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Reversible modification of AMPA receptors (AMPARs) with ubiquitin regulates receptor levels at synapses and controls synaptic
strength. The conserved deubiquitinating enzyme (DUB) ubiquitin-specific protease-46 (USP-46) removes ubiquitin from AMPARs
and protects them from degradation in both Caenorhabditis elegans and mammals. Although DUBs are critical for diverse physio-
logical processes, the mechanisms that regulate DUBs, especially in the nervous system, are not well understood. We and others
previously showed that the WD40-repeat proteins WDR-48 and WDR-20 bind to and stimulate the catalytic activity of USP-46.
Here, we identify an activity-dependent mechanism that regulates WDR-20 expression and show that WDR-20 works together with
USP-46 and WDR-48 to promote surface levels of the C. elegans AMPAR GLR-1. usp-46, wdr-48, and wdr-20 loss-of-function
mutants exhibit reduced levels of GLR-1 at the neuronal surface and corresponding defects in GLR-1-mediated behavior. Increased
expression of WDR-20, but not WDR-48, is sufficient to increase GLR-1 surface levels in an usp-46-dependent manner. Loss of
usp-46, wdr-48, and wdr-20 function reduces the rate of local GLR-1 insertion in neurites, whereas overexpression of wdr-20 is suf-
ficient to increase the rate of GLR-1 insertion. Genetic manipulations that chronically reduce or increase glutamate signaling result
in reciprocal alterations in wdr-20 transcription and homeostatic compensatory changes in surface GLR-1 levels that are dependent
on wdr-20. This study identifies wdr-20 as a novel activity-regulated gene that couples chronic changes in synaptic activity with
increased local insertion and surface levels of GLR-1 via the DUB USP-46.
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Significance Statement

Deubiquitinating enzymes (DUBs) are critical regulators of synapse development and function; however, the regulatory mech-
anisms that control their various physiological functions are not well understood. This study identifies a novel role for the
DUB ubiquitin-specific protease-46 (USP-46) and its associated regulatory protein WD40-repeat protein-20 (WDR-20) in reg-
ulating local insertion of glutamate receptors into the neuronal cell surface. This work also identifies WDR-20 as an activity-
regulated gene that couples chronic changes in synaptic activity with homeostatic compensatory increases in surface levels of
GLR-1 via USP-46. Given that 35% of USP family DUBs associate with WDR proteins, understanding the mechanisms by
which WDR proteins regulate USP-46 could have implications for a large number of DUBs in other cell types.

Introduction
Activity-dependent regulation of AMPA receptor (AMPAR)
trafficking controls receptor levels at the synapse and is one of

the major mechanisms underlying both Hebbian and homeo-
static plasticity (Huganir and Nicoll, 2013). Several trafficking
pathways regulate the number of AMPARs at synapses including
motor-dependent transport, insertion into the plasma
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membrane, lateral diffusion to and from extrasynaptic sites, and
endocytosis into internal compartments (Anggono and Huganir,
2012). After internalization, AMPARs are sorted in endosomes
and are either targeted for lysosomal degradation or recycled
back to the neuronal cell surface (Ehlers, 2000; Lee et al., 2004).
Ubiquitination is a posttranslational modification that is widely
used to target membrane proteins for degradation (Lauwers et al.,
2010). Ubiquitin has emerged as a critical regulator of synapse
development and function (Bingol and Sheng, 2011), that can
control glutamatergic signaling by directly regulating AMPAR
trafficking and degradation (Widagdo et al., 2017). Studies in
Caenorhabditis elegans first revealed that AMPAR trafficking was
regulated by ubiquitin. Direct conjugation of ubiquitin to the C.
elegans AMPAR GLR-1 promotes receptor internalization and
degradation in lysosomes (Burbea et al., 2002; Chun et al., 2008).
Subsequent studies using cultured rodent neurons showed that
acute or chronic AMPAR activation results in ubiquitination and
degradation of all four AMPAR receptor subunits (Schwarz et al.,
2010; Fu et al., 2011; Hou et al., 2011; Lin et al., 2011; Lussier et al.,
2011; Widagdo et al., 2015).

Several ubiquitin ligases can either directly or indirectly regu-
late invertebrate (Juo and Kaplan, 2004; van Roessel et al., 2004;
Dreier et al., 2005; Schaefer and Rongo, 2006; Park et al., 2009)
and vertebrate (Schwarz et al., 2010; Fu et al., 2011; Lussier et al.,
2012; Lin and Man, 2014) AMPAR trafficking. However, ubiqui-
tination is a reversible modification, and much less is known
about the deubiquitinating enzymes (DUBs) that proteolytically
remove ubiquitin from substrates. The human genome encodes
for 500–600 ubiquitin ligases but only ;100 DUBs (Mevissen
and Komander, 2017). Despite the lower number of DUB genes,
recent studies indicate that many DUBs regulate specific sub-
strates and cellular processes, suggesting that DUB function is
tightly regulated in vivo (Clague et al., 2019). However, the mo-
lecular mechanisms that regulate DUBs, particularly in response
to changes in neuronal activity, are not well understood.

We previously identified ubiquitin-specific protease-46 (USP-
46) as the first DUB to regulate glutamate receptors. We found
that USP-46 removes ubiquitin from GLR-1 and protects it from
degradation in the lysosome in C. elegans (Kowalski et al., 2011).
Similarly, mammalian USP46, which colocalizes with AMPARs
and PSD95 at synapses in cultured rodent neurons, deubiquiti-
nates and stabilizes GluA1 and GluA2 (Huo et al., 2015). Loss-
of-function of usp-46 in C. elegans (Kowalski et al., 2011;
Dahlberg and Juo, 2014) or rodent neurons (Huo et al., 2015)
leads to reduced surface levels of AMPARs and decreased synap-
tic function. Mammalian USP46, and its close homolog USP12,
have low intrinsic catalytic activity. However, binding of USP46
or USP12 to the WD40-repeat proteins, WDR48 (also known as
UAF1) and WDR20, stimulates their catalytic activity, with
WDR20 further enhancing the activity of USP46/WDR48 com-
plexes (Cohn et al., 2009; Sowa et al., 2009; Kee et al., 2010;
Faesen et al., 2011).

We previously found that the C. elegans homologs, WDR-48
and WDR-20, also bind to and stimulate the catalytic activity of
USP-46 (Dahlberg and Juo, 2014). Overexpression of wdr-48 and
wdr-20 resulted in deubiquitination of GLR-1 and increased total
levels of the receptor in vivo, as well as increased surface GLR-1
levels in cultured C. elegans embryonic neurons. However, the
effect of loss-of-function wdr mutants and the precise mecha-
nism by which the USP-46/WDR complex regulates GLR-1 sur-
face levels are unknown.

Here, we use transgenic animals expressing GLR-1 tagged
with pH-sensitive Superecliptic pHluorin (SEP) to quantitatively

examine the relative contributions and mechanism by which the
WDR proteins and USP-46 regulate GLR-1 surface levels in vivo.
We find that USP-46, WDR-48, and WDR-20 localize to
Syntaxin-13-labeled endosomes and that WDR-20 regulates sur-
face levels of GLR-1 by promoting local insertion. Additionally,
chronic changes in glutamate signaling regulates wdr-20 tran-
scription and surface GLR-1 levels. This study identifies wdr-20 as a
novel activity-dependent gene that couples chronic changes in syn-
aptic activity with surface levels of GLR-1 via the DUBUSP-46.

Materials and Methods
Strains
The following strains were used for experiments described in this
manuscript:

N2 (Bristol) wild-type, akIs201 (Prig-3::SEP::mCherry::GLR-1) V (gift
from Villu Maricq), pzIs45 (Prig-3::SEP::mCherry::GLR-1), usp-46 (ok2232)
III, wdr-48 (tm4575) III, wdr-20 (gk547140) V, pzEx230 (Pglr-1::WDR-20),
pzEx231 (Pglr-1::WDR-48), pzIs25 (Pglr-1::WDR-20; Pglr-1::WDR-48) I,
pzEx224 (Pglr-1::USP-46), eat-4 (n2474) III, pzIs38 (Pwdr-20::NLS-GFP-
LacZ) III, pzEx463 (Pnmr-1::dsRed), glt-3 (bz34) glt-6 (tm1316) glt-7
(tm1641) IV (gift from Itzhak Mano), pzEx93 (Pglr-1::mCherry::USP-46),
pzEx274 (Pglr-1::mCherry::WDR-48), pzEx264 (Pglr-1::mCherry::WDR-20),
pzEx135 (Pglr-1::venus::RAB-5), nuIs232 (Pglr-1::GFP-Syntaxin-13; gift
from Josh Kaplan). All strains were maintained at 20°C as described previ-
ously (Brenner, 1974).

The usp-46 (ok2232) allele contains a 480 amino acid deletion that
removes the majority of the protein product, including the critical histi-
dine and aspartic acid residues of the catalytic triad and thus is a func-
tional null (Kowalski et al., 2011). The wdr-48 (tm4575) allele contains a
132-amino acid deletion that disrupts WD40-repeat domains 5–7, and
results in the introduction of a premature stop codon downstream of the
deletion (Dahlberg and Juo, 2014). The wdr-20 (gk547140) allele con-
tains a non-sense mutation that results in a premature stop codon at
amino acid 288 in the WDR-20 protein coding sequence (Dahlberg and
Juo, 2014).

Constructs, transgenes, and germ-line transformation
akIs201 was a gift from Villu Maricq (Hoerndli et al., 2015). pzIs45 was
created by injecting DM#1983 (Prig-3::SEP::mCherry::GLR-1; gift from
Villu Maricq) at 50ng/ml into unc-119 (ed3) animals with the coinjection
plasmid pCFJ#350 which contains an unc-119 rescuing transgene (50ng/ml)
to create pzEx460 followed by UV integration using a UV Stratalinker.
pzIs45 was backcrossed three times before imaging. pzEx224, pzEx230,
pzEx231, and pzIs25were previously described (Dahlberg and Juo, 2014).

pzIs38 was created by injecting plasmid FJ#101 (Pwdr-20::NLS-GFP-
LacZ; 50ng/ml) with the coinjection marker Pttx-3::dsRed (50 ng/ml) to
create pzEx230 (Dahlberg and Juo, 2014) followed by UV integration
using a UV Stratalinker. pzIs38 was backcrossed 5 times before imaging.
FJ#138 (Pnmr-1::dsRed) was generated by cloning Pnmr-1 (;1 kb) from
FJ#129 (Pnmr-1::USP-46::GFP) into the KP#889 vector expressing
dsRed using SphI and BamHI sites. pzEx463 was created by injecting
plasmid FJ#138 (10 ng/ml) into unc-119 (ed3) animals with coinjection
plasmid pCFJ#350 which contains an unc-119 rescuing transgene (50 ng/
ml) and pBluescript (40 ng/ml). pzEx93 (Pglr-1::mCherry::USP-46;Pmyo-
2::NLS-mCherry) and pzEx135 (Pglr-1::venus::Rab-5; Pttx-3::GFP) were
previously described (Kowalski et al., 2011). pzEx274 was created by
injecting the plasmid FJ#103 (Pglr-1::mCherry::WDR-48) with the coin-
jection marker Pttx-3::dsRed. FJ#103 was generated by subcloning
mCherry in-frame after the start codon of the wdr-48 cDNA using a Not
I site introduced via PCR in FJ#98 (Pglr-1::WDR-48) to create WDR-48
tagged at the N terminus with mCherry. pzEx264 was created by inject-
ing plasmid FJ#102 (Pglr-1::mCherry::WDR-20) with the coinjection
marker Pmyo-2::NLS-GFP. FJ#102 was generated by subcloning
mCherry in-frame after the start codon of the wdr-20 cDNA (long-splice
form) using a NotI site introduced via PCR in FJ#97 (Pglr-1::WDR-20)
to create WDR-20 tagged at the N terminus with mCherry. nuIs232
(Pglr-1::GFP-Syntaxin-13; gift from Joshua Kaplan) was previously
described (Chun et al., 2008).
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GLR-1 fluorescence imaging
Fluorescence imaging of SEP::mCherry::GLR-1 (akIs201 or pzIs45) was
performed as follows. Images were collected on a Carl Zeiss LSM800
Confocal microscope with a 63� Plan Apochromat (1.4 numerical aper-
ture) objective using Zen Blue software (Zeiss). Larval-stage 4 (L4) ani-
mals were immobilized in a droplet of M9 containing 2.3 mM

Levamisole (Tetramisole, Sigma) and placed on a 2% agarose pad con-
taining Levamisole. For the ventral nerve cord (VNC), images were
acquired with an acquisition area of 100� 60mm just posterior to the
RIG neuronal cell bodies in 7-mm Z-series stacks. Images were acquired
with the 488-nm laser set to 8.94% power and 776-V gain, and the 561-
nm laser set to 5.19% power and 867-V gain. For the nerve ring (NR),
images were acquired with an acquisition area of 50� 50mm centered
on the NR in 10-mm Z-series stacks which encompassed the entire NR.
Images were acquired with the 488-nm laser set to 8.94% power and
776-V gain, and the 561-nm laser set to 5.19% power and 867-V gain.
Maximum intensity projections of Z-series stacks were made after apply-
ing a single pixel filter to reduce noise before quantitation.

To quantify SEP and mCherry fluorescence in VNC puncta, the
background threshold was first defined with a minimum threshold of 70
and a maximum threshold of 255 using ImageJ (NIH). An identical
region of interest (ROI) was drawn around an anterior region of the
VNC in both the SEP and mCherry images for the same animal and
the integrated density (product of area and mean gray intensity) of the
thresholded VNC puncta were measured. To quantify SEP and mCherry
fluorescence in NR puncta, the background threshold was first defined
with a minimum threshold of 60 and a maximum threshold of 255 using
ImageJ (NIH). The NR was straightened by drawing a line along the NR
and using the Straighten tool in ImageJ. An identical ROI was used for
the straightened NR in both the SEP and mCherry images for the same
animal and the integrated density (product of area and mean gray inten-
sity) of the thresholded NR puncta were measured. Following quantifica-
tion, orthogonal projections were globally processed in Photoshop
(Adobe) to further reduce noise and increase contrast using identical set-
tings for all images. All values were normalized to the average intensity
measured for wild-type before graphing.

Fluorescence recovery after photobleaching (FRAP)
A Zeiss LSM800 confocal microscope, described above, was used for
SEP::mCherry::GLR-1 FRAP experiments. Prebleach and postbleach
images were acquired using an image acquisition area of 100� 60mm
with the 488-nm laser set to 5.8% power and 776-V gain, and the 561-
nm laser set to 3.6% power and 867-V gain. A prebleach Z-series image
stack was obtained with a 7-mm total depth. Immediately after, photo-
bleaching was performed using an acquisition area of 50� 30mm, which
is half the size of the image area, with the 488-nm laser set to 30% power
and the 561-nm laser set to 10% power. A postbleach image was taken
immediately after bleaching using the original imaging settings, followed
by manual image acquisition at 2.5, 5, and 10min postbleach. Maximum
intensity projections of Z-series stacks were used for quantitative analy-
ses of fluorescent puncta. A single pixel filter was applied to reduce
noise.

To quantify SEP and mCherry fluorescence in VNC puncta, the
background threshold was first defined with a minimum threshold of 25
and a maximum threshold of 255 using ImageJ (NIH). An ROI was
drawn around the bleached portion of the image, which was used for all
images in the dataset, and the integrated density (product of area and
mean gray intensity) of thresholded VNC puncta was measured.
Following quantification, orthogonal projections were globally processed
in Photoshop 8 (Adobe) to further reduce noise and increase contrast
using identical settings for all images. All values were normalized to their
respective prebleach intensity before graphing.

Endosome colocalization imaging
A Zeiss LSM800 confocal microscope, described above, was used to cap-
ture images of mCherry tagged USP-46, WDR-48, and WDR-20 with
GFP::Syntaxin-13 or Venus::RAB-5. L4 worms were immobilized as
above. All images were acquired with an acquisition area of 50.71�
50.71mm centered just posterior to the NR where the cell bodies of

many GLR-1-expressing neurons reside, including the AVA cell body. A
14.7-mm Z-series stack was used to capture the AVA cell body. For the
Venus::RAB-5 images, the 488-nm laser was set to 0.99% power with
535-V gain and the 561-nm laser was set to 0.99% power with 715-V
gain. For the GFP::Syntaxin-13 images, the 488-nm laser was set to
1.00% power with 550-V gain, and the 561-nm laser was set to 0.98–
0.99% power with 650- to 750-V gain. A single representative plane
from each Z-series stack was chosen for display and individually proc-
essed using ImageJ to reduce noise and increase contrast and then
cropped using Adobe Illustrator.

Behavioral assays
All behavioral assays were performed using at least 20 young adult her-
maphrodites over at least 3 independent experiments and by an experi-
menter blinded to the genotypes of the animals being tested. Nose-touch
assays were performed as described previously (Kaplan and Horvitz,
1993). Briefly, worms were placed on 60-mm NGM agar plates contain-
ing a thin lawn of OP50 Escherichia coli spotted the day before the
experiment and then assayed for responsiveness to light touch on the
nose as determined by perpendicular contact with a human eyelash dur-
ing forward locomotion. Ten trials were performed for each animal, and
backward movement greater than the distance from the nose to the ter-
minal bulb of the pharynx was counted as a reversal.

Experimental design and statistical analysis
All experiments were performed using L4 larval stage hermaphrodite C.
elegans as determined by the canonical vulval shape at this stage. All mu-
tant strains were back-crossed at least two times with N2 wild-type ani-
mals. The total number of animals measured for each condition is
indicated in the figure legends. All experiments were performed at least
three times.

All statistical analyses were performed using GraphPad Prism 8 soft-
ware (GraphPad). For comparisons of two groups, unpaired Student’s t
test was used. Statistical values for unpaired t test were provided as (p, t,
df) in the figure legends. For comparisons of three or more groups, one-
way ANOVA followed by Tukey’s multiple comparison tests were used.
For comparisons of multiple groups at different time points, two-way
ANOVA followed by Tukey’s multiple comparison tests were used.
Statistical values for ANOVAs were provided as (F(DFn,DFd), p) in the fig-
ure legends. The level of significance was set as p, 0.05. Values that dif-
fer significantly from wild-type are indicated in the figures as follows:
#p� 0.05, pp� 0.01, ppp� 0.001. All graphs show mean6 SEM.

Results
USP-46 and co-factors WDR-48 andWDR-20 promote
surface levels of GLR-1
The DUB USP-46 regulates total protein levels of GLR-1 gluta-
mate receptors in the ventral nerve cord (VNC) of C. elegans by
deubiquitinating GLR-1 and protecting it from degradation in
the lysosome (Kowalski et al., 2011). usp-46 loss-of-function
mutants exhibit strong defects in GLR-1-mediated behaviors and
have reduced levels of HA::GLR-1 (epitope-tagged on its extracellu-
lar domain) at the cell surface based on injection of fluorescent
anti-HA antibodies into the pseudocoelom (Kowalski et al., 2011).
Interestingly, we previously noticed that loss of usp-46 has stronger
effects on both GLR-1 surface levels and GLR-1-mediated behav-
iors than on total GLR-1 levels, suggesting that reduced degrada-
tion is not the only mechanism by which USP-46 controls cell
surface GLR-1 levels. This observation prompted us to further
investigate the mechanism by which USP-46 regulates GLR-1 sur-
face levels. We first sought to confirm our previous observations
using a more direct and quantitative in vivo method to monitor
surface levels of GLR-1. We used a previously-described transgenic
strain (akIs201) (Hoerndli et al., 2013) that expresses a functional
GLR-1 tagged on its extracellular domain with both the pH-sensi-
tive fluorophore SEP (Miesenböck et al., 1998) and mCherry (SEP::
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mCherry::GLR-1) in GLR-1-expressing AVA interneurons. GLR-1
tagged with fluorescent proteins, such as GFP (Rongo et al., 1998)
or SEP::mCherry (Hoerndli et al., 2013), localizes to puncta in
the nerve ring (NR) and along the VNC, the vast majority of
which are thought to represent postsynaptic sites (Rongo et al.,
1998; Burbea et al., 2002). SEP fluorescence can be used to esti-
mate the levels of GLR-1 at the cell surface, because it fluoresces
in the neutral pH of the extracellular space but is quenched in
the acidic endosomal environment. In contrast, mCherry

fluoresces at both the cell surface and in internal compartments
and thus represents an estimate of total GLR-1 levels. A previ-
ous study showed that SEP::GLR-1 signal in the VNC could be
quenched by an extracellular acid wash confirming that SEP
fluorescence represents receptors at the cell surface (Wang et
al., 2012). Additionally, we found that SEP fluorescence
increases dramatically (Luth et al., 2021) when GLR-1 endocy-
tosis is blocked by mutation of the clathrin adaptin unc-11/
AP180 (Burbea et al., 2002).

SEP::mCherry::GLR-1 in VNC
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Figure 1. Surface levels of GLR-1 are regulated by USP-46 and co-factors WDR-48 and WDR-20. A, Representative images of SEP::mCherry::GLR-1 in the VNCs of L4 stage larval animals har-
boring a SEP::mCherry::GLR-1 integrated transgene (akIs201). B, Representative images of SEP::mCherry::GLR-1 in a usp-46 (ok2232) mutant background. C, Quantification of the fluorescence
intensity of mCherry (total GLR-1), SEP (surface GLR-1), and the ratio of SEP/mCherry (surface to total GLR-1, normalized to wild type) for animals expressing akIs201 in either wild-type
(n= 122), usp-46 (ok2232) (n= 69), or usp-46 (ok2232) mutants expressing wild-type usp-46 cDNA under control of the glr-1 promoter [usp-46 rescue (pzEx224 line 1), n= 15] are shown.
One-way ANOVA revealed a significant effect of genotype for mCherry (F(2,243) = 3.861, p= 0.0224), SEP (F(2,243) = 19.37, p, 0.0001), and SEP/mCherry (F(2,243) = 39.36, p, 0.0001). D,
Representative images of SEP::mCherry::GLR-1 in a wdr-48 (tm4575). E, Quantification of mCherry intensity, SEP fluorescence intensity, and the ratio of SEP/mCherry (normalized to wild type)
for animals expressing akIs201 in either wild-type (n= 122), wdr-48 (tm4575) (n= 49) mutants or wdr-48 (tm4575) mutants expressing wild-type wdr-48 cDNA under control of the glr-1 pro-
moter [wdr-48 rescue (pzEx231 line 1), n= 9]. One-way ANOVA revealed no significant effect of genotype for mCherry (F(2,216) = 0.0051, p= 0.9949), but a significant effect of genotype for
SEP (F(2,216) = 4.117, p= 0.0176) and SEP/mCherry (F(2,216) = 11.79, p, 0.0001). F, Representative images of SEP::mCherry::GLR-1 in wdr-20 (gk547140) mutants. G, Quantification of the flu-
orescence intensity of mCherry (total GLR-1), SEP (surface GLR-1), and the ratio of SEP/mCherry (surface to total GLR-1, normalized to wild type) for L4 stage larval animals harboring a SEP::
mCherry::GLR-1 integrated transgene (pzIs45) in either wild-type (n= 40), wdr-20 (gk547140) (n= 51) mutants, or wdr-20 (gk547140) mutants expressing wild-type wdr-20 cDNA expressed
under control of the glr-1 promoter [wdr-20 rescue (pzEx230 line 1), n= 12]. One-way ANOVA revealed no significant effect of genotype for mCherry (F(2,222) = 2.418, p= 0.0915), but a signif-
icant effect of genotype for SEP (F(2,222) = 16.99, p, 0.0001) and SEP/mCherry (F(2,222) = 23.62, p, 0.0001). All graphs show mean6 SEM. Values that differ significantly from the wild-
type (ANOVA, Tukey’s multiple comparison test) are indicated as follows: #p� 0.05, pp� 0.01, ppp� 0.001.
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Confocal imaging of SEP::mCherry::GLR-1 levels revealed
that usp-46 (ok2232) loss-of-function mutants (for allele infor-
mation, see Materials and Methods) exhibit a;20% reduction in
mCherry fluorescence (total GLR-1, p= 0.0184) and a ;70%
reduction in SEP fluorescence (surface GLR-1, p, 0.0001) in the
VNC (Fig. 1A–C). Analysis of the SEP/mCherry fluorescence ra-
tio confirms that usp-46 mutants have a larger reduction in sur-
face versus total GLR-1 levels, consistent with previous
observations based on anti-HA antibody labeling (Kowalski et
al., 2011). These results provide further evidence for our hypoth-
esis that in addition to protecting GLR-1 from degradation
(Kowalski et al., 2011), USP-46 has another major function,
which is to promote surface levels of GLR-1. We found that
expression of wild-type usp-46 cDNA in GLR-1-expressing neu-
rons (using the glr-1 promoter) rescues the reductions in SEP
and mCherry fluorescence observed in usp-46 mutants, indicat-
ing that USP-46 functions in GLR-1-expressing neurons to regu-
late GLR-1 (Fig. 1C).

The WD40-repeat proteins WDR-48 and WDR-20 bind and
activate the catalytic activity of USP-46 and its homologs from
yeast to mammals, with WDR-20 interaction synergistically
enhancing the activity of the USP-46/WDR-48 complex (Cohn
et al., 2009; Sowa et al., 2009; Kee et al., 2010; Kouranti et al.,
2010; Faesen et al., 2011; Dahlberg and Juo, 2014; Hodul et al.,
2017). We previously showed that overexpression of wdr-48 and
wdr-20 in vivo increases total GLR-1 levels and a GLR-1-medi-
ated locomotion reversal behavior (Dahlberg and Juo, 2014). In
addition, based on anti-HA antibody staining under non-perme-
abilized conditions, overexpression of both wdr-48 and wdr-20
together increased surface levels of HA::GLR-1 in cultured em-
bryonic neurons from C. elegans (Dahlberg and Juo, 2014).
However, the relative contributions of wdr-48 and wdr-20 or
their effects in vivo on surface GLR-1 levels are not known.
Here, we investigated whether loss of wdr-48 or wdr-20 alters
GLR-1 surface levels in vivo. Similar to usp-46 mutants, we
found that wdr-48 (tm4575) and wdr-20 (gk547140) loss-of-
function mutants (for allele information, see Materials and
Methods) have decreased SEP fluorescence (surface GLR-1;
WT vs wdr-48, p= 0.0147; WT vs wdr-20, p= 0.0003) and SEP/
mCherry ratios (WT vs wdr-48, p, 0.0001; WT vs wdr-20,
p, 0.0001; Fig. 1D–G). Expression of wild-type wdr-48 or wdr-
20 cDNA in GLR-1-expressing neurons (using the glr-1 pro-
moter) rescues the GLR-1 defects observed in their respective
mutant backgrounds (Fig. 1E,G). The lack of an effect of wdr-
48 or wdr-20 mutants versus usp-46 on mCherry fluorescence
(total GLR-1) suggest that low levels of USP-46 catalytic activity
in the absence of WDR-48 or WDR-20 may be sufficient to pro-
tect GLR-1 from degradation. Alternatively, other unidentified
factors may regulate USP-46 activity to control degradation.
Taken together, these data indicate that USP-46 and the WDR
proteins act in GLR-1-expressing neurons to promote surface
levels of GLR-1 in vivo.

Overexpressed WDR-20 but not USP-46 or WDR-48
increases GLR-1 surface abundance
We next tested whether overexpression of usp-46 in a wild-type
background would increase surface levels of GLR-1. We found
that overexpression of usp-46 alone in GLR-1-expressing neu-
rons [usp-46(xs)] is not sufficient to increase SEP fluorescence
(surface GLR-1; Fig. 2A). Interestingly, we found that overex-
pression of wdr-48 and wdr-20 in GLR-1-expressing neurons
[wdr-48(xs);wdr-20(xs)] is sufficient to increase SEP fluorescence
(surface GLR-1, p, 0.0001) by almost twofold (Fig. 2B). This

effect was blocked in usp-46 mutants, suggesting that the ability
of WDR-48 and WDR-20 to increase surface GLR-1 levels is de-
pendent on endogenous usp-46. We next determined the contri-
bution of each WDR protein individually to the regulation of
surface GLR-1 levels. We found that overexpression of wdr-48
alone [wdr-48(xs)] has no effect on SEP fluorescence (surface
GLR-1; Fig. 2C). In contrast, overexpression of wdr-20 alone
[wdr-20(xs)] was sufficient to increase SEP fluorescence (surface
GLR-1, p=0.0109; Fig. 2D). Because WDR-48 can enhance bind-
ing of WDR-20 to USP-46 (Kee et al., 2010), we tested whether
the effect of wdr-20 is dependent on wdr-48. We found that the
increase in SEP fluorescence (surface GLR-1) observed in wdr-20
(xs) animals is blocked in wdr-48 loss-of-function mutants (Fig.
2D), indicating that endogenous wdr-48 is required for the effect
of wdr-20 on GLR-1. Collectively, these data show that increased
expression of wdr-20, but not wdr-48, is sufficient to promote
surface levels of GLR-1. Our findings also suggest that wdr-20
expression may be limiting in vivo and that regulating wdr-20
expression might be an effective mechanism to control surface
levels of GLR-1. Together with previous studies, our data are
consistent with a model where increased expression of wdr-20
promotes the catalytic activity of USP-46/WDR-48 complexes
resulting in increased surface levels of GLR-1.

USP-46, WDR-48, andWDR-20 localize to endosomes
We investigated whether USP-46, WDR-48, and WDR-20 local-
ize to internal compartments, such as early and recycling endo-
somes, where the complex may act to regulate GLR-1 trafficking.
We found that mCherry-tagged USP-46, WDR-48, and WDR-20
(under control of the glr-1 promoter) partially overlap with the
early endosome marker Venus::Rab-5 in AVA and other GLR-1-
expressing neuronal soma in the head (Fig. 3A), where they
appear to localize at the edges of the Rab-5-labeled compart-
ments. We also found that mCherry-tagged USP-46, WDR-48,
and WDR-20 localize to subdomains within compartments la-
beled by GFP::Syntaxin-13 (Fig. 3B; Chun et al., 2008). Syntaxin-
13 localizes to early and recycling endosomes and is required for
recycling of membrane proteins (Prekeris et al., 1998, 1999). In
particular, dominant-negative Syntaxin-13 blocks activity-de-
pendent AMPAR recycling (Park et al., 2004), and AMPARs
accumulate in Syntaxin-13-labeled recycling endosomes when
the AMPAR recycling protein GRIP-associated protein-1
(GRASP1) is mutated (Chiu et al., 2017). Our data are consistent
with USP-46 and the WDR proteins localizing to early and recy-
cling endosomes where they could act to regulate GLR-1
recycling.

USP-46 regulates local insertion of GLR-1
Given the subcellular localization of USP-46 and the WDR pro-
teins to endosomes, we next examined the mechanism by which
USP-46 and the WDR proteins regulate levels of GLR-1 at the
cell surface. Ubiquitination of GLR-1 promotes its internaliza-
tion into endosomes, where the receptors are subsequently
sorted either for degradation in the lysosome or recycling back to
the plasma membrane (Ehlers, 2000; Burbea et al., 2002).
Because deubiquitination of membrane proteins by DUBs at
endosomes can rescue them from degradation in the lysosome
and promote recycling to the plasma membrane in a variety of
cell types (Clague et al., 2012), we tested whether USP-46 acts in
the VNC to promote trafficking of receptors from internal com-
partments to the cell surface. We used dual FRAP of SEP::
mCherry::GLR-1 to measure local insertion of GLR-1 in the
VNC, as previously described (Hoerndli et al., 2015). Briefly,
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mCherry fluorescence is photobleached at the cell surface and in
endosomes. Thus, any recovery of mCherry fluorescence after
photobleaching can likely be attributed to receptors that have ei-
ther been newly synthesized or trafficked into the photobleached
area. In contrast, because SEP is only photobleached at the cell
surface and not in endosomes where it is quenched, recovery of
SEP fluorescence after photobleaching represents GLR-1 inserted
into the plasma membrane from internal compartments in addi-
tion to newly synthesized or trafficked receptors. The difference
between the rate of mCherry and SEP fluorescence recovery can
be used to estimate the rate of GLR-1 insertion into the plasma
membrane from local compartments.

Consistent with a prior study (Hoerndli et al., 2015), we
found that 10min after photobleaching, SEP fluorescence recov-
ers to ;35–40% of prebleach levels, whereas mCherry fluores-
cence recovers to ;10% of prebleach levels in the VNC of wild-
type animals (Fig. 4A,C–E). Interestingly, in usp-46 loss-of-func-
tion mutants, SEP fluorescence only recovers to ;10% of pre-
bleach levels after 10min (WT SEP vs usp-46 SEP, p, 0.0001;
Fig. 4B,C). This low level of recovery is comparable to that of
mCherry recovery in usp-46 mutants (;7% after 10min) sug-
gesting that any remaining recovery of surface GLR-1 abundance
in usp-46 mutants is likely due to either non-bleached GLR-1
trafficking into the photobleached area or newly synthesized

receptors. Together, these data suggest that USP-46 is required
for local GLR-1 insertion into the plasma membrane in the
VNC. Similarly, we found that wdr-48 (p, 0.0001) and wdr-20
(p, 0.0001) loss-of-function mutants exhibited decreased rates
of SEP FRAP but maintained wild-type rates of mCherry fluores-
cence recovery (Fig. 4D,E). Conversely, we found that overex-
pression of wdr-20 increases the rate of SEP FRAP (p, 0.0001)
in a wdr-48-dependent manner (Fig. 4F,G), suggesting that
expression of wdr-20 is sufficient to promote GLR-1 trafficking
to the cell surface from local compartments and its function
depends on endogenous wdr-48. Finally, overexpression of wdr-
48 and wdr-20 also increases the rate of SEP FRAP (p, 0.0001)
in a usp-46-dependent manner (Fig. 4H). Collectively, these data
indicate that USP-46, WDR-48, and WDR-20 regulate local
insertion of GLR-1 into the plasma membrane from internal
compartments, consistent with a role for the USP-46/WDR com-
plex in promoting GLR-1 recycling.

usp-46, wdr-48, and wdr-20 are required for GLR-1-mediated
behavior
Mechanical touch to the nose of the worm induces a locomotion
reversal response away from the stimulus that is dependent on
the presynaptic vesicular glutamate transporter eat-4/VGLUT
(Berger et al., 1998) and glr-1 (Hart et al., 1995; Maricq et al.,
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Figure 2. Overexpression of WDR-20 is sufficient to increase GLR-1 surface abundance. A, Quantification of the fluorescence intensity of mCherry (total GLR-1), SEP (surface GLR-1), and the
ratio of SEP/mCherry (surface to total GLR-1, normalized to wild type) for animals expressing akIs201 in either wild-type (n= 95) or animals overexpressing usp-46 cDNA under control of the
glr-1 promoter [usp-46(xs), n= 21]. Student’s t test revealed no significant difference for mCherry (t= 1.043, df = 114, p= 0.2992), SEP (t= 0.07,368, df = 114, p= 0.9414), or SEP/mCherry
(t= 1.141, df = 114, p= 0.2563). B, Quantification of the fluorescence intensity of mCherry, SEP, and the ratio of SEP/mCherry for animals expressing akIs201 in wild type (n= 95), animals
overexpressing wdr-48 and wdr-20 cDNA under control of the glr-1 promoter [wdr-48(xs);wdr-20(xs), n= 30], usp-46 (ok2232) (n= 69) mutants, or animals overexpressing wdr-48 and wdr-20
cDNA under control of the glr-1 promoter in usp-46 (ok2232) mutants [wdr-48(xs);wdr-20(xs);usp-46(lf), n= 14]. One-way ANOVA revealed a significant effect of genotype for mCherry
(F(3,204) = 6.006, p= 0.0006), SEP (F(3,204) = 33.67, p, 0.0001), and SEP/mCherry (F(3,204) = 45.10, p, 0.0001). C, Quantification of the fluorescence intensity of mCherry, SEP, and the ratio
of SEP/mCherry for animals expressing akIs201 in wild type (n= 95), animals overexpressing wdr-48 cDNA under control of the glr-1 promoter (wdr-48(xs), n= 30). Student’s t test revealed
no significant difference for mCherry (t= 0.7385, df = 123, p= 0.4616), SEP (t= 0.02,660, df = 123, p= 0.9788), or SEP/mCherry (t= 0.6085, df = 123, p= 0.5440). D, Quantification of the
fluorescence intensity of mCherry, SEP, and the ratio of SEP/mCherry for animals expressing akIs201 in wild type (n= 95), animals overexpressing wdr-20 cDNA under control of the glr-1 pro-
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p, 0.0001), and SEP/mCherry (F(3,187) = 15.05, p, 0.0001). All graphs show mean6 SEM. Values that differ significantly from the wild type (A, C, Student’s t test; B, D, ANOVA, Tukey’s
multiple comparison tests) are indicated as follows: n.s. p. 0.05, pp� 0.01, ppp� 0.001.
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1995). We tested whether the decreased insertion and surface
levels of GLR-1 observed in usp-46, wdr-48, and wdr-20 loss-of-
function mutants affected GLR-1 function by analyzing this
response. We found that usp-46 (p, 0.0001), wdr-48 (p,
0.0001) and wdr-20 (p, 0.0001) mutants have comparable
defects in the nose-touch response (Fig. 5A). Together with our
imaging results, these data suggest that usp-46, wdr-48, and wdr-
20 mutants have reduced surface levels of GLR-1 and corre-
sponding defects in glutamatergic nose-touch behavior.

Chronic changes in synaptic activity regulates GLR-1 surface
abundance by controlling wdr-20 expression
Regulation of AMPARs at the synaptic surface via recycling is a
critical mechanism underlying several forms of synaptic plastic-
ity, including homeostatic plasticity (Turrigiano, 2008; Davis,
2013; Huganir and Nicoll, 2013). Previous studies in mammals
showed that chronic loss or gain of synaptic activity results in a
homeostatic compensatory increase or decrease, respectively, in
AMPARs at the synaptic surface (Lissin et al., 1998; O’Brien et
al., 1998; Turrigiano et al., 1998; Desai et al., 2002; Turrigiano,
2008). In C. elegans, chronic loss of synaptic activity observed in
eat-4/VGLUT loss-of-function mutants results in a homeostatic-
like compensatory increase in the total abundance of GLR-1::
GFP in the VNC (Grunwald et al., 2004). This increase in total
GLR-1 in the VNC of eat-4 mutants correlates with increased
GLR-1 function in the NR because pressure application of gluta-
mate near the NR results in increased glutamate-gated currents
in AVA interneurons (Grunwald et al., 2004). We analyzed SEP::
mCherry::GLR-1 levels in the NR to test whether this increase in
GLR-1 function was because of an increase in surface levels of
GLR-1. We found that eat-4 mutants exhibit increased mCherry
fluorescence (total GLR-1, p, 0.0001), consistent with previous
findings (Grunwald et al., 2004). Interestingly, we also found that
eat-4 mutants exhibit increased SEP fluorescence (surface GLR-
1, p, 0.0001) in the NR (straightened; Fig. 5E–G), likely under-
lying the increase in glutamate-evoked currents previously

measured. Together, these data indicate that a chronic decrease
in synaptic activity results in a homeostatic compensatory
increase in surface and total levels of GLR-1.

We next tested whether USP-46 mediates the increase in sur-
face GLR-1 observed in eat-4 mutants by analyzing SEP::
mCherry::GLR-1 in the NR of eat-4;usp-46 double mutants.
Consistent with our results in the VNC, we found that usp-46
mutants have decreased SEP fluorescence (p, 0.0001) and a
decreased SEP/mCherry ratio (p, 0.0001) in the NR (Fig. 5E,F).
Interestingly, we found that the increase in surface GLR-1 and
total GLR-1 observed in eat-4 mutants is suppressed in eat-4;
usp-46 double mutants (SEP/mCherry ratio: eat-4 vs eat-4;usp-
46: p=0.0041; usp-46 vs eat-4;usp-46: p= 0.1645; Fig. 5E,F).
These data suggest that the homeostatic compensatory increase
in surface GLR-1 abundance observed in eat-4 mutants depends
on usp-46.

Because we found that chronic activity-blockade and increased
expression of wdr-20 are both sufficient to promote surface GLR-1
levels (Figs. 2, 5), we hypothesized that chronic activity-blockade
may regulate surface GLR-1 by increasing expression of wdr-20.
To test this idea, we measured wdr-20 expression in eat-4mutants
using a wdr-20 transcriptional reporter (by expressing NLS-GFP-
LacZ under control of the wdr-20 promoter; Dahlberg and Juo,
2014). Because wdr-20 is expressed in many neurons (Dahlberg
and Juo, 2014), we marked GLR-1-expressing command inter-
neurons with Pnmr-1::dsRed (Brockie et al., 2001), and measured
GFP fluorescence (Pwdr-20 transcriptional reporter) in the nu-
cleus of the GLR-1-expressing command interneuron AVA (Fig.
5B). Intriguingly, we found that wdr-20 transcriptional reporter
activity is increased;62% (p=0.0010) in eat-4mutants (Fig. 5C).
Expression of Pnmr-1::dsRED was not altered in eat-4 mutants
(p=0.8619), suggesting that there is not a general upregulation of
transcription in these chronic-activity blockade mutants (Fig. 5D).
We next tested whether the effects of eat-4 mutation on GLR-1
surface levels were dependent on wdr-20. Consistent with our
results in the VNC, we found that wdr-20 mutants exhibit
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Figure 3. USP-46, WDR-20, and WDR-48 colocalize with endosomal markers. A, Representative single plane confocal images of mCherry::USP-46 (pzEx93), mCherry::WDR-48 (pzEx274), or
mCherry::WDR-20 (pzEx264) with Venus::Rab-5 (pzEx135) in GLR-1-expressing neuronal cell bodies in the head. B, Representative single plane confocal images of mCherry::USP-46 (pzEx93),
mCherry::WDR-48 (pzEx274), or mCherry::WDR-20 (pzEx264) with GFP::Syntaxin-13 (nuIs232) in GLR-1-expressing neuronal cell bodies in the head. Cell body boundaries are marked by the dot-
ted lines. Fluorescence from co-injection markers is sometimes visible in regions surrounding the cells of interest.
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decreased SEP fluorescence (p=0.0138) in the NR
(Fig. 5F,G). Interestingly, we found that the increased
mCherry and SEP fluorescence observed in eat-4
mutants was also prevented in wdr-20mutants (SEP/
mCherry ratio: eat-4 vs eat-4;wdr-20: p=0.0054;
wdr-20 vs eat-4;wdr-20: p=0.9484; Fig. 5F,G), sug-
gesting that increases in surface and total levels of
GLR-1 induced by chronic activity-blockade require
wdr-20. Together, these data support a model where
chronic loss of activity (i.e., in eat-4/VGLUT
mutants) increases expression of wdr-20, resulting in
activation of USP-46 and increased recycling of
GLR-1 to the cell surface.

We hypothesized that a chronic increase in glu-
tamate signaling might have the opposite effect of
eat-4 mutants and lead to decreased surface levels
of GLR-1. In C. elegans, there are six glutamate
transporters (GluTs) that are thought to be involved
in clearing glutamate from the extracellular space.
Mutants lacking one or more of these glt/GluT
genes exhibit alterations in glutamatergic behaviors
that are consistent with increased extracellular glu-
tamate and enhanced glutamate signaling (Mano et
al., 2007). Interestingly, we found that mutants lack-
ing glt-3, glt-6, and glt-7 exhibited reduced surface
GLR-1 levels (p= 0.0061; Fig. 5H), consistent with
the notion that chronic increases in glutamate sig-
naling results in a compensatory reduction in sur-
face levels of GLR-1. We also found that wdr-20
expression was reduced in glt-3 glt-6 glt-7 loss-of-
function mutants (p=0.0459) based on a wdr-20
transcriptional reporter (Fig. 5B,C). Since we showed
that loss of wdr-20 results in reduced surface levels of
GLR-1, we tested whether overexpression of wdr-20
could counteract the effects of glt-3 glt-6 glt-7 loss-of-
function on surface levels of GLR-1. Intriguingly, we
found that overexpression of wdr-20 blocks the
reduced GLR-1 surface levels observed in glt-3 glt-6
glt-7 mutants [SEP/mCherry ratio: glt-3 glt-6 glt-7 vs
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Figure 4. USP-46 is required for local insertion of GLR-1. USP-46 is required for local recycling of GLR-1.
A, B, Representative prebleach, bleach, and 10-min recovery images of SEP::mCherry::GLR-1 in the VNCs of L4
stage larval animals harboring a SEP::mCherry::GLR-1 integrated transgene (akIs201) in either wild-type (A) or
usp-46 (ok2232) mutants (B). C, Quantification of the rate of recovery for SEP and mCherry (normalized to pre-
bleach intensities) of animals expressing the integrated strain akIs201 in either wild-type (n= 10) or usp-46
(ok2232) (n= 5) mutants. Two-way ANOVA revealed a significant effect of genotype (F(3,104) = 14.61,
p, 0.0001) and time point (F(3,104) = 34.31, p, 0.0001). D, Quantification of the rate of recovery for SEP and
mCherry (normalized to prebleach intensities) of animals expressing the integrated strain akIs201 in either wild-
type (n= 10) or or wdr-48 (tm4575) (n= 10) mutants. The same wild-type data are presented in C, D. Two-
way ANOVA revealed a significant effect of genotype (F(3,104) = 53.75, p, 0.0001) and time point (F(3,160) =
45.59, p, 0.0001). E, Quantification of the rate of recovery for SEP and mCherry (normalized to prebleach
intensities) of animals expressing the integrated strain pzIs45 in either wild-type (n= 5) or wdr-20 (gk547140)
(n= 5) mutants. Two-way ANOVA revealed a significant effect of genotype (F(3,64) = 53.29, p, 0.0001) and
time point (F(3,64) = 58.97, p, 0.0001). F, Quantification of the rate of recovery for SEP and mCherry

/

(normalized to prebleach intensities) of animals expressing the integrated
strain akIs201 in either a wild-type background (n= 10) or animals over-
expressing wdr-20 under control of the glr-1 promoter [wdr-20
(xs), n = 6]. Two-way ANOVA revealed a significant effect of geno-
type (F(3,112) = 61.69, p, 0.0001) and time point (F(3,112) = 61.69,
p, 0.0001). G, Quantification of the rate of recovery for SEP and
mCherry (normalized to prebleach intensities) of animals expressing
the integrated strain akIs201 in either a wild-type background (n= 13)
or animals overexpressing wdr-20 under control of the glr-1 promoter in
a wdr-48 (tm4575) mutant background [wdr-20(xs);wdr-48(lf), n= 3].
Two-way ANOVA revealed a significant effect of genotype (F(3,192) =
119.0, p, 0.0001) and time point (F(3,192) = 130.9, p, 0.0001).
H, Quantification of the rate of recovery for SEP and mCherry (normal-
ized to prebleach intensities) of animals expressing the integrated strain
akIs201 in either a wild-type background (n= 13), animals overexpress-
ing wdr-20 and wdr-48 under control of the glr-1 promoter [wdr-20(xs);
wdr-48(xs), n= 5] or animals overexpressing wdr-20 and wdr-48 under
control of the glr-1 promoter in a usp-46 (ok2232) mutant background
[wdr-20(xs);wdr-48(xs);usp-46(lf), n= 11]. Two-way ANOVA revealed a
significant effect of genotype (F(3,208) = 114.3, p, 0.0001) and time
point (F(3,208) = 165.4, p, 0.0001). All graphs show mean6 SEM. Values
that differ significantly from the wild-type (ANOVA, Tukey’s multiple com-
parison tests) are indicated as follows: n.s. p. 0.05, ppp� 0.001.
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Figure 5. Chronic activity-blockade promotes GLR-1 surface levels in the same pathway as WDR-20 and USP-46. A, Quantification of the nose-touch response for wild-type (n= 16), and glr-
1 (n2461) (n= 16), usp-46 (ok2232) (n= 15), wdr-48 (tm4575) (n= 16), or wdr-20 (gk547140) (n= 16) mutants. One-way ANOVA revealed a significant effect of genotype (F(4,74) = 39.46,
p, 0.0001). B, Representative images of NLS-GFP-LacZ in the nucleus of AVA (marked by Pnmr-1::dsRED) of L4 stage larval animals harboring an integrated transgene (pzIs38) that expresses
NLS-GFP-LacZ under control of the wdr-20 promoter (Pwdr-20) in either wild-type (n= 11), eat-4(n2474) (n= 15), or glt-3 (bz34) glt-6 (tm1316) glt-7 (tm1641) (n= 14) mutants. C,
Quantification of GFP intensity (Pwdr-20::NLS-GFP-LacZ) in the AVA nucleus for the strains described in B. One-way ANOVA revealed a significant effect of genotype (F(2,50) = 15.00,
p, 0.0001). D, Quantification of dsRED intensity (Pnmr-1::dsRED) in AVA for the strains described in B. One-way ANOVA revealed no significant effect of genotype (F(2,50) = 0.1135,
p= 0.8929). E, Representative images of SEP::mCherry::GLR-1 in the NRs (straightened) of L4 stage larval animals harboring a SEP::mCherry::GLR-1 integrated transgene (akIs201) in either
wild-type (n= 52) animals, eat-4 (n2474) (n= 22), usp-46 (ok2232) (n= 25), or eat-4 (n2474);usp-46 (ok2232) (n= 15) mutants. F, Quantification of the fluorescence intensity of mCherry
(total GLR-1), SEP (surface GLR-1), and the ratio of SEP/mCherry (surface to total GLR-1, normalized to wild type) for strains described in E. One-way ANOVA revealed a significant effect of ge-
notype for mCherry (F(3,109) = 25.92, p, 0.0001), SEP (F(3,109) = 47.22, p, 0.0001), and SEP/mCherry (F(3,109) = 35.36, p, 0.0001). G, Quantification of the fluorescence intensity of
mCherry (total GLR-1), SEP (surface GLR-1), and the ratio of SEP/mCherry (surface to total GLR-1, normalized to wild type) of SEP::mCherry::GLR-1 in the NRs (straightened) of L4 stage larval
animals harboring a SEP::mCherry::GLR-1 integrated transgene (pzIs45) in either wild-type (n= 20) animals, eat-4 (n2474) (n= 21), wdr-20 (gk547140) (n= 10), or eat-4 (n2474);wdr-20
(gk547140) (n= 11) mutants. One-way ANOVA revealed a significant effect of genotype for mCherry (F(3,58) = 21.93, p, 0.0001), SEP (F(3,58) = 27.22, p, 0.0001), and SEP/mCherry
(F(3,58) = 11.07, p, 0.0001). H, Quantification of the fluorescence intensity of mCherry (total GLR-1), SEP (surface GLR-1), and the ratio of SEP/mCherry (surface to total GLR-1, normalized to
wild type) of SEP::mCherry::GLR-1 in the NRs (straightened) of L4 stage larval animals harboring a SEP::mCherry::GLR-1 integrated transgene (akIs201) in either wild-type (n= 12) animals, glt-
3 (bz34) glt-6 (tm1316) glt-7 (tm1641) (n= 19), animals overexpressing wdr-20 cDNA under control of the glr-1 promoter [wdr-20 (xs), n= 15], or animals overexpressing wdr-20 cDNA under
control of the glr-1 promoter in glt-3 (bz34) glt-6 (tm1316) glt-7 (tm1641) mutants (wdr-20(xs); glt-3 (bz34) glt-6 (tm1316) glt-7 (tm1641) (n= 13). One-way ANOVA revealed no significant
effect of genotype for mCherry (F(3,55) = 1.011, p= 0.3949), but a significant effect of genotype for SEP (F(3,55) = 24.63, p, 0.0001) and SEP/mCherry (F(3,55) = 15.08, p, 0.0001). All graphs
shown mean 6 SEM. Values that differ significantly from the wild type (ANOVA, Tukey’s multiple comparisons tests) are indicated as follows: n.s. p . 0.05, #p� 0.05, pp� 0.01,
ppp� 0.001.
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wdr-20(xs); glt-3 glt-6 glt-7: p, 0.0001; wdr-20(xs) vs wdr-20(xs);
glt-3 glt-6 glt-7: p=0.9948; Fig. 5H]. Collectively, these data suggest
a model where chronic reduction or increase in glutamate signal-
ing bidirectionally regulates wdr-20 expression and surface levels
of GLR-1.

Discussion
Activity-dependent regulation of AMPAR recycling from endo-
somes to the synaptic surface contributes to the control of synap-
tic strength (Huganir and Nicoll, 2013). The reversible
modification of membrane proteins by ubiquitin is one mecha-
nism known to regulate membrane protein recycling in multiple
cell types (Clague et al., 2012). Although the covalent attachment
of ubiquitin to AMPARs decreases their surface levels and pro-
motes receptor degradation (Goo et al., 2015), the role of ubiqui-
tin removal in controlling AMPAR recycling has not been
investigated. We previously showed that deubiquitination of
GLR-1 by the USP-46/WDR complex prevents GLR-1 degrada-
tion in the lysosome (Dahlberg and Juo, 2014). We also found
that overexpression of WDR-20 and WDR-48 increases surface
levels of GLR-1 in cultured C. elegans embryonic neurons. Here,
we used GLR-1-tagged with pH-sensitive SEP and mCherry
(SEP::mCherry::GLR-1) to show that USP-46, WDR-48, and
WDR-20, act cell-autonomously to promote GLR-1 surface levels
in vivo (Fig. 1). Loss of usp-46, wdr-48, or wdr-20 results in
decreased surface levels of GLR-1 (Fig. 1) and corresponding
defects in GLR-1-mediated behavior (Fig. 5A), suggesting that USP-
46 regulation of GLR-1 is important for glutamatergic signaling.

Although binding of WDR-48 to USP-46 (or USP-12) stimu-
lates the low intrinsic catalytic activity of the DUB, subsequent
interaction with WDR-20 synergistically enhances DUB complex
activity (Cohn et al., 2009; Kee et al., 2010; Faesen et al., 2011),
suggesting that regulating WDR-20 could provide a mechanism
to control USP-46 function. We found that overexpression of
usp-46 or wdr-48 alone does not increase surface GLR-1 levels in
vivo. However, overexpression of wdr-20 was sufficient to
increase surface GLR-1 levels in vivo (Figs. 2, 5) and to promote
local GLR-1 insertion (Fig. 4) in a usp-46 and wdr-48-dependent
manner. Together, these data are consistent with the idea that
increased expression of WDR-20 works together with WDR-48
and USP-46 to promote surface levels of GLR-1 by increasing the
rate of local receptor insertion. Because WDR-48 and WDR-20
increase the catalytic activity of USP-46 resulting in the deubi-
quitination of GLR-1 (Kowalski et al., 2011; Dahlberg and Juo,
2014), these data are consistent with a model whereby WDR-20
promotes GLR-1 surface levels by activating USP-46 to deubiqui-
tinate the receptor.

The regulation of AMPAR levels by ubiquitin and USP46 is
conserved in mammals (Goo et al., 2015; Hodul et al., 2017).
Consistent with our findings in C. elegans (Kowalski et al., 2011),
RNAi knock down of mammalian Usp46 in cultured rodent neu-
rons results in decreased levels of surface and total AMPARs
(Huo et al., 2015). Although there is some conflicting data from
mammalian neurons regarding whether AMPARs are ubiquiti-
nated at the plasma membrane (Schwarz et al., 2010; Lin et al.,
2011) or at endosomes (Lussier et al., 2011; Widagdo et al.,
2015), it is clear that ubiquitination of AMPARs can lead to re-
ceptor degradation. Several studies suggest that AMPAR ubiqui-
tination results in degradation in the lysosome (Burbea et al.,
2002; Chun et al., 2008; Schwarz et al., 2010; Kowalski et al.,
2011; Lussier et al., 2011; Widagdo et al., 2015). Consistent with
this, mammalian AMPARs are modified primarily by Lys63-

linked ubiquitin chains (Huo et al., 2015; Widagdo et al., 2015),
which target membrane proteins for degradation in the lysosome
(Katzmann et al., 2002; Lauwers et al., 2009), and USP46 has a
preference for Lys63-linked ubiquitin chains (Huo et al., 2015).

DUBs control membrane trafficking at multiple organelles.
In particular, DUBs act at sorting endosomes to deubiquitinate
membrane receptors and divert them toward the recycling
pathway and away from the lysosome (Clague et al., 2012). We
propose that USP-46 deubiquitinates GLR-1 in endosomes to
prevent degradation and to promote receptor recycling. Con-
sistent with this model, a mutant version of GluA1 that has
reduced ubiquitination [GluA1(K868R)] is protected from lyso-
somal degradation and recycles faster to the neuronal cell sur-
face after agonist treatment (Widagdo et al., 2015). While it is
thought that ubiquitination targets membrane proteins for
lysosomal degradation at the expense of recycling, it is not
clear whether deubiquitination of membrane receptors occurs
independently at two separate steps to prevent degradation and
to promote recycling, especially in cases where the same DUB
and substrate ubiquitination sites are involved. A direct role
for deubiquitination in insertion and recycling to the plasma
membrane has been shown in cases where ubiquitin or the
DUB have non-degradative functions. For example, the glucose
transporter GLUT4 is targeted to a specialized compartment by
ubiquitin and translocates to the plasma membrane in response
to insulin (Watson et al., 2004). Similarly, the guidance receptor
Robo1, traffics to the cell surface from an internal compartment
in a Usp33-dependent manner after activation by its ligand Slit
(Yuasa-Kawada et al., 2009a,b). Because Usp33 does not regu-
late Robo1 degradation, this study provides a clear example of a
DUB specifically regulating receptor insertion separately from
degradation. While we cannot distinguish whether the USP-46/
WDR complex acts at one or two locations to prevents GLR-1
degradation and promote recycling, the colocalization of USP-
46, WDR-48, and WDR-20 within Syntaxin-13-labeled recy-
cling endosome compartments and at the edge of Rab-5-labeled
early endosome compartments (Fig. 3), and the stronger effect
of usp-46 mutants on surface versus total GLR-1 levels (Fig. 1),
could be consistent with the USP-46/WDR complex acting at
two separate steps.

Chronic changes in synaptic activity leads to a homeostatic
alteration in synaptic strength termed synaptic scaling that can
largely be attributed to changes in AMPAR levels at the synaptic
membrane (Turrigiano, 2008). In rodent central neurons, synap-
tic AMPAR levels are upregulated or downregulated in response to
chronic activity-blockade (i.e., after TTX treatment) or increased
neuronal activity (i.e., after bicuculline treatment), respectively
(Turrigiano, 2008). In C. elegans, loss-of-function mutation of eat-
4/VGLUT leads to a chronic loss of glutamate release resulting in a
homeostatic compensatory increase in GLR-1 levels in the VNC
and an increase in current amplitudes in response to glutamate
application near the NR (Grunwald et al., 2004). We found that this
compensatory increase in GLR-1 observed in the VNC of eat-4
mutants also occurs in the NR and results in increased surface and
total levels of GLR-1 in a usp-46 and wdr-20-dependent manner
(Fig. 5E–G). Furthermore, wdr-20 transcription was increased in
eat-4 mutants (Fig. 5B,C), revealing an activity-dependent mecha-
nism to control wdr-20 expression. Conversely, we found that glt-3
glt-6 glt-7/GluT mutants, which are thought to have increased
extracellular glutamate (Mano et al., 2007), exhibit decreased wdr-
20 expression and surface levels of GLR-1 (Fig. 5H). Intriguingly,
overexpression of wdr-20 was sufficient to block the reduction in
surface GLR-1 in GluT mutants (Fig. 5H). Together, these data are
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consistent with a model whereby chronic decreases or increases in
synaptic activity bidirectionally regulates wdr-20 expression, which
in turn modulates USP-46-dependent deubiquitination of GLR-1 to
control the rate of local insertion and surface levels.

While the mechanism by which chronic changes in synaptic
activity regulates wdr-20 expression is unknown, we hypothesize
that alterations in calcium influx mediated by GLR-1, which is
calcium-permeable (Zheng et al., 1999), or voltage-gated calcium
channels, regulate calcium-responsive signaling pathways and
downstream transcription factors to control wdr-20 transcrip-
tion. In this scenario, reduced intracellular calcium in eat-4/
VGLUT mutants would lead to decreased activation of calcium-
responsive transcription factors such as CRH-1/cAMP response
element-binding protein (CREB) resulting in increased tran-
scription of wdr-20. Given that mammalian and C. elegans wdr-
20 promoters contain consensus CREB binding sites (Zhang et
al., 2005), CRH-1/CREB may directly repress wdr-20 transcrip-
tion in a non-canonical manner. Alternatively, CRH-1/CREB
may indirectly repress wdr-20 transcription by activating a
repressor. It will be informative to test whether CRH-1/CREB
and upstream signaling components, such as CaM kinases, medi-
ate the effect of chronic activity mutants on wdr-20 expression.

In summary, we identified a novel, activity-dependent mecha-
nism in C. elegans where increased expression of wdr-20 activates
USP-46 to control AMPAR trafficking and surface levels. We
speculate that wdr-20 expression may also be regulated during
mammalian homeostatic plasticity as a mechanism to control
AMPAR surface levels via USP-46. Future studies will be
required to test whether the chronic activity-dependent changes
we observe in our genetic mutant models also occur in mamma-
lian neurons after manipulations that induce homeostatic upscal-
ing or downscaling of AMPARs. Interestingly, the DUB USP8
has been implicated in regulating homeostatic downscaling of
AMPARs in cultured mammalian neurons (Scudder et al., 2014).
Thus, different upstream signals may couple to specific DUBs or
ubiquitin ligases to control the ubiquitin status and trafficking
fate of AMPARs.

Emerging evidence suggests that dysregulation of AMPAR
ubiquitination and endosomal recycling pathways may contrib-
ute to neurodegenerative and neurologic disorders (Li and
DiFiglia, 2012; Widagdo et al., 2017). Soluble oligomeric forms
of amyloid-b can induce synaptic depression, which is corre-
lated with increased ubiquitination and downregulation of
AMPARs (Rodrigues et al., 2016; Guntupalli et al., 2017).
Additionally, point mutations in the endosomal protein GRIP-
associated protein-1 (GRASP1) found in patients with intellec-
tual disability, disrupt its function in AMPAR recycling and hip-
pocampal plasticity (Chiu et al., 2017), providing a direct link
between defects in AMPAR recycling and intellectual disability.
Finally, since USP-46 and the WDR proteins are highly con-
served from yeast to mammals (Hodul et al., 2017) and over a
third of all USP family DUBs interact with WDR proteins (Sowa
et al., 2009), our finding that synaptic activity can regulate
WDR-20 expression to control USP-46 may be broadly informa-
tive for elucidating how other WDR proteins are regulated to
control their cognate DUBs in both neuronal and non-neuronal
cells.
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