch assays were per-
formed as described previously (Kaplan and
Horvitz, 1993). Briefly, young adult hermaphro-
dites were placed on NGM agar plates containing
a thin lawn of OP50 E. coli and then assayed for
responsiveness to light contact on the nose with
an eyelash. Ten touches were scored for each an-
imal, and the average � SEM percentage of re-
sponses was determined for each genotype.
Spontaneous locomotion of young adult her-
maphrodites was analyzed as previously de-
scribed (Juo et al., 2007). Briefly, individual
worms were transferred using halocarbon oil to
an NGM agar plate without food. Animals were
allowed to equilibrate on the plate for 2 min. The
number of times forward-moving animals re-
versed direction was counted over a period of 5
min. The average � SEM number of reversals per
minute was calculated for each genotype. For
both assays, statistical differences between geno-
types were determined using the Student’s t test,
and all behavioral assays were performed by an
experimenter unaware of the genotypes of the an-
imals being tested.

Results
USP-46 positively regulates GLR-1
abundance in the ventral nerve cord
The genetic model organism C. elegans has
been used to identify and characterize genes
involved in regulating glutamate receptor
trafficking. The C. elegans genome encodes
two NMDA and eight non-NMDA receptor
subunits (Brockie et al., 2001a). GLR-1 is a
non-NMDA receptor subunit that is most
similar to mammalian AMPA receptors by
sequence homology (Hart et al., 1995; Mar-
icq et al., 1995; Brockie et al., 2001a). GLR-1
is expressed in ventral cord interneurons
and is localized to sensory–interneuron and
interneuron–interneuron synapses in
which it is required for several glutamate-
dependent behaviors (Hart et al., 1995;
Maricq et al., 1995; Rongo et al., 1998;
Zheng et al., 1999; Burbea et al., 2002). Pre-
vious studies have shown that ubiquitin is
directly conjugated to GLR-1 and provides a
signal for its endocytosis and subsequent
degradation in the MVB/lysosome pathway
(Burbea et al., 2002; Chun et al., 2008). Sev-
eral ubiquitin ligases that regulate the syn-
aptic abundance of GLR-1 receptors have
been identified in C. elegans (Juo and
Kaplan, 2004; Dreier et al., 2005; Schaefer
and Rongo, 2006; Park et al., 2009). Because
these ligases have not been shown to directly
ubiquitinate GLR-1, it remains possible that
they function by ubiquitinating other pro-
teins important for regulating GLR-1 abun-
dance, as was shown in some of these studies

Figure 1. USP-46 regulates the abundance of GLR-1 at synapses in the VNC. A, B, Representative images of GLR-1::GFP puncta
in the anterior ventral nerve cords of L4 animals carrying an integrated GLR-1::GFP transgene (nuIs25) in a strain with enhanced
RNAi efficacy [lin-35(n745);eri-1(mg366)]. Animals were fed E. coli expressing a control RNAi construct (A) or an RNAi construct
targeting the R10E11.3 gene (B). For these and all subsequent images, animals are oriented with anterior to the left and ventral to
the top. C, Quantification of GLR-1::GFP puncta intensities (normalized) for the animals fed control or R10E11.3 RNAi-expressing
bacteria. Shown are the means and SEM for n � 18 control-treated and n � 17 R10E11.3-treated worms. Values that differ
significantly from controls (Student’s t test) are indicated as follows: *p � 0.01. D, Clustal X alignment of the amino acid sequences
of human and mouse USP-46 with the predicted C. elegans R10E11.3 gene product. Identical residues are shaded in gray. Arrows
mark the essential catalytic triad residues (C, H, and D) of the USP family of cysteine proteases. E–G, Representative images of
GLR-1::GFP puncta in the anterior ventral nerve cords of L4 larvae carrying an integrated GLR-1::GFP transgene (nuIs24 ). The
following genotypes are shown: wild type (E), usp-46(ok2232) (F ), usp-46(ok2232) rescued by expression of wild-type USP-
46(wt) under the control of the glr-1 promoter (G) and usp-46(ok2232) expressing catalytically inactive USP-46(C�A) under the
control of the glr-1 promoter (H ). I, Quantification of GLR-1::GFP puncta intensities (normalized) for the strains pictured in E–H.
Shown are the means and SEM for n � 46 wild type, n � 42 usp-46(ok2232), n � 29 usp-46;Pglr-1::usp-46(wt), and n � 14
usp-46;Pglr-1::usp-46(C�A) animals. Values that differ significantly from wild type (Student’s t test) are denoted by * above each
bar. Other comparisons are marked by brackets. All significant differences are indicated as follows: *p � 0.01, **p � 0.001. n.s.
denotes no significant difference between the indicated strains ( p � 0.05).
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(Juo and Kaplan, 2004; Dreier et al., 2005; Schaefer and Rongo, 2006;
Parketal.,2009).Incontrast, theDUBsinvolvedinregulatingglutamate
receptors have not been described for any organism.

We analyzed the abundance of GLR-1 at synapses by examin-
ing the distribution of a green fluorescent protein-tagged version
of GLR-1 (GLR-1::GFP), which localizes in a punctate pattern in
VNC interneurons. More than 80% of these GLR-1::GFP puncta
are closely apposed to presynaptic markers, indicating that the
majority of puncta correspond to postsynaptic sites (Rongo et al.,
1998; Burbea et al., 2002). Expression of GLR-1::GFP under the
control of its own promoter can rescue the mechanosensory de-
fects of glr-1 null mutants, demonstrating that the tagged recep-
tor is functional in vivo (Rongo et al., 1998).

We performed an RNAi screen to identify DUBs involved in
regulating GLR-1::GFP abundance in the VNC. Knockdown of
the putative DUB R10E11.3 [also known as toe-3 (Arur et al.,
2009)] by RNAi resulted in decreased levels of GLR-1::GFP in the
VNC compared with control RNAi-treated animals (Fig. 1A,B).
We quantified this decrease by measuring the changes in GLR-1::GFP
fluorescence in a 	100 �m region of the anterior portion of the
ventral nerve cord by quantitative fluorescence microscopy. Spe-
cifically, we estimated the abundance of GLR-1::GFP at VNC
puncta by measuring the peak fluorescence intensity and width of
each punctum using custom-written software, as described pre-
viously (see Materials and Methods) (Burbea et al., 2002). We
estimated the density of GLR-1-containing synapses by measur-
ing the number of GLR-1::GFP puncta per unit length of the
VNC. Because the GFP tag is inserted into an internal site in the
cytoplasmic tail of the receptor, our measurements of GLR-1::
GFP puncta fluorescence intensities and widths in the VNC likely
represent GLR-1::GFP receptors present in both the plasma
membrane and subsynaptic endosomal compartments. We
found that RNAi knockdown of R10E11.3 leads to a 30% decrease
( p � 0.01) in GLR-1::GFP puncta intensities and a 15% decrease
in puncta widths compared with control RNAi-treated animals
(Fig. 1A–C) [mean puncta widths (�m) � SEM: control, 0.87 �
0.04; R10E11.3 RNAi, 0.74 � 0.02; p � 0.01]. In contrast, there
was no change in the density of GLR-1::GFP puncta in R10E11.3
RNAi-treated animals compared with controls (puncta/10 �m �
SEM: control, 1.9 � 0.1; R10E11.3 RNAi, 1.8 � 0.2; p � 0.05).
These results suggest that R10E11.3 is required to positively reg-
ulate GLR-1::GFP levels in vivo.

The protein product of the R10E11.3 gene is highly conserved
and is homologous to two mammalian DUBs belonging to the
USP family, USP-12 (also called UBH1) and USP-46 (Fig. 1D and
data not shown). USP-12 and USP-46 are small cysteine pro-
teases of 370 and 366 aa, respectively, that share 88% sequence
identity and consist primarily of the protease domain containing the
essential USP catalytic triad (cysteine, histidine, and aspartic acid)
(Fig. 1D and data not shown) (Cohn et al., 2009). Both USP-12 and
USP-46 are bona fide DUBs, because they have been shown to pos-
sess in vitro deubiquitinating activity (Hansen-Hagge et al., 1998;
Quesada et al., 2004; Cohn et al., 2009; Kee et al., 2010). Mammalian
USP-12 and USP-46 have been shown to interact with multiple pro-
teins, but their biological functions are not known (Cohn et al., 2009;
Sowa et al., 2009; Kee et al., 2010). The C. elegans R10E11.3 protein is
60% identical (71% similar) to both human and murine USP-12 and
USP-46. We named the C. elegans R10E11.3 gene usp-46 because, if
we compare only the residues that differ between human USP-46
and USP-12, there is a higher level of identity between R10E11.3 and
human USP-46 (see Materials and Methods).

To confirm the effects of R10E11.3 RNAi on GLR-1::GFP
abundance in the VNC, we analyzed the distribution of GLR-1::GFP

in a usp-46 genetic loss-of-function mutant, usp-46(ok2232). The
ok2232 allele corresponds to a 1440 nt deletion that removes the
majority of the protein product, including the critical histidine
and aspartic acid residues of the catalytic triad and thus likely
represents a null allele for usp-46. We found that usp-46(ok2232)
mutants exhibit decreased GLR-1::GFP puncta intensities (22%
decrease, p � 0.001) and widths (15% decrease) in the VNC (Fig.
1E,F,I) [mean puncta widths (�m) � SEM: wild-type, 0.94 �
0.03; usp-46(ok2232), 0.80 � 0.03; p � 0.01], with no significant
changes in puncta densities (puncta/10 �m � SEM: wild-type,
2.2 � 0.1; usp-46(ok2232), 2.0 � 0.1; p � 0.05). These results
closely parallel the decreases we observed in both puncta in-
tensities and widths in animals treated with R10E11.3 RNAi
(Fig. 1 A–C). Thus, a reduction in usp-46 gene function by
either RNAi or genetic deletion results in decreased
GLR-1::GFP levels in the VNC.

USP-46 acts in GLR-1-expressing interneurons to control
GLR-1 abundance
Human USP-46 is expressed in a variety of tissues, including the
brain (Quesada et al., 2004). We analyzed the expression pattern
of usp-46 in C. elegans using a transcriptional reporter consisting
of the usp-46 promoter driving expression of GFP (Pusp-46::GFP).
We found that usp-46 is broadly expressed in a number of tissues,
including the nervous system, pharynx, body wall muscle, vulva
muscle, and intestine (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). usp-46 is expressed in
many head and ventral cord neurons, and coexpression of a glr-1
transcriptional reporter (Pglr-1::dsRed) with Pusp-46::GFP indi-
cated that these include glr-1-expressing neurons (supplemental
Fig. S1, available at www.jneurosci.org as supplemental mate-
rial). These studies suggest that usp-46 may regulate GLR-1 abun-
dance in a cell-autonomous manner.

To test specifically whether USP-46 acts in glr-1-expressing
interneurons to control GLR-1::GFP abundance in the VNC, we
introduced a transgene expressing usp-46 cDNA under the
control of the glr-1 promoter [Pglr-1::usp-46(wt)] into usp-46
mutants. Expression of wild-type USP-46 exclusively in the glr-
1-expressing cells of usp-46 mutant animals restores GLR-1::GFP
puncta intensities to wild-type levels (Fig. 1G,I). Puncta widths
were not rescued, perhaps because of incomplete rescuing activ-
ity of the transgene [mean puncta widths (�m) � SEM: wild-
type, 0.94 � 0.03; usp-46(ok2232), 0.80 � 0.03; usp-46;Pglr-1::
usp-46(wt), 0.80 � 0.03; p � 0.01 vs wild-type], but we cannot
formally rule out an additional non-cell-autonomous role for
usp-46. These data indicate that USP-46 functions in glr-1-
expressing interneurons to maintain normal GLR-1::GFP levels
in the VNC.

We next wanted to determine whether the deubiquitinating
activity of USP-46 is required for its effects on GLR-1::GFP abun-
dance. Mammalian USP-46 has been shown to have a low level of
deubiquitinating activity both in vitro and in a heterologous
bacteria-based assay (Quesada et al., 2004; Cohn et al., 2009).
Mutation of the catalytic cysteine residue in human USP-12 abol-
ishes its ability to deubiquitinate an in vitro substrate (Cohn et al.,
2009). We mutated the catalytic cysteine of C. elegans USP-46
from cysteine to alanine and expressed the catalytically-inactive
USP-46(C36A) under the glr-1 promoter [Pglr-1::usp-46(C�A)]
in usp-46 mutants. In contrast to expression of wild-type USP-46
in usp-46 mutants, which restores GLR-1::GFP to wild-type levels
(Fig. 1E,F,G,I), expression of catalytically inactive USP-
46(C�A) in usp-46 mutants does not rescue the decrease in
GLR-1::GFP levels (Fig. 1F,H,I). This result suggests that the
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deubiquitinating activity of USP-46 is required in glr-1-
expressing interneurons to promote GLR-1 abundance.

USP-46 posttranscriptionally regulates GLR-1 protein levels
The decrease in GLR-1::GFP abundance in the VNCs of usp-46
mutants could be attributable to the effects of USP-46 activity on
anterograde transport from the cell body, glr-1 transcription, or
protein stability. If USP-46 acts early in the secretory pathway to
regulate GLR-1 transport from the cell body to the VNC, then we
might expect GLR-1::GFP to accumulate in the interneuron cell
bodies of usp-46 mutants. For example, loss-of-function mutants
in cyclin-dependent kinase-5, which regulates anterograde traf-
ficking of GLR-1, have decreased GLR-1 in the VNC combined
with a concomitant increase in GLR-1 in interneuron cell bodies
(Juo et al., 2007). We measured the abundance of GLR-1::GFP in
the cell bodies of PVC interneurons, which extend processes into
the VNC, of wild type and usp-46 mutant animals. We found that
GLR-1::GFP fluorescence intensities are decreased by 22% in the
cell bodies of usp-46 mutants (Fig. 2A). This result suggests that
USP-46 may not control anterograde transport of GLR-1.

Given that GLR-1::GFP levels decrease both in the VNC and
interneuron cell bodies of usp-46 mutants, we tested whether
USP-46 affects transcription of glr-1. If USP-46 controls
GLR-1::GFP abundance by regulating glr-1 transcription, we
would expect glr-1 transcript levels to be decreased in usp-46
mutants. We performed real-time PCR analysis of total mRNA
isolated from wild-type and usp-46 mutant animals and quanti-
fied the ratio of glr-1 to act-1 (actin) mRNA. We observed a
2.6-fold increase in glr-1 mRNA in usp-46 mutants (Fig. 2B),
indicating that the decrease in GLR-1::GFP in the VNCs of these
animals is not attributable to a decrease in glr-1 transcription.
The increase in glr-1 transcription is suggestive of a potential
negative feedback loop in which decreased GLR-1 at synapses in
usp-46 loss-of-function animals leads to increased transcription
of the receptor, but additional experiments will be necessary to
test this hypothesis. This putative transcriptional compensation
suggests that we may underestimate the decrease in GLR-1 pro-
tein abundance in usp-46 mutants.

The reduction in GLR-1::GFP fluorescence in VNC interneu-
rons of usp-46 mutants suggests that USP-46 could act posttran-
scriptionally to regulate the abundance of GLR-1 protein. To test
this possibility, we measured the amount of GLR-1::GFP protein
in wild-type and usp-46 mutants by Western blot analysis of total
worm lysates. We found that usp-46 mutants have decreased lev-
els of GLR-1::GFP protein compared with wild-type animals (Fig.
2C). Together, these results support a model in which USP-46
controls the levels of GLR-1 in the VNC by positively regulating
the abundance of GLR-1 protein.

USP-46 does not affect the distribution of synaptic markers
To determine whether the effects of usp-46 loss-of-function on
GLR-1::GFP abundance are specific to GLR-1 and are not attrib-
utable to a loss of synaptic connections in usp-46 mutants, we
examined the distribution of the synaptic vesicle-associated pro-
tein synaptobrevin tagged with GFP (Synaptobrevin::GFP) in the
VNCs of usp-46 mutant and wild-type animals. We found that
the distribution of Synaptobrevin::GFP puncta was unchanged in
usp-46 mutant animals compared with wild-type controls (Fig. 3)
[mean puncta widths (�m) � SEM: wild type, 1.12 � 0.05; usp-
46(ok2232), 0.98 � 0.03]. These data indicate that glr-1-
expressing interneurons in usp-46 mutants likely have normal
presynaptic inputs and suggest that USP-46 is not generally re-
quired for synapse development in these neurons. Analysis of the

distribution of three other synaptic markers in usp-46 mutants
that have been shown previously to colocalize with GLR-1 in the
VNC, the PDZ protein LIN-10/Mint-1 (Rongo et al., 1998), the
MAGUK (membrane-associated guanylate kinase) protein
MAGI-1/S-SCAM (Emtage et al., 2009), and the transmembrane
CUB (complement C1r/C1s, Uegf, Bmpl) domain protein SOL-1
(Zheng et al., 2004) confirmed these results (supplemental Fig.
S2, available at www.jneurosci.org as supplemental material).
Together with our previous data, these findings are consistent
with a relatively specific role of USP-46 in regulating GLR-1.

USP-46 controls the ubiquitination of GLR-1
Ubiquitination of GLR-1 negatively regulates its abundance in
the VNC by promoting receptor endocytosis and post-endocytic
degradation in the lysosome (Burbea et al., 2002; Chun et al.,
2008). Therefore, one explanation for our results is that USP-46

Figure 2. USP-46 regulates GLR-1 protein levels. A, PVC interneuron cell bodies from wild-
type (n � 20) and usp-46 mutant (n � 20) L4 animals expressing GLR-1::GFP (nuIs25) were
imaged (top) and the mean fluorescence intensities were quantified and normalized to wild-
type controls (graph). Error bars show SEM. **p � 0.001, statistically significant difference
from wild type (Student’s t test). B, Results of real-time PCR analysis of mRNA levels in mixed-
stage populations of wild-type and usp-46 animals expressing GLR-1::GFP (nuIs25). glr-1 and
actin mRNA were detected by linear range PCR amplification of total cDNA from each strain
using primers specific for the glr-1 and act-1 genes, respectively. Quantification of the mean
ratio of glr-1 to act-1 mRNA measured in six total replicates of two independent mRNA prepa-
rations is shown for each genotype. Errors bars show SEM. *p � 0.01, statistically significant
difference from wild type (Student’s t test). C, Representative Western blot for total GLR-1::GFP,
as detected with anti-GFP antibodies, of lysates from mixed-stage populations of wild-type and
usp-46 mutant worms expressing GLR-1::GFP (nuIs25) (top). Tubulin was also detected in these
lysates by Western blot and used for normalization (bottom). Numbers listed below the blots
indicate the GLR-1::GFP/tubulin integrated intensity ratios. Results from three independent
experiments show that the relative amount of GLR-1 decreases by 53.4 � 2.6% (mean � SEM)
in usp-46 mutants compared with controls. Molecular weight (kilodaltons) markers are
indicated.
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may control the abundance of GLR-1 by directly deubiquitinat-
ing GLR-1 and preventing its degradation. We performed several
experiments to test this possibility. First, we tested whether
USP-46 could interact with GLR-1, as might be expected if GLR-1
were a deubiquitination target of USP-46. We incubated recom-
binant GST–USP-46 and catalytically inactive GST–USP-
46(C�A) with GLR-1::GFP isolated from worm membrane
fractions. We found that both GST–USP-46 and GST–USP-
46(C�A) coimmunoprecipitate with GLR-1::GFP using anti-
GFP antibodies but not preimmune serum (Fig. 4A). Similarly,
we found that GLR-1::GFP isolated from worm membrane frac-
tions could be pulled down with GST–USP-46 and GST–USP-
46(C�A) but not GST alone, using glutathione Sepharose beads
(Fig. 4B). In contrast, we were unable to detect an interaction
between the bacterially expressed, cytoplasmic C terminus of
GLR-1 (GLR-1C) and in vitro translated 35S-labeled USP-46
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material), whereas GLR-1C could interact with a positive
control, the 35S-labeled PDZ protein MAGI-1 (Emtage et al.,
2009). Because recombinant GST–GLR-1C is not ubiquitinated,
these data are consistent with the idea that USP-46 binds to ubi-
quitinated GLR-1, which has been shown previously to make up
�0.5% of total GLR-1 in worms (Burbea et al., 2002). Alterna-
tively, USP-46 interaction with GLR-1 may require other in vivo
factors. Together, these data indicate that recombinant USP-46 is
able to bind to GLR-1 isolated from worm membranes.

Second, we tested whether the amount of ubiquitinated GLR-1 is
increased in usp-46 mutant animals, as would be expected if
USP-46 deubiquitinates GLR-1. To do this, we compared the
relative amounts of ubiquitinated GLR-1::GFP in wild-type and
usp-46 mutant animals using a double-immunoprecipitation
protocol to detect ubiquitin-GLR-1 conjugates, as described pre-
viously (Burbea et al., 2002; Juo and Kaplan, 2004; Dreier et al.,
2005). Briefly, GLR-1::GFP was initially immunoprecipitated
from C. elegans membrane fractions with anti-GFP antibodies
(first IP), followed by a second immunoprecipitation with anti-
ubiquitin antibodies (second IP) to enrich for ubiquitinated
GLR-1 (see Materials and Methods). Ubiquitin–GLR-1::GFP
conjugates immunoprecipitated by this two-step method (Fig.
4C, right) as well as the amount of GLR-1::GFP initially immu-
noprecipitated in the first IP (Fig. 4C, left) were subsequently
detected by Western blotting with anti-GFP antibodies. We
found that usp-46 mutant animals have an increased proportion
of ubiquitinated GLR-1::GFP (normalized to GLR-1::GFP in the
first IP) compared with wild-type controls (Fig. 4C). The de-
creased amount of GLR-1::GFP in the first IP from usp-46 mu-
tants (Fig. 4C, left) compared with control is consistent with the
decrease of total GLR-1::GFP protein observed in usp-46 mutant
animals by total Western blot analysis (Fig. 2). Saturation of the
anti-ubiquitin second IP with purified ubiquitin abolished the de-
tection of ubiquitin-GLR-1 conjugates, confirming that the bands
we observed by Western blot are indeed ubiquitinated GLR-1::
GFP (supplemental Fig. S4A, available at www.jneurosci.org as
supplemental material). Additional controls using anti-ubiquitin
antibodies instead of anti-GFP antibodies for Western blot detec-
tion of the ubiquitin-GLR-1::GFP conjugates from the second IP
further confirmed the identity of the slower migrating ubiquitin-
GLR-1 bands (supplemental Fig. S4B, available at www.
jneurosci.org as supplemental material). We next attempted to
test whether recombinant USP-46 could deubiquitinate GLR-1.
Only a small amount of our bacterially expressed GST–USP-46
was active as determined using HA–Ub–VME, which can be used
to covalently label the active-site cysteine of active DUBs (supple-
mental Fig. S5A, available at www.jneurosci.org as supplemental
material) (Ovaa et al., 2004). This is consistent with studies show-
ing that recombinant mammalian USP-46 and USP-12 exhibit
very low levels of in vitro DUB activity (Cohn et al., 2009; Kee et
al., 2010). Although mammalian USP-46 and USP-12 DUB ac-
tivity can be stimulated by two proteins UAF-1 and WDR20
(Cohn et al., 2009; Kee et al., 2010), the C. elegans homologs of
these genes have not yet been identified. Nevertheless, incubation
of GST–USP-46 with GLR-1::GFP isolated from worm mem-
brane fractions resulted in a small decrease (15–20%) in the rel-
ative amount of ubiquitin–GLR-1 conjugates compared with
GLR-1::GFP incubated with catalytically inactive GST–USP-
46(C�A) (supplemental Fig. S5B,C, available at www.jneurosci.
org as supplemental material). This low level of DUB activity is
consistent with the low activity of our bacterially expressed GST–
USP-46 and suggests that, like mammalian USP-12 and USP-46,
C. elegans USP-46 may also require other factors for full activity.
Together, these data indicate that USP-46 negatively regulates the
amount of ubiquitinated GLR-1 in vivo.

Finally, we tested whether the decrease in GLR-1::GFP abun-
dance seen in usp-46 mutants could be prevented by blocking
ubiquitination of GLR-1. Because ubiquitin is covalently attached to
lysine residues on target proteins, mutation of all four lysine residues
in the cytoplasmic tail of GLR-1 to arginine [GLR-1(4KR)::GFP]
results in a receptor that cannot be ubiquitinated and thus accumu-
lates at synapses in the VNC (Burbea et al., 2002). We analyzed the

Figure 3. usp-46 mutants do not affect the distribution of Synaptobrevin. A, B, Representa-
tive images of the anterior ventral nerve cords of wild-type (A) or usp-46 mutant (B) L4 larvae
expressing an integrated GFP-tagged synaptobrevin (Synaptobrevin::GFP) transgene under the
control of the glr-1 promoter (nuIs125). C, D, Quantification of Synaptobrevin::GFP puncta
intensities (normalized) and densities (D) for the strains pictured in A and B. Shown are the
means and SEM for n � 31 wild-type and n � 23 usp-46(ok2232) worms.
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distribution of this non-ubiquitinatable
GLR-1(4KR)::GFP in wild-type and usp-46
mutant animals. In contrast to wild-type
GLR-1::GFP, which decreases in abundance
in the VNCs of usp-46 mutants (Fig.
1E,F,I), the abundance of GLR-1(4KR)::
GFP is unaltered in usp-46 mutants com-
pared with wild-type animals (Fig. 4D–F)
(mean puncta widths (�m) � SEM: wild
type, 1.04 � 0.03; usp-46(ok2232), 1.05 �
0.04; p � 0.05). Similar to wild-type
GLR-1::GFP, the density of GLR-1(4KR)::
GFP does not change in usp-46 mutant ani-
mals compared with controls (puncta/10
�m � SEM: wild type, 2.3 � 0.08; usp-
46(ok2232), 2.4 � 0.1; p � 0.05). This result
suggests that ubiquitination of GLR-1::GFP
is required for the decrease in GLR-1::GFP
abundance observed in usp-46 mutant ani-
mals. These data demonstrate that USP-46
promotes the deubiquitination of GLR-1,
which in turn increases the abundance of
GLR-1 in the VNC.

USP-46 functions in the same pathway
as clathrin-mediated endocytosis to
regulate GLR-1
The abundance of AMPA receptors in the
postsynaptic membrane is likely derived
from a recycling pool of receptors under-
going exocytosis, endocytosis, and post-
endocytic degradation (Ehlers, 2000; Lin
et al., 2000; Shepherd and Huganir, 2007).
Previous studies have shown that ubiq-
uitination of GLR-1 provides a signal for
the clathrin-mediated endocytosis and
subsequent targeting of the receptor for
degradation (Burbea et al., 2002; Chun et
al., 2008). Because USP-46 regulates both
GLR-1 ubiquitination and degradation,
we tested whether USP-46 acts in the same
pathway as clathrin-mediated endocyto-
sis. If the decrease in GLR-1::GFP abun-
danceseen inusp-46mutants isattributable to
increased clathrin-mediated endocytosis
of ubiquitinated receptors and their sub-
sequent degradation, then preventing en-
docytosis should abrogate this effect. To
test this possibility, we blocked endocyto-
sis with mutations in unc-11 AP180, a
clathrin adaptin required for endocytosis
of GLR-1 (Nonet et al., 1999; Burbea et al.,
2002). GLR-1::GFP accumulates in the
VNCs of unc-11 AP180 mutants (Burbea
et al., 2002). In contrast to our prediction,
we found that unc-11 AP180;usp-46 dou-
ble mutants exhibit GLR-1::GFP puncta
intensities and widths that are similar, although not identical, in
value to those seen in usp-46 single mutants (Fig. 5) (supplemen-
tal Fig. S6, available at www.jneurosci.org as supplemental mate-
rial). Thus, usp-46 loss-of-function mostly prevents the
accumulation of GLR-1::GFP caused by unc-11 AP180 mutation.
This result is inconsistent with the simplest model that USP-46

functions exclusively on post-endocytic GLR-1 delivered to an
internal compartment via an UNC-11 AP180/clathrin pathway.
Instead, this result suggests that USP-46 may function, in part, by
preventing the degradation of newly synthesized GLR-1 recep-
tors delivered to an internal compartment en route to the plasma
membrane.

Figure 4. USP-46 regulates GLR-1 ubiquitination. A, Representative immunoprecipitation experiments showing the amount of
recombinant GST–USP-46 or GST–USP-46(C�A) that coimmunoprecipitates with GLR-1::GFP from membranes prepared from
mixed-stage populations of wild-type animals expressing GLR-1::GFP. The top three panels show Western blots (WB) probed with
monoclonal anti-GST antibodies, and the bottom panel shows a Western blot probed with monoclonal anti-GFP antibodies. Input
lanes (left) represent 1% of recombinant proteins that were incubated with GLR-1::GFP. p.i., Preimmune serum. Higher salt (250
mM) washes were used in the immunoprecipitations in the right panel to reduce background. B, Representative GST pull-down
experiments showing that recombinant GST–USP-46 and GST–USP-46(C�A) can associate with GLR-1::GFP from worm mem-
brane fractions. The top panels show Western blots probed with monoclonal anti-GFP antibodies, and the bottom panel shows a
Western blot probed with monoclonal anti-GST antibodies. Input represents 1% of the GLR-1::GFP membranes that were incu-
bated with the various GST-tagged proteins. C, Representative immunoprecipitation experiments detecting the relative amounts
of ubiquitinated GLR-1::GFP in membranes prepared from mixed-stage populations of wild-type and usp-46 mutant animals
expressing the GLR-1::GFP transgene (nuIs25). Total GLR-1::GFP was first immunoprecipitated using polyclonal anti-GFP antibod-
ies (first IP). This was followed by a second, sequential immunoprecipitation of ubiquitin–GLR-1 conjugates using polyclonal
anti-ubiquitin antibodies (second IP). Western blot analyses were used to detect immunoprecipitated proteins from each IP.
Immunoprecipitated GLR-1::GFP from the first IP and Ubiquitin–GLR-1::GFP conjugates immunoprecipitated in the second IP were
detected with monoclonal anti-GFP antibodies. One hundred twenty times more material was loaded for the anti-GFP blot of the
second IP than for the anti-GFP blot of the first IP. Numbers listed below the right panel indicate the ratios of the amount of
ubiquitinated GLR-1 (right) to the amount of total immunoprecipitated GLR-1::GFP (left) (Ub-GLR-1–GLR-1). Results from three
independent experiments show that the relative amount of Ub–GLR-1 increases by 71.8 � 4.7% (mean � SEM) in usp-46
mutants compared with controls. Molecular weight (kilodaltons) markers are indicated. D, E, Representative images of the anterior
ventral nerve cords of wild-type (D) or usp-46 mutant (E) L4 larvae expressing the integrated GLR-1(4KR)::GFP transgene
(nuIs108). F, Quantification of GLR-1(4KR)::GFP puncta intensities (normalized) for the strains pictured in D and E. Shown are the
means and SEM for n � 28 wild-type and n � 27 usp-46(ok2232) mutant worms.
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If USP-46 functions in the VNC to regulate GLR-1, then we
might expect USP-46 to be localized to the VNC. We analyzed the
subcellular localization of USP-46 in VNC interneurons by ex-
amining the distribution of an mCherry-tagged version of
USP-46 (mCherry::USP-46) expressed under the control of the
glr-1 promoter. We found that mCherry::USP-46 is localized to
discrete puncta in the cell body and is present in the VNC in
which it is localized both diffusely throughout the cytoplasm and
to punctuate structures (supplemental Fig. S7, available at www.
jneurosci.org as supplemental material). These mCherry::
USP-46 puncta do not overlap extensively with GLR-1::GFP in
the VNC (supplemental Fig. S7, available at www.jneurosci.org as
supplemental material), consistent with other potential roles for
USP-46 in neurons and the transient nature of enzyme–substrate
interactions. Nevertheless, these results are consistent with the
idea that USP-46 is present in the cell body and the VNC in which
it could function to regulate GLR-1 abundance.

DUBs have been shown previously to play a role in controlling
the abundance of newly synthesized proteins in the ER. Polyu-
biquitination of misfolded proteins by ubiquitin ligases in the ER
leads to their retrotranslocation and degradation in the protea-
some as part of a quality control mechanism called ER-associated
degradation (ERAD) (Raasi and Wolf, 2007). Because ERAD is
regulated by the activity of DUBs (Raasi and Wolf, 2007), we
tested whether USP-46 regulates GLR-1 in the ER. We first ex-
amined whether mCherry::USP-46 localization to puncta in the
cell body colocalizes with the ER marker KDEL–venus (Chun et
al., 2008). We found that mCherry::USP-46 localization does not
overlap with KDEL–venus in the cell body (supplemental Fig. S8,
available at www.jneurosci.org as supplemental material). Sec-
ond, we used an Endo H assay to measure the amount of GLR-1
in the ER. GluRs are glycosylated in the ER with simple mannose-
rich carbohydrates that are sensitive to digestion with Endo H.
GluRs mature in the Golgi and receive complex carbohydrate
modifications that are resistant to digestion with Endo H. Quan-
titation of the ratio of Endo H-sensitive to Endo H-resistant
GluRs measures the amount of GluRs retained in the ER. This
assay has been used to study the amount of mammalian and C.

elegans GluRs in the ER (Tomita et al., 2001; Grunwald and
Kaplan, 2003; Mu et al., 2003). We found that the relative levels of
Endo H-sensitive GLR-1 in usp-46 mutants were unaltered com-
pared with wild-type animals (supplemental Fig. S8, available at
www.jneurosci.org as supplemental material). These results sug-
gest that USP-46 does not regulate the amount of GLR-1 in the
endoplasmic reticulum.

USP-46 regulates GLR-1 degradation in the
MVB/lysosome pathway
We next tested whether USP-46 regulates the degradation of
GLR-1 in the MVB/lysosome pathway. Studies in yeast and mam-
malian systems have shown that ubiquitin provides a signal for
endocytosis and subsequent sorting of membrane proteins into
MVBs for ultimate degradation in the lysosome (Katzmann et al.,
2001, 2002; Urbanowski and Piper, 2001; Bilodeau et al., 2003).
Deubiquitination of receptors in the endosome can prevent tar-
geting to the MVB and promote recycling of receptors back to the
plasma membrane (Katzmann et al., 2002; Hicke and Dunn,
2003). The AAA ATPase VPS-4 is required for the disassembly of
MVB protein sorting complexes and is essential for the internal-
ization of cargo from the endosomal limiting membrane into the
internal vesicles of the MVB (Babst et al., 2002; Katzmann et al.,
2002). Recent work has shown that post-endocytic degradation
of ubiquitinated GLR-1 occurs via VPS-4-mediated sorting into
the MVB/lysosome pathway (Chun et al., 2008). VPS-4 can act in
the VNC because GLR-1::GFP accumulates in the VNC of ani-
mals expressing a dominant-negative version of VPS-4 [vps-
4(DN)] (Chun et al., 2008). To determine whether USP-46
functions in the MVB/lysosome pathway to control GLR-1 abun-
dance, we tested whether blocking GLR-1 degradation via the
MVB/lysosome by expression of vps-4(DN) could prevent the
decrease in GLR-1::GFP observed in usp-46 mutants. We found
that expression of vps-4(DN) completely blocked the reduction
in GLR-1::GFP puncta intensities and widths caused by usp-46
mutation (Fig. 6) (supplemental Fig. S6, available at www.
jneurosci.org as supplemental material), suggesting that USP-46

Figure 5. The role of USP-46 in the clathrin-mediated endocytosis pathway. A–D, Repre-
sentative images of GLR-1::GFP puncta in the anterior ventral nerve cords of L4 larvae express-
ing GLR-1::GFP (nuIs25). The following genotypes are shown: wild type (A), usp-46(ok2232)
(B), unc-11(e47) AP180 (C), unc-11 AP180;usp-46 (D). E, Quantification of GLR-1::GFP puncta
intensities (normalized) for the strains pictured in A–D. Shown are the means and SEM for n �
59 wild-type, n � 41 usp-46 (ok2232), n � 20 unc-11 AP180(e47), and n � 24 unc-11 AP180;
usp-46 animals. Values that differ significantly from wild type (Student’s t test) are denoted by
* above each bar. All significant differences are indicated as follows: #p � 0.05, *p � 0.01,
**p � 0.001.

Figure 6. USP-46 acts upstream of the MVB/lysosome pathway. A–D, Representative im-
ages of GLR-1::GFP puncta in the anterior ventral nerve cords of L4 larvae expressing GLR-1::GFP
(nuIs24 ). The following genotypes are shown: wild type (A), usp-46(ok2232) (B), animals ex-
pressing vps-4(DN) (C), and usp-46(ok2232) mutant animals expressing vps-4(DN) (D). E, Quan-
tification of GLR-1::GFP puncta intensities (normalized) for the strains pictured in A–D. Shown
are the means and SEM for n � 26 wild type, n � 19 usp-46(ok2232), n � 22 vps-4(DN), and
n � 26 vps-4(DN);usp-46 animals. Values that differ significantly from wild type (Stu-
dent’s t test) are denoted by * above each bar. All significant differences are indicated as
follows: *p � 0.01, **p � 0.001. n.s. denotes no significant difference between the
indicated strains ( p � 0.05).
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acts upstream of the MVB/lysosome pathway (i.e., in a pre-MVB
compartment such as the endosome), to control GLR-1::GFP
abundance. Consistent with this idea, mCherry::USP-46 partially
colocalizes with the endosome marker Venus::RAB-5 in both the
cell body and the VNC (supplemental Fig. S8F–N, available at
www.jneurosci.org as supplemental material). In addition, we
found that the relative amount of ubiquitin–GLR-1 conjugates
increased in usp-46 mutant animals expressing vps-4(DN) (sup-
plemental Fig. S8O, available at www.jneurosci.org as supple-
mental material), as would be expected if USP-46 regulates
GLR-1 deubiquitination upstream of the MVB/lysosome path-
way. Together, our data suggest a model in which USP-46 func-
tions in the cell body and VNC at a pre-MVB compartment (i.e.,
an endosome) to deubiquitinate GLR-1 and prevent its degrada-
tion in the MVB/lysosome.

usp-46 mutants have reduced surface GLR-1 levels and exhibit
defects in glutamate-dependent behaviors
Because USP-46 regulates the abundance of GLR-1 at synapses in
the VNC, we tested whether the amount of surface GLR-1 in the
VNC was altered in usp-46 mutant animals. We generated trans-
genic animals expressing HA::GLR-1::GFP under the control of
the glr-1 promoter in which GLR-1 is tagged with both an extra-
cellular HA-epitope tag and an intracellular GFP tag (Zheng et al.,
2004; Wang et al., 2008a). Surface GLR-1 can be labeled by
injecting fluorescently tagged anti-HA antibodies into the
pseudocoelum of living animals, as described previously (Zheng
et al., 2004; Wang et al., 2008a) (see Materials and Methods).
Consistent with our results in Figure 1, we found that the total
abundance of HA::GLR-1::GFP (GFP fluorescence) in the VNC
decreased by 32% in usp-46 mutants compared with control an-
imals (Fig. 7A–C). We found that the amount of surface
HA::GLR-1::GFP (Alexa 594 fluorescence) decreased by 59% in
usp-46 mutant animals compared with wild-type controls (Fig.

7D–F). The ratio of surface to total GLR-1 (Alexa Fluor 594
puncta fluorescence/GFP puncta fluorescence) also decreased by
40% in usp-46 mutants compared with wild-type animals. To-
gether with our previous data, these results suggest that USP-46
prevents the degradation of GLR-1 and promotes its surface ex-
pression in the VNC.

The decrease in surface levels of GLR-1 in the VNC of usp-46
mutants should result in reduced signaling of GLR-1-containing
synapses and, consequently, defects in GLR-1-dependent behav-
iors. Two behavioral assays can be used to assess the function of
GLR-1-containing synapses: the nose touch assay and a sponta-
neous locomotion assay (Kaplan and Horvitz, 1993; Hart et al.,
1995; Maricq et al., 1995; Zheng et al., 1999). Gentle touch to the
nose of the worm results in a mechanosensory reflex that induces
backward locomotion, which requires signaling through GLR-1
receptors. Mutants with defects in glutamatergic signaling, such
as glr-1 and eat-4 VGLUT (a presynaptic vesicular glutamate
transporter) null mutants, show severe defects in their responses
to nose touch (Fig. 8A) (Hart et al., 1995; Maricq et al., 1995;
Berger et al., 1998). Consistent with lower levels of GLR-1 at VNC
synapses, we found that usp-46 mutants exhibit a 55% reduction
in nose touch responsiveness compared with wild-type animals,
indicative of decreased GLR-1 signaling (Fig. 8A). If the effects of
usp-46 mutation on nose touch responses are mediated by its
effects on GLR-1 abundance, then a double mutant of usp-46 and
glr-1 should have a non-additive phenotype. We found that

Figure 7. usp-46 mutants have decreased surface levels of GLR-1. A, B, Representative im-
ages of GLR-1::GFP puncta in the anterior ventral nerve cords of wild-type (A) and usp-
46(ok2232) (B) young adult animals expressing HA::GLR-1::GFP ( pzIs12). D, E, Representative
images of anti-HA Alexa Fluor 594-immunostained HA::GLR-1::GFP puncta in the anterior ven-
tral nerve cords of wild-type (D) and usp-46(ok2232) (E) young adult animals expressing
HA::GLR-1::GFP ( pzIs12). C, F, Quantification of GLR-1::GFP puncta intensities (normalized) (C)
or anti-HA–Alexa Fluor 594 puncta intensities (normalized) (F ) for the strains pictured in A, B
and D, E. Shown are the normalized means and SEM for n � 17 wild-type and n � 18 usp-
46(ok2232) animals. Values that differ significantly from wild type (Student’s t test) are de-
noted by * above each bar. All significant differences are indicated as *p � 0.01.

Figure 8. usp-46 mutants have defects in GLR-1-dependent behaviors. A, Graphs showing
the average percentage of worms responding to nose touch for the following genotypes: n �
28 wild type, n � 25 usp-46(ok2232), n � 28 glr-1(n2461), and n � 10 usp-46(ok2232)glr-
1(n2461). B, Graphs showing the average number of reversals per minute for spontaneous
locomotion assays performed on worms of the following genotypes: n � 28 wild type, n � 26
usp-46(ok2232), n � 22 glr-1(n2461), and n � 8 usp-46(ok2232)glr-1(n2461). C, Graphs
showing the average number of reversals per minute for spontaneous locomotion assays per-
formed on worms of the following genotypes: n � 12 wild-type animals expressing GLR-1(A/T)
(nuIs80) and n � 12 usp-46(ok2232) mutant animals expressing GLR-1(A/T). D, Graphs show-
ing the average number of reversals per minute for spontaneous locomotion assays performed
on worms of the following genotypes: n � 8 wild type, n � 8 usp-46(ok2232), n � 8 wild-type
animals expressing GLR-1(4KR)::GFP(nuIs108), and n � 8 usp-46(ok2232) mutant animals
expressing GLR-1(4KR)::GFP. Error bars show SEM. * denote significant differences from wild
type (*p � 0.01, **p � 0.001). n.s. denotes no significant difference between the indicated
strains ( p � 0.05).
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usp-46 glr-1 double-mutant animals had decreased nose touch
responses that were indistinguishable from glr-1 single-mutant
animals ( p � 0.5) (Fig. 8A). These results suggest that USP-46
and GLR-1 function in the same pathway to regulate nose touch
responsiveness.

We next tested whether usp-46 mutant animals have altered
locomotion behavior. Spontaneous locomotion in C. elegans is
characterized by periods of forward movement interrupted by
brief periods of backward movement. The amount of glutama-
tergic signaling by VNC interneurons governs the frequency of
these spontaneous reversals. For example, mutants with de-
creased glutamatergic signaling, such as eat-4 and glr-1 null
mutants, have decreased reversal frequencies compared with
wild-type animals (Fig. 8B) (Zheng et al., 1999; Brockie et al.,
2001b; Burbea et al., 2002). In contrast, mutants with increased
glutamatergic signaling reverse more frequently than wild-type
animals (Zheng et al., 1999; Burbea et al., 2002; Juo and Kaplan,
2004; Schaefer and Rongo, 2006; Juo et al., 2007). We found that
spontaneous reversal frequencies in usp-46 mutants are reduced
by 	40% compared with wild-type animals (Fig. 8B). We also
used the locomotion assay to test whether USP-46 and GLR-1
function in the same pathway and found that usp-46 glr-1 double-
mutant animals have decreased reversal frequencies that were
indistinguishable from glr-1 single-mutant animals ( p � 0.3)
(Fig. 8B). This result is consistent with our nose touch data and
suggests that USP-46 and GLR-1 function in the same pathway to
regulate GLR-1-dependent behaviors. To further test whether
USP-46 regulation of reversal frequencies is mediated by GLR-1,
we examined whether usp-46 mutation could suppress the effects
of a dominant-active version of GLR-1 [GLR-1(A/T)] on loco-
motion behavior. Substitution of a conserved alanine near the
pore domain to a threonine residue in mouse GluRdelta2(A/T)
or C. elegans GLR-1(A/T) results in a gain-of-function, constitu-
tively active receptor (Zheng et al., 1999; Kohda et al., 2000).
Animals expressing GLR-1(A/T) under the control of the glr-1
promoter have increased reversal frequencies consistent with in-
creased glutamatergic signaling (Zheng et al., 1999, 2004). We
found that usp-46 mutation strongly suppresses the increased
reversal frequencies caused by expression of GLR-1(A/T) (Fig.
8C). Because our data suggest that USP-46 regulates the abun-
dance of GLR-1 by deubiquitinating the receptor and preventing
its degradation in the lysosome, we tested whether expression of
non-ubiquitinatable GLR-1(4KR)::GFP, which is resistant to the
effects of usp-46 mutation (Fig. 4D–F), could suppress the effects
of usp-46 mutation on locomotion behavior. We found that
GLR-1(4KR)::GFP partially blocks the ability of usp-46 mutation
to decrease reversal frequencies (Fig. 8D). Together, these results
suggest that usp-46 mutants have defects in GLR-1-dependent
behaviors and that USP-46 controls these behaviors by regulating
postsynaptic surface levels of GLR-1.

Discussion
Ubiquitin has emerged as an important regulator of synapse de-
velopment and plasticity, and the relevant E3 ubiquitin ligases are
beginning to be defined (Bingol and Schuman, 2005; Yi and
Ehlers, 2007). It is also becoming apparent that the balance be-
tween ubiquitination and deubiquitination is critical for a variety
of cellular functions (Song and Rape, 2008); however, there is
much to be learned about the DUBs that function in the nervous
system. Here we identify USP-46 as the first DUB to control GluR
trafficking and show that it positively regulates the abundance of
GLR-1 in the VNC of C. elegans. We show that usp-46 mutants
have decreased levels of surface and total GLR-1::GFP in the VNC

and display corresponding defects in glr-1-mediated behaviors.
Loss of usp-46 results in increased levels of ubiquitinated GLR-1
and promotes degradation of GLR-1 via the MVB/lysosome
pathway. These data suggest a model whereby USP-46 promotes
the abundance of GLR-1 at synapses by acting in a pre-MVB
compartment (i.e., endosome) to deubiquitinate GLR-1 and thus
prevent its lysosomal degradation (Fig. 9).

Identification of USP-46
We identified the DUB R10E11.3 in an RNAi screen for regula-
tors of GLR-1 trafficking and named it USP-46 based on its ho-
mology to the mammalian USP-46 (Fig. 1A--D). The R10E11.3/
usp-46 gene is implicated in diverse cellular processes based on
several large RNAi screens (Sieburth et al., 2005; Ceron et al.,
2007; Kahn et al., 2008; Arur et al., 2009) and a recent genetic
study linking USP-46 to depression-like behaviors (Tomida et al.,
2009). However, the specific roles of USP-46 in these various
processes were not defined. Our finding that USP-46 regulates
GLR-1 ubiquitination and abundance identifies the first specific
function and target for this DUB.

USP-46 regulates GLR-1 deubiquitination and degradation
Several lines of evidence indicate that USP-46 negatively regu-
lates GLR-1 degradation by deubiquitinating the receptor. First,
the abundance of GLR-1::GFP decreases in the VNCs of usp-46
loss-of-function mutants and in animals treated with usp-46
RNAi (Fig. 1). This effect can be rescued by expression of wild-

Figure 9. Model for USP-46 regulation of GLR-1. USP-46 functions in both the cell body and
the ventral nerve cord at a pre-MVB compartment (i.e., endosome) to deubiquitinate GLR-1 and
prevent its degradation in the MVB/lysosome. USP-46 prevents the degradation of newly syn-
thesized GLR-1 in the cell body (1) and the VNC (2) and promotes its surface expression. We
propose that USP-46 may also prevent the degradation of internalized GLR-1 at the synapse and
promote its recycling back to the plasma membrane (3). The overall function of USP-46 is to
control the amount of GLR-1 in the donor compartment (i.e., endosome) available for delivery
to the postsynaptic membrane.
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type USP-46 but not catalytically inactive USP-46(C�A) in VNC
interneurons. Second, GLR-1::GFP also decreases in the cell bod-
ies of VNC interneurons in usp-46 mutants (Fig. 2A). Third,
biochemical assays indicate that total GLR-1::GFP protein levels
are reduced in usp-46 mutants (Fig. 2C), that the amount of
ubiquitinated GLR-1 increases in usp-46 mutants (Fig. 4C), and
that recombinant USP-46 interacts with GLR-1 isolated from
worm membranes (Fig. 4A,B). Fourth, a version of GLR-1
[GLR-1(4KR)::GFP] that cannot be ubiquitinated and degraded
(Burbea et al., 2002) is resistant to the effects of usp-46 mutation
(Fig. 4D–F). Fifth, expression of vps-4(DN), which inhibits the
degradation of GLR-1 in the MVB/lysosome pathway (Chun et
al., 2008), completely blocks the decrease in GLR-1::GFP ob-
served in usp-46 mutants (Fig. 6). Sixth, usp-46 mutants have
decreased levels of surface GLR-1 in the VNC (Fig. 7). This effect
of USP-46 on surface GLR-1 is greater than its effect on total
GLR-1, suggesting that USP-46 promotes the surface expression
of the receptor. Finally, usp-46 mutant animals have defects in
GLR-1-dependent behaviors that are consistent with decreased
glutamatergic transmission, and non-ubiquitinatable GLR-
1(4KR) partially suppresses the effects of usp-46 on locomotion
(Fig. 8). This partial suppression could be explained by other
roles for USP-46 at the synapse, such as regulation of other pro-
teins required for GLR-1 function. Together, these results suggest
that USP-46 regulates the abundance of GLR-1 at synapses by
deubiquitinating the receptor and preventing its degradation in
the lysosome.

DUBs have been shown to regulate the abundance of newly
synthesized proteins in the ER via the ERAD quality control
mechanism (Raasi and Wolf, 2007). Indeed, recent reports iden-
tified an ubiquitin ligase and a DUB that control the degradation
of misfolded neurotransmitter receptors in the ER (Kato et al.,
2005; Milojevic et al., 2006). It is unlikely that USP-46 functions
at the ER to regulate GLR-1 levels. mCherry::USP-46 does not
colocalize with the ER marker KDEL::venus, and usp-46 mutants
have wild-type levels of GLR-1 in the ER (supplemental Fig. S8,
available at www.jneurosci.org as supplemental material). Our
vps-4(DN) results are also inconsistent with an ER role for USP-46,
because in that case, we would expect at least partial suppression
of the accumulation of GLR-1 in the VNC of vps-4(DN)-
expressing animals by usp-46 mutation. Instead, expression of
vps-4(DN) completely blocks the decrease in GLR-1 observed in
usp-46 mutants (Fig. 6). Furthermore, the colocalization of
mCherry::USP-46 and the endosomal marker Venus::RAB-5 in
the cell body and VNC (supplemental Fig. S8, available at www.
jneurosci.org as supplemental material) support a model in
which USP-46 functions at an endosomal compartment to pre-
vent the targeting of GLR-1 for degradation. Our analysis of
unc-11 AP180;usp-46 double mutants shows that usp-46 loss-of-
function mostly prevents the accumulation of GLR-1::GFP
caused by unc-11 AP180 mutation (Fig. 5). We propose that
USP-46 functions, in part, by acting before clathrin-mediated
endocytosis to prevent the degradation of newly synthesized
GLR-1 delivered to an internal compartment en route to the
plasma membrane. Our data are consistent with a model in which
USP-46 functions in a pre-MVB compartment (i.e., endosome)
in the cell body and the VNC to prevent the degradation of newly
synthesized GLR-1 (Fig. 9). The amount of AMPA receptors at
the postsynaptic membrane is likely derived from a recycling pool
of receptors undergoing exocytosis, endocytosis, and post-
endocytic degradation (Ehlers, 2000; Lin et al., 2000; Shepherd
and Huganir, 2007), and ubiquitination of GLR-1 provides a
signal for its clathrin-mediated endocytosis and subsequent tar-

geting to the lysosome (Burbea et al., 2002; Chun et al., 2008).
Thus, we propose that the function of USP-46 is to control the
amount of GLR-1 in the donor compartment (i.e., endosome)
available for delivery to the plasma membrane and that the pool
of receptors in this internal compartment may originate from the
Golgi or the plasma membrane (Fig. 9).

Role of ubiquitination in membrane protein recycling
Mono-ubiquitination of membrane proteins at the plasma mem-
brane provides a signal for endocytosis (Hicke and Dunn, 2003).
Mono-ubiquitination is also used as a signal to sort and target
proteins in the endosome into the MVB/lysosome pathway for
degradation (Katzmann et al., 2001; Urbanowski and Piper,
2001). The ubiquitin tag is sufficient to target proteins to the
MVB because fusion of ubiquitin to the transferrin receptor,
which normally undergoes constitutive recycling to the plasma
membrane after endocytosis, prevents its recycling (Raiborg et
al., 2002).

DUBs are thought to function in at least two independent
steps of the endosome/lysosome pathway. First, DUBs acting at
the late endosome promote protein degradation and regenerate
free monomeric ubiquitin by deubiquitinating proteins before
their destruction in the lysosome. Second, deubiquitination of
membrane proteins at endosomes can prevent their degradation
in the MVB/lysosome pathway and promote their recycling back
to the cell surface (Mukhopadhyay and Riezman, 2007).

Several DUBs have been shown recently to regulate mem-
brane protein recycling in diverse non-neuronal systems. For ex-
ample, UCH-L3 localizes to endosomes and regulates the surface
levels of epithelial Na� channels in kidney cells (Butterworth et
al., 2007), USP-10 localizes to endosomes and promotes cystic
fibrosis transmembrane-conductance regulator recycling to the
epithelial cell surface (Bomberger et al., 2009), USP-20 and
USP-33 control recycling of �2 adrenergic receptors (Berthouze
et al., 2009), and both AMSH (associated molecule with the SH3
domain of STAM) and USP-8/UBPY (ubiquitin-specific process-
ing protease Y) are endosome-associated DUBs implicated in
regulating epidermal growth factor receptor degradation (Mc-
Cullough et al., 2004; Mizuno et al., 2005; Row et al., 2006).
Similarly, reversible ubiquitination of the yeast amino acid per-
mease Gap1p regulates its trafficking from the plasma membrane
to pre-multivesicular endosomes (MVEs) en route to the vacuole
for degradation. Interestingly, ubiquitination of newly synthe-
sized Gap1p in the Golgi can directly target it to a pre-MVE
compartment in which it is either sorted to the MVE/vacuole for
degradation or recycled back to the Golgi for transport to the cell
surface (Helliwell et al., 2001; Risinger and Kaiser, 2008). These ex-
amples demonstrate that deubiquitination of membrane proteins in
the endosome is a widely used mechanism to rescue proteins from
degradation and promote their recycling back to the cell surface.

Internalized AMPARs can also be targeted to the lysosome for
degradation or recycled back to the plasma membrane in an
activity-dependent manner (Ehlers, 2000; Lin et al., 2000; Lee et
al., 2004; Park et al., 2004; Wang et al., 2008b). A few molecules
have been implicated in regulating AMPAR recycling, including
protein kinase A, PKC-interacting protein PICK1, NEEP21
(neuron-enriched endosomal 21 kDa protein), Tmub1/HOPS
(hepatocyte odd protein shuttling protein) and UNC-108/Rab2
(Ehlers, 2000; Steiner et al., 2005; Lin and Huganir, 2007; Chun et
al., 2008; Yang et al., 2008).

The importance of AMPAR recycling in synaptic plasticity
and the central role played by DUBs in the recycling of membrane
proteins in general suggest that deubiquitination of internalized
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AMPARs likely contributes to their role in synaptic plasticity. The
mechanisms involved in regulating whether postendocytic
AMPARs are targeted for lysosomal degradation or sorted into
recycling endosomes for delivery back to the postsynaptic mem-
brane are poorly understood. This study shows that the DUB
USP-46 regulates GLR-1 abundance at VNC synapses by promot-
ing GLR-1 deubiquitination and preventing its lysosomal degra-
dation. Future studies will be important for identifying the
mechanisms that control USP-46 activity and additional compo-
nents of the ubiquitin signaling system involved in regulating
glutamate receptor trafficking and synaptic plasticity.
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