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Preventing Illegitimate Extrasynaptic Acetylcholine Receptor
Clustering Requires the RSU-1 Protein
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Diffuse extrasynaptic neurotransmitter receptors constitute an abundant pool of receptors that can be recruited to modulate synaptic
strength. Whether the diffuse distribution of receptors in extrasynaptic membranes is a default state or is actively controlled remains
essentially unknown. Here we show that RSU-1 (Ras Suppressor-1) is required for the proper distribution of extrasynaptic acetylcholine
receptors (AChRs) in Caenorhabditis elegans muscle cells. RSU-1 is an evolutionary conserved cytoplasmic protein that contains multiple
leucine-rich repeats (LRRs) and interacts with integrin-dependent adhesion complexes. In rsu-1 mutants, neuromuscular junctions
differentiate as in the wild type, but AChRs assemble into ectopic clusters that progressively enlarge during development. As a conse-
quence, the synaptic content of AChRs is reduced. Our study provides the first evidence that an RSU-1-dependent active mechanism
maintains extrasynaptic receptors dispersed and indirectly regulates synapse maturation.
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Introduction
Ionotropic neurotransmitter receptors concentrate at synaptic sites
close to presynaptic neurotransmitter release sites. The steady-state
receptor clustering results from a dynamic equilibrium between syn-
aptic and extrasynaptic receptors (Triller and Choquet, 2005). How-
ever, these extrasynaptic receptors are difficult to detect by
conventional imaging because they are present at low density, al-

though they represent a significant fraction of the total amount of
receptors expressed by the cells. In extreme cases, such as in striated
muscle cells, the concentration of acetylcholine receptors (AChRs) at
vertebrate neuromuscular junctions (NMJs) is 1000 times higher in
synaptic than in extrasynaptic regions, whereas the pool of extrasyn-
aptic receptors represents 99% of the total amount of receptors pres-
ent at the plasma membrane of muscle fibers (Salpeter and Loring,
1985).

At the synapse, specific cues, such as trans-synaptic interac-
tion of adhesion molecules or activation of signaling cascades by
presynaptic secreted factors, trigger the clustering of scaffolding
molecules and the recruitment of receptors. The nonclustered
distribution of extrasynaptic receptors is generally seen as a de-
fault state reflecting the absence of neurally derived clustering.
However, extrasynaptic receptor clusters are often detected in
diverse nonmature systems. For instance, in neuronal primary
cultures, as much as 80% of AMPA receptor clusters and 40% of
GABA receptor clusters are not synaptic (Mammen et al., 1997;
Danglot et al., 2003). In few cases, active mechanisms were dem-
onstrated to cause the disappearance of these extrasynaptic clus-
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Significance Statement

Using Caenorhabditis elegans neuromuscular junction as a model synapse, we uncovered a novel mechanism that regulates the
distribution of acetylcholine receptors (AChRs). In an unbiased visual screen for mutants with abnormal AChR distribution, we
isolated the ras suppressor 1 (rsu-1) mutant based on the presence of large extrasynaptic clusters. We show that disrupting rsu-1
causes spontaneous clustering of extrasynaptic receptors that are normally dispersed, independently of synaptic cues. These
clusters outcompete synaptic domains and cause a decrease of synaptic receptor content. These results indicate that the diffuse
state of extrasynaptic receptors is not a default state that is simply explained by the lack of synaptic cues but necessitates additional
proteins to prevent spontaneous clustering, a concept that is relevant for developmental and pathological situations.
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Figure 1. rsu-1 encodes a conserved LRR protein involved in L-AChR distribution. A, Structure of the rsu-1 locus. Black boxes, Coding regions; vertical black line, point mutation; dashed rectangle,
details of the point mutation; bracket, full deletion of the locus. B, Left column, Stitched confocal projections of the anterior region of wild-type and rsu-1(kr251) young adults. L-AChR clusters
(unc-29::tagRFP knock-in) localize at NMJs at dorsal and ventral SABs (delimited by filled arrowheads), at dorsal and ventral nerve cords (open arrowheads), and at the nerve ring (bracket). Multiple
ectopic clusters are observed between the rows of dorsal and ventral synaptic SAB clusters in rsu-1(kr251). Right column, Magnifications of the boxed regions (Figure legend continues.)
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ters. For example, the elimination of supernumerary AChR
clusters during the regression of muscle polyinnervation depends
on the neurotransmitter acetylcholine and the activation of the
cyclin-dependent kinase-5 kinase (Lin et al., 2005). However, it is
not clear whether active mechanisms are required to keep recep-
tors diffuse in mature systems. To address this question, we used
the Caenorhabditis elegans NMJs as a genetically tractable model
system.

C. elegans hermaphrodites contain 95 body wall muscle
(BWM) cells arranged in four quadrants along the ventral and
dorsal sides of the worm. BWMs do not fuse, and each cell re-
ceives excitatory and inhibitory innervation from cholinergic
and GABAergic motoneurons, respectively. Cholinergic and
GABAergic motoneurons secrete different isoforms of the extra-
cellular matrix protein Ce-Punctin/MADD-4 that trigger the
clustering of ionotropic AChR and type-A GABA receptors
(GABAARs) at distinct synaptic sites (Pinan-Lucarré et al., 2014;
Tu et al., 2015). At cholinergic NMJs, levamisole-sensitive AChRs
(L-AChRs) are activated by the nematode-specific cholinergic
agonist levamisole and are heteropentameric (Fleming et al.,
1997; Culetto et al., 2004; Towers et al., 2005). L-AChRs are lo-
calized at the synapse by interacting with an extracellular scaffold
assembled in the synaptic cleft. This involves three proteins ex-
pressed by muscle cells: LEV-10, a type 1 transmembrane protein
whose L-AChR clustering activity is contained in its ectodomain
(Gally et al., 2004), and LEV-9 and OIG-4, which are processed
and secreted by muscle cells (Gendrel et al., 2009; Rapti et al.,
2011; Briseño-Roa and Bessereau, 2014). These proteins form a
physical complex together with L-AChRs that is stabilized at cho-
linergic synapses through the long Ce-Punctin/MADD-4 iso-
forms secreted by cholinergic motoneurons (Pinan-Lucarré et
al., 2014).

To identify additional components regulating L-AChR local-
ization, we performed an unbiased screen for mutants with ab-
normal L-AChR distribution after chemical mutagenesis of a
knock-in strain expressing fluorescent L-AChRs. We focused on
NMJs made by SAB motoneurons in the head and isolated a
mutant with large extrasynaptic clusters of L-AChRs. This strain
contained a mutation in rsu-1 (ras suppressor 1), an evolutionarily
conserved gene previously not characterized in C. elegans. The
rsu-1 gene was initially isolated in mammalian cells because of its
ability to suppress RAS-transformed phenotypes when overex-
pressed (Cutler et al., 1992). It codes for a cytoplasmic protein
containing seven leucine-reach repeats (LRRs), which interacts
with the IPP (Integrin linked kinase–PINCH–Parvin) complex in
Drosophila and mammalian cells and regulates cell adhesion and
migration (Kadrmas et al., 2004; Dougherty et al., 2005). Here we
describe a previously unanticipated function of RSU-1 that
points to the control of L-AChR dispersal in extrasynaptic re-
gions of muscle cells.

Materials and Methods
C. elegans strains and media. All strains were raised at 20°C on nematode
growing medium agar seeded with the Escherichia coli strain OP50 as a
source of food using standard methods (Brenner, 1974). The wild-type
reference strain was C. elegans N2 Bristol. Cohorts of synchronized L1,
L2, and L3 larvae and young adults were obtained by egg laying of 20
gravid adults for 1 h at 20°C and were imaged after 15, 25, 33, and 60 h of
growth at 20°C, respectively. Additionally, gonad morphology criteria
were used to control worm larval stage before acquisition as follows: (1)
L1 stage: two germ cells (Z2 and Z3); (2) L2 stage: multiple germ cells in a
single gonad; and (3) L3 stage: elongated gonads with anterior and pos-
terior regions but the distal arms have not yet started to turn dorsally. For
young adults, the distal arm extremities reached the vulva level on the
dorsal side, and vulva has closed but no embryos were visible. For immu-
nohistochemistry, large populations of synchronized young adults were
obtained 60 h after egg preparation using bleaching of gravid adults.

The following mutant alleles and transgenes were used in this study:
unc-29(kr208::tagRFP) (Richard et al., 2013), rsu-1(kr251), rsu-1(kr300),
unc-97(su110) (Hobert et al., 1999), unc-112(r367) (Rogalski et al., 2000),
unc-29::myc(kr244) (Boulin et al., 2012), lev-9::T7(kr184) (Gendrel et al.,
2009), lev-9(ox177::Mos1) (Gendrel et al., 2009), lev-10(kr26::Mos1) (Gally et
al., 2004), madd-4(kr249) (Pinan-Lucarré et al., 2014), unc-112
(st581); RaEx16[rol-6(su1006); unc-112(�)::GFP] (Rogalski et al., 2000),
jsIs42[Punc-4::snb-1::GFP; lin-15(�)] (Nonet, 1999), krEx1067[Pmadd-4::
madd-4L::gfp; Punc-47::vamp-1::3xmyc; lin-15(�)] (Pinan-Lucarré et al.,
2014), and krEx1028[pmyo-3::madd-4L::gfp; lin-15(�)] (Pinan-Lucarré et al.,
2014).

The following transgenic lines were created for this study in
unc-29(kr208::tagRFP); rsu-1(kr251): krEx1162, krEx1163, and krEx1164
[pMP11; pIP1302B]; krEx1165, krEx1166, and krEx1167 [pMP13;pIP1302B];
krEx1174, krEX1175, and krEx1176 [pMP16; pIP1302B]; krEx1206[pKG156;
pIP1302B]; krEx1207, krEx1208, krEx1209, and krEX1210 [pMP12;
pIP1302B].

Molecular biology and germ-line transformation. Standard techniques were
used to generate expression constructs [Gateway (Invitrogen) and Gibson
ligation (Gibson, 2011)] and transgenic animals (Mello et al., 1991). Details
of templates and specific PCR primers for promoters and genes amplifica-
tion used to generate expression constructs are available on request.

To build the rsu-1 transcriptional reporter pMP11: Prsu-1::rsu-1g
DNA::SL2::gfp::3�UTRunc-54, a genomic fragment of 3825 bp was PCR am-
plified from N2 genomic DNA using Q5 polymerase (New England Biolabs)
with primers comprising tails containing NotI and SgfI restriction sites. After
enzymatic restriction of the PCR product and pBP1 vector, rsu-1 genomic
DNA was cloned into pBP1 SL2–GFP containing vector at NotI and SgfI
restriction sites.

Tissue-specific constructs were generated by Gateway cloning (Invitro-
gen). rsu-1 cDNA was obtained by RT-PCR on mixed-stage nematodes RNA
extracts, subcloned by pJet cloning, reamplified with attB sites containing
oligos, and inserted by BP reaction into the pDONR221 backbone. LR reac-
tions were used to generate pMP13: Pmyo-3::rsu-1cDNA::3�UTRunc-54 and
pMP16: Prab-3::rsu-1cDNA::3�UTRunc-54. In these vectors, promoter frag-
ments were given by pBP15 (myo-3 promoter derived from pmyo-3[4-1]; a
gift from M. Hammarlund, Department of Genetics and Program in Cellular
Neuroscience, Neurodegeneration and Repair, Yale University School of
Medicine, New Haven, CT) and pEGB05 (rab-3 promoter; a gift from E.
Jorgensen, Howard Hughes Medical Institute, Department of Biology, Uni-
versity of Utah, Salt Lake City, UT). The unc-54 3� UTR ENTRY vector was
a gift from M. Hammarlund.

The following vectors were generated using Gibson assembly with 40 bp
overlapping sequences for recombination between adjacent PCR products
and/or opened backbone. The green fluorescent protein (GFP) tag was in-
serted at the C-terminal end: pMP12:Prsu-1::rsu-1gDNA::gfp::3�UTRunc-54,
pMP19: Peft-3::cas9::3�UTRtbb-2::PU6::sgRNArsu-1, and pMP20:LHR::I-SceI::
Prps-0::hph::SL2::mito-miniSOG::3�UTRunc-54::I-SceI::RHR. pMP19
and pMP20 constructs are detailed below (see Generation of rsu-1 deletion
allele using CRISPR and transgene-instructed gene conversion). pKG156:
Pmyo-3::gpi::YFP is a kind gift from Laura Pierson (CGphiMC, Université
Lyon 1, Lyon, France). Transgenic lines were generated by coinjection of

4

(Figure legend continued.) emphasizing the presence of ectopic L-AChR clusters in rsu-
1(kr251) (arrows) compared with wild type. In this figure and all other figures, anterior is to the
left and dorsal is up. Scale bars, 10 �m. C, Schematic domain structure of RSU-1. The position of
the first residue of each LRR domains identified using LRR finder are indicated (Offord and
Werling, 2013). Gray lines are regions with low complexity. D, Clustal Omega (EBI) alignment of
the N terminus of RSU-1 orthologs from nematodes, fly, and vertebrates. The two first LRRs are
boxed. Color code used to highlight residues is as follows: conserved residues in dark gray,
residues with strongly similar properties (scoring �0.5) in medium gray, and residues with
weakly similar properties (scoring �0.5) in light gray. Percentages of identity between full-
length RSU-1 orthologs are presented in the table. Low complexity regions were included for
evaluating percentages of identity.
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expression constructs at 10–20 ng/�l with the
transformation marker pIP1302B at 50 ng/�l
along with 1 kb ladder as a carrier DNA (New
England Biolabs) up to 100 ng/�l. pIP1302B was
built by Pablo Ibáñez-Cruceyra (Institut de Bi-
ologie de l’Ecole Normale Supérieure, Paris,
France) and used as a coinjection marker. It en-
codes the E. coli hygromycin resistance gene hph,
under the control of the ribosomal promoter
Prps-0. After injection, worms were individually
picked onto fresh plates. When F1s started to lay
eggs, 30 �l of hygromycin B (in PBS at 50 mg/�l;
Invitrogen) was added on the surface of plates to
positively select transgenic worms.

Generation of rsu-1 deletion allele using
CRISPR and transgene-instructed gene conver-
sion. The rsu-1(kr300) molecular null allele was
generated using CRISPR–Cas9 and trans-
gene-instructed gene conversion as described
previously (Dickinson et al., 2013). The entire
coding sequence of rsu-1 was replaced with a
cassette containing a positive selection marker.

To target Cas9 to the rsu-1 genomic locus,
we inserted the 5�gtaggcgcaggcgcaggcgc3� 19
bp targeting sequence into the Cas9 –sgRNA
construct (pDD162) opened with SphI and
NarI using Gibson assembly.

Homologous repair template (pMP20) for
cassette insertion was built in two phases using
Gibson assembly and restriction/ligation. First,
we PCR-amplified 1.5 kb left (LHR) and right
(RHR) homology sequences from N2 gDNA
using reverse-LHR and forward-RHR oligos
with 40 bp tails containing I-SceI restriction
sites. Together with a DNA fragment contain-
ing AmpR gene and ColE1 origin, PCR prod-
ucts were circularized using Gibson assembly
(RHR/LHR vector). The selection cassette
flanked by I-SceI sites was inserted in the LHR/
RHR vector by restriction/ligation. It contains
the resistance gene to hygromycin B (hph)
drive by a ribosomal promoter (Prps-0).

An injection mix containing 50 ng/�l targeting
vector (pMP19), 50 ng/�l homologous repair
template (pMP20), 5 ng/�l pPD118.33
(Pmyo-2::gfp pharyngeal muscles coinjection
marker), 20 ng/�l pBP5 (Pser-2::gfp head muscles
coinjection marker), and 10 ng/�l pMA122
(heat-shock driven PEEL-1-negative selection)
was microinjected into the gonads of
unc-29(kr208::tagRFP) young adults. After injec-
tion, single worms were picked to fresh plates and
maintained at 25°C until starvation (10–12 d).
Four days after injection, after F1s started to lay
eggs, 30 �l of hygromycin B (in PBS at 50 mg/�l; Invitrogen) was added on
the surface of the plates to positively select transgenic worms. After starva-
tion, worms were heat shocked at 34°C for 2 h in a water bath to activate
PEEL-1-negative-selection marker, which kills animals carrying extrachro-
mosomal arrays. After 6 h recovery at room temperature, plates were chun-
ked and placed at 25°C overnight. Plates were visually screened to identify
those containing healthy and nonfluorescent animals. From these plates,
worms presenting the rsu-1 mutant phenotype based on UNC-29–tagRFP
fluorescence pattern were individually picked and single-copy insertion of
the cassette at the rsu-1 locus was confirmed by PCR.

Antibody injection. Detection of L-AChR at the surface of muscle cells
by antibody injection was performed as described previously (Boulin et
al., 2012). In brief, worms with unc-29 genomic locus modified by the
addition of three myc tag sequences were injected into the pseudocœlo-
mic cavity with anti-c-myc–Cy3 antibodies (C6594; Sigma-Aldrich) di-

luted 200-fold in injection buffer (20 mM K2HPO4, 3 mM K � citrate, and
2% PEG 6000, pH 7.5). Worms were imaged 6 –7 h after injection.

Immunofluorescence staining. Immunohistochemistry was performed
as described previously (Gendrel et al., 2009). In brief, synchronized
young adults were washed in ice-cold M9, freeze-cracked, fixed in ace-
tone/methanol or in 4% paraformaldehyde when using anti-T7 antibod-
ies, and collected in 1� PBS. Samples were blocked for 30 min at room
temperature with 0.2% fish gelatin. A mix of primary or secondary anti-
bodies was incubated at 4°C overnight. Primary antibodies were used at
the following dilutions: rabbit polyclonal anti-GFP (A11122; Invitro-
gen), 1:500; mouse monoclonal anti-PAT-3 MH25, 1:100 (Francis and
Waterston, 1985), monoclonal anti-DEB-1 MH24, 1:200 (Francis and
Waterston, 1985), rabbit polyclonal anti-UNC-38, 1:500 (Gendrel et al.,
2009), monoclonal anti-T7 (Novagen), 1:500; rabbit polyclonal anti-
UNC-49, 1:500 (Gendrel et al., 2009), and mouse monoclonal anti-

Figure 2. RSU-1 localizes in muscles at integrin adhesion complexes by interacting with UNC-97/PINCH. A, Top, An artificial
operon containing the gfp sequence expressed under the control of an rsu-1 genomic fragment drives GFP expression in body wall,
pharyngeal (px), and vulval muscles (vm). Scale bar, 50 �m. Bottom left, Zoom of the boxed region. A subset of neuron cell bodies
(arrows) can be seen at higher magnification. Bottom right, GFP is also observed in the gonad distal tip cell (highlighted with white
dotted circles). B, Confocal projections of one muscle cell of a fixed rsu-1(kr251) young adult expressing RSU-1-GFP translational
reporter and immunolabeled with anti-GFP (top) and anti-PAT-3 (middle) antibodies. RSU-1 and PAT-3 colocalize to dense bodies
(one is shown by an arrowhead), M-lines (one is shown by an arrow), and intercellular junctions (between thin arrowheads). C,
RSU-1-GFP (left) and PAT-3 (right) distributions in young adults of different genetic backgrounds. RSU-1-GFP observations and
anti-PAT-3 immunostainings were performed on different animals. Scale bars, 10 �m.

6528 • J. Neurosci., June 15, 2016 • 36(24):6525– 6537 Pierron et al. • RSU-1 Controls Acetylcholine Receptor Localization



VAChT/UNC-17, 1:11000 (Gally et al., 2004). Secondary antibodies were
all used at 1:500 and included Alexa Fluor 488-labeled goat anti-rabbit
IgG (Molecular Probes A-11008; Invitrogen), Alexa Fluor 488-labeled
goat anti-mouse IgG (Molecular Probes A-11001; Invitrogen), Cy3-
labeled goat anti-mouse IgG (Jackson ImmunoResearch A10521; Invit-
rogen), Cy3-labeled goat anti-rabbit IgG (Jackson ImmunoResearch
A10520; Invitrogen), and Dylight 649-conjugated goat anti-rabbit IgG
(111-495-144; Jackson ImmunoResearch). To label actin filaments,
worms fixation and phalloidin–rhodamine staining were performed as
described previously (Waterston et al., 1984).

Microscopy. Animals were mounted on 2% agarose pads and anesthe-
tized with 10 �l of sodium azide at 100 mM in M9 buffer. Worms were
examined using an inverted confocal microscope (Olympus IX83)
equipped with a CSU spinning disk (Yogokawa) and an EMCCD camera
(iXon ultra 888) driven by Andor IQ3.3 software, except for images of
rsu-1 expression in the gonad distal tip cell in Figure 2A that were ac-
quired using a fluorescent microscope (Axioskop Zeiss) equipped with a
Nomarski prism and a CoolSnap HQ2 camera driven by Micromanager-
1.3 software. Image reconstruction and merges were obtained with NIH
ImageJ except for stitched images in Figures 1B and 2A (top) that were
generated using the plugin “pairwise stitching of images” of Fiji (Pre-
ibisch et al., 2009). All images shown are maximum intensity projections
of Z-stacks 0.8 –17 �m deep, except Figures 4, D and F, and 10B that are
sum intensity projections. In Figures 4, C and E, 6A, 7A, 8, 9, and 10A,
background was subtracted with the Subtract Background tool of NIH
Image J (different rolling ball radius used).

Image quantification. Quantification of synaptic L-AChRs at SABs
(see Figs. 4D, 10B) or at the dorsal cord (see Fig. 4F ) in the unc-29
(kr208::tagRFP) knock-in background was achieved by following a pre-
viously published protocol, which was initially described for in vivo la-
beling with anti-myc–Cy3 (Boulin et al., 2012). Fluorescence levels were
measured for the entire SAB process (one SABD or SABV per imaged
worm) or for the anteriormost 30 �m portion of the dorsal cord. Analysis
was performed on two (see Figs. 4F, 10B) and three (Fig. 4D) different
days. For each genetic background, Shapiro–Wilk test controlled the
normality of distribution. The lack of significant difference between data
obtained from independent experiments was tested by two-tailed Stu-
dent’s t tests before pooling data together. Data are presented as the mean
fluorescence � SEM. Two-tailed Student’s t tests were performed to
compare different genotypes.

To evaluate the number of ectopic L-AChR clusters in the head during
development (see Fig. 6), the same maximum and minimum gray values
were applied for both genotypes at a given stage and the “red-hot” lookup
table was used to emphasize signal intensity variations. Aggregates of
L-AChR in extrasynaptic areas, according to the non-apposition with
jsIs42 presynaptic marker, and presenting a fluorescence level similar to
that of synaptic clusters were counted as ectopic clusters. Z-stacks cover-
ing the entire head depth were analyzed.

Results
rsu-1 was identified in a visual screen
for abnormal
L-AChR distribution
To identify synaptic organizers control-
ling the formation of excitatory synapses,
we performed a visual screen for abnor-
mal L-AChR distribution (Pinan-Lucarré
et al., 2014). We used a knock-in strain in
which the red fluorescent protein tagRFP
was introduced into the genomic locus of
the obligatory L-AChR subunit unc-29, in
a nonconserved region of the large intra-
cellular M3–M4 loop (Robert and
Bessereau, 2007; Richard et al., 2013). In
this strain, UNC-29 –tagRFP accurately
localizes at cholinergic NMJs as visualized
by in vivo epifluorescence. By screening

worms mutagenized with ethyl methane sulfonate, we isolated
the mutant allele kr251 on the basis of multiple ectopic L-AChR
clusters in the head region (Fig. 1A,B). The causal mutation was
identified in the rsu-1 locus by whole genome sequencing and
confirmed using fosmid rescue experiments. Sequencing data re-
vealed a G-to-A transition in the splicing donor site of the second
intron (Fig. 1A). As a consequence, a premature stop codon is
introduced upstream of the last three exons. To obtain a com-
plete loss-of-function allele, kr300, we generated a full deletion of
the locus using CRISPR–Cas9 and transgene-instructed gene
conversion. The two alleles had a similar phenotype, suggesting
that kr251 is a strong loss-of-function allele (Fig. 1A and data not
shown).

To confirm C. elegans genome annotations, we sequenced
rsu-1 cDNAs. rsu-1 mRNA is trans-spliced to the Splice Leader
SL1 upstream of the start codon, and we found no evidence for
alternative splicing. rsu-1 encodes a 268 aa solenoid protein con-
served among metazoans (Fig. 1C,D). It contains seven LRRs,
domains of 23–26 aa defined by the 11-residues hallmark se-
quence LxxLxLxxNxL (Kajava, 1998). Tandem of LRRs adopts a
curved shape with a parallel � sheet on the concave face and with
a variety of secondary structures, such as � helix, on the convex
face (Enkhbayar et al., 2004). Most if not all LRR proteins appear
to be involved in protein–protein interactions with the concave
face being the most likely binding region (Bella et al., 2008).

rsu-1 has not been analyzed so far in C. elegans and is identified
here as a new regulator of L-AChR localization.

RSU-1 localizes at integrin adhesion complexes in muscle by
interacting with UNC-97/PINCH
To monitor rsu-1 expression pattern in the worm, a GFP coding
sequence preceded by an SL2 splice leader acceptor site was added
to rsu-1 genomic fragment. This bicistronic vector drives the ex-
pression of rsu-1 and the gfp reporter in the same cells under the
control of rsu-1 regulatory sequences. GFP was detected from
embryonic to adult stages (Fig. 2A and data not shown). In adults,
rsu-1 was found expressed in somatic BWMs and in nonstriated
pharyngeal and vulval muscles. It was also detected in a subset of
neurons of the ventral cord, in the gonad distal tip cells, and, in
some transgenic lines, in epithelial cells.

To determine the subcellular localization of the RSU-1 pro-
tein, a C-terminally tagged RSU-1-GFP fusion protein was
expressed under the control of rsu-1 regulatory sequences. This
rescuing translational reporter revealed a similar set of expressing
cells except for the epithelial cells that were not detected. In

Figure 3. RSU-1 is not essential for integrin adhesion complexes assembly. Actin filaments, DEB-1/vinculin, UNC-112/fermitin,
and PAT-3/�-integrin distributions in wild-type and rsu-1(kr251) mutant adults. Actin, DEB-1, and PAT-3 were visualized using
phalloidin–rhodamine staining and immunodetection with MH24 and MH25 antibodies, respectively. For UNC-112/fermitin,
unc-112(st581) and rsu-1(kr251); unc-112(st581) expressing the raEx16[rol 6(su1006); unc 112(�)::GFP] rescuing transgene were
observed. Red brackets delimit intercellular adhesion plaques that are less packed in rsu-1(kr251) compared with wild type. Scale
bars, 10 �m.
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BWMs, RSU-1 was located at cell bound-
ary structures called “adhesion plaques”
and to discrete spots and lines that likely
overlapped with dense bodies and
M-lines, respectively (Fig. 2B, top). The
dense bodies and M-lines attach the myo-
filament lattice to the muscle cell mem-
brane. The presence of RSU-1 at these
muscle adhesion sites was confirmed by
its colocalization with PAT-3/�-integrin
in double-labeling experiments using
anti-GFP and anti-PAT-3/�-integrin an-
tibodies (Fig. 2B). These data are consis-
tent with previous reports in Drosophila
and mammalian cells that showed an in-
teraction of Rsu1 with the IPP complex,
which regulates focal adhesion (FA) for-
mation via binding of the adaptor protein
ILK to �-integrin (Gonzalez-Nieves et al.,
2013).

In Drosophila and cultured mamma-
lian cells, Rsu1 interacts through its LRR
domain with the fifth LIM domain
(LIM5) of PINCH (particularly interest-
ing new cysteine-histidine rich protein;
Kadrmas et al., 2004; Dougherty et al.,
2005). Consistently, yeast two-hybrid as-
says predicted a physical interaction be-
tween RSU-1 and UNC-97, the C. elegans
PINCH ortholog (Li et al., 2004; Simonis
et al., 2009). To determine whether RSU-1
binding to the myofilament attachment
sites requires UNC-97/PINCH, we moni-
tored RSU-1-GFP in unc-97(su110) hypo-
morphic mutant. su110 allele is a G�A
splice site mutation at the last intron–
exon boundary of the unc-97 locus, which
is predicted to only disrupt the structural
integrity of the LIM5 domain (Hobert et
al., 1999; Norman et al., 2007). In this
mutant context, RSU-1-GFP failed to lo-
calize to the attachment structures and
was instead observed in a diffuse pattern
throughout the muscle cell cytoplasm (Fig.
2C, left). Because integrin complexes are
fully disorganized in unc-97(su110), we
monitored RSU-1-GFP pattern in unc-
112(r367) hypomorphic mutant, another
mutant context that also leads to integrin
disorganization (Fig. 2C, right; Norman et
al., 2007). UNC-112/fermitin is a scaffold-
ing protein involved in integrin signaling
pathways that is required for the assembly of
FA complexes (Rogalski et al., 2000). In this case, RSU-1-GFP still
localizes to adhesion sites, although they were abnormally distrib-
uted. These data indicate that UNC-97/PINCH is required for
RSU-1 to localize at integrin adhesion sites, potentially through a
conserved interaction between RSU-1 and the fifth LIM domain of
UNC-97.

Previous studies highlighted the striking similarity between
vertebrate FAs and C. elegans muscle adhesion structures (Cox
and Hardin, 2004). In C. elegans, mutations in muscle adhesion
genes cause severe defects ranging from embryonic developmen-

tal arrest (the Pat phenotype: paralyzed and arrested elongation
at twofold) for null mutants to lethargic behaviors for hypomor-
phic mutations (Hobert et al., 1999; Mackinnon et al., 2002; Lin
et al., 2003). However, rsu-1(kr300) null mutants are viable, do
not present any obvious locomotory defect, and are slightly egg-
laying defective, as manifested by an accumulation of eggs in the
gonad (data not shown). RSU-1 subcellular localization prompted
us to analyze the structural integrity of the muscle attachment struc-
tures in rsu-1 background. To this end, we examined the subcellular
localization of defined components of muscle focal junctions using

Figure 4. Illegitimate clustering of extrasynaptic L-AChRs in rsu-1 mutant. A, Diagram highlighting the position of an SABD
axon relative to the most anterior muscle cells of a dorsal quadrant. Muscle cells (green) are numbered according to their position
in the quadrant. SABD, Cyan; L-AChRs, red. B, Schematic of C. elegans head region. SABVR, SABVL, and SABD are shown in different
shades of blue. The pharynx is shown in gray. Dashed rectangle matches with the region in A. C, Confocal projections of the SABD
region of wild-type and rsu-1(kr251) young adults expressing a presynaptic marker (VAMP, jsIs42[punc-4::snb-1::GFP]) and the
L-AChR reporter (unc-29::tagRFP knock-in). Synaptic clusters are apposed to presynaptic varicosities (between arrowheads). In the
wild type, diffused extrasynaptic receptors cover muscle cell 2 and the intercellular junction between muscle cells 4 and 6 (see also
A). In rsu-1(kr251), aggregates of L-AChRs are visualized in extrasynaptic areas. D, Quantification of UNC-29 –tagRFP fluorescence
levels at SAB synapses in the wild-type and rsu-1 mutants. E, Labeling of cholinergic terminal (VAChT, anti-UNC-17 immunofluo-
rescence), L-AChRs (persistent unc-29::tagRFP fluorescence after fixation), and GABAARs (anti-UNC-49 immunofluorescence) at
the dorsal cord in wild-type and rsu-1(kr251) young adults. F, Synaptic clustering of L-AChRs (unc-29::tagRFP knock-in) was
evaluated at the dorsal cord in wild-type and rsu-1(kr251) young adults. Quantification data are presented as means � SEM; N
indicates number of worms; Student’s t tests between genotypes: *p � 0.05; ***p � 0.001; NS, not significant. Scale bars, 10 �m.
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either translational reporters or immuno-
fluorescence staining. We compared the dis-
tribution of actin filaments, DEB-1/
vinculin, UNC-112/fermitin, and PAT-3/�-
integrin, in wild-type and rsu-1(kr251)
adults (Fig. 3). Muscle attachment struc-
tures in the mutant context were indistin-
guishable from wild type except at
intercellular junctions, in which they ap-
peared slightly less packed. Altogether, these
observations suggest that rsu-1 is not essen-
tial for the assembly of integrin complexes,
in agreement with results obtained in cell
cultures and flies (Kadrmas et al., 2004;
Dougherty et al., 2005).

Figure 5. RSU-1 functions in muscle to prevent illegitimate clustering of extrasynaptic L-AChRs. A, Transgenic lines
were generated for the different transgenes (not drawn to scale) in the rsu-1(kr251) background. Rescue was established
based on both the absence of ectopic L-AChR clusters and the presence of diffused extrasynaptic L-AChR. The two last
constructs were used to determine the rsu-1 expression pattern and RSU-1 subcellular localization detailed in Figure 2, A
and B. B, Confocal projections of the SABD region of an rsu-1(kr251) young adult expressing the L-AChR reporter and
RSU-1-GFP fusion protein. Scale bars, 10 �m.

Figure 6. L-AChR ectopic clusters form progressively during development in rsu-1 mutant. A, Confocal projections of the SABD region of wild-type and rsu-1(kr251) animals at L1, L2, and L3
stages expressing a presynaptic marker (VAMP, jsIs42[punc-4::snb-1::GFP]) and the L-AChR reporter (unc-29::tagRFP). Synaptic clusters are between arrowheads. Ectopic L-AChR clusters with a
fluorescence level similar to synaptic clusters are detected in rsu-1(kr251) larvae. Scale bars, 5 �m. B, Proportion of wild-type and rsu-1(kr251) animals at each stage presenting zero, one, between
one and 10, or �10 ectopic clusters. N indicates the number of worms. The red-hot look up table was applied on full stacks covering the entire head width, and ectopic clusters were counted when
reaching a level of fluorescence similar to that of synaptic clusters.
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RSU-1 is required in muscle cells to
prevent the formation of L-AChR
clusters in extrasynaptic regions of the
muscle membrane
Multiple ectopic L-AChR clusters were ob-
served in the head of the rsu-1(kr251) mu-
tant. In this region, head muscle cells are
innervated by the cholinergic SAB neurons.
The three SAB cell bodies are located in the
retrovesicular ganglion, ventral to the poste-
rior bulb of the pharynx (Fig. 4A,B). These
neurons project their axons anteriorly be-
tween the two rows of each muscle cell
quadrant. Each of the two ventral SABs
(SABVL and SABVR) innervates cells in a
single ventral quadrant, whereas the dorsal
SABD axon bifurcates. Each process inner-
vates four cells in each quadrant and makes
�15–20 NMJs (Fig. 4A; Zhao and Nonet,
2000; Kratsios et al., 2015). To determine
whether rsu-1 ectopic clusters might be at
ectopic synapses, we visualized SAB presyn-
aptic boutons using the vesicle-associated
membrane protein (VAMP) fused to GFP
(Nonet, 1999). In the wild type, L-AChR
clusters were apposed to cholinergic presyn-
aptic domains. Some extrasynaptic recep-
tors were detected at the intercellular
junction between muscle cells 4 and 6. Inter-
estingly, diffuse receptors were visualized on
the whole surface of the most anterior mus-
cle cell (number 2), which is not innervated
by SAB axons (Fig. 4C, left and refer to
scheme in A). In rsu-1(kr251), L-AChR
clusters were readily detected in front of
SAB boutons, although the quantification of
synaptic fluorescence indicates a 30% de-
crease of synaptic receptor content (Fig.
4C,D). Large ectopic clusters were also pres-
ent in extrasynaptic regions. Noteworthy, the diffuse extrasynaptic
receptors present in the wild type were no longer observed in rsu-1
mutants. These observations suggested that rsu-1 ectopic clusters
might result from the aggregation of diffuse extrasynaptic L-AChR.

We also analyzed NMJs at the dorsal and ventral nerve cords.
In these regions, BWMs extend dendrite-like cellular processes
called muscle arms that reach the neural cords and elongate along
the motoneurons to make en passant synapses. Cholinergic pre-
synaptic and postsynaptic domains were in register, and
GABAAR clusters were intercalated between excitatory synapses
in rsu-1 mutant as in the wild type (Fig. 4E). In addition, no
extrasynaptic L-AChR clusters were observed, and L-AChR syn-
aptic content was unchanged in rsu-1(kr251) (Fig. 4F).

To determine in which cell types rsu-1 expression is re-
quired for accurate L-AChR distribution, we expressed rsu-1
under the control of either the BWM-specific promoter,
Pmyo-3, or a pan-neuronal promoter, Prab-3 (Fig. 5A). The
L-AChR phenotype was only rescued in transgenic rsu-1 mu-
tant lines expressing rsu-1 in muscle cells (three of three lines).
Thus, rsu-1 functions cell autonomously in muscles for
L-AChR distribution. In addition, the rsu-1 expression re-
porter, Prsu-1::rsu-1gDNA::SL2::gfp, and the rsu-1 translational
reporter, Prsu-1::rsu-1gDNA::gfp, used above (Fig. 2 A, B) were
as efficient for phenotype rescue. Using this reporter, we ob-

served that RSU-1-GFP and L-AChRs do not colocalize at the
muscle cell membrane in neither synaptic nor extrasynaptic
regions (Fig. 5B), suggesting an indirect role for RSU-1 in
regulating L-AChR distribution.

L-AChR ectopic clusters form progressively during
development in rsu-1 mutant
Extrasynaptic L-AChR clusters observed in adults might result
from either a progressive aggregation of L-AChR during devel-
opment or defective maintenance of L-AChR clustering in adults.
To distinguish between these hypotheses, we analyzed synapse
formation at SABs from hatching to the third larval stage. In the
wild type, synaptic L-AChR clusters that are facing presynaptic
domains were observed at the first larval stage, and their intensity
increased over development (Fig. 6A). In addition, few nonsyn-
aptic clusters were detected in approximately half of the wild-type
L1 larvae whereas they were absent in L3 larvae, indicating a
maturation of SAB NMJs during development (Fig. 6B). In rsu-
1(kr251), synapse formation appeared normal. However, in
�50% of the mutants analyzed at first larval stage, from 1 to 10
ectopic clusters were detected in head muscle cells. Throughout
larval stages 1 to 3, the percentage of worms exhibiting extrasyn-
aptic clusters increased as did the number of ectopic clusters per
worm (Fig. 6A,B). These results suggested that, in the absence of

Figure 7. rsu-1 ectopic L-AChR clusters are properly inserted in the plasma membrane and mainly localize in muscle arms. A,
Surface detection of myc-tagged UNC-29 L-AChR subunits. Surface receptors were labeled with Cy3-conjugated anti-myc antibod-
ies injected into unc-29::myc knock-in worms. B, Left, Schematic representation of muscle arms projected toward the nerve ring
(blue) by head muscle cells (in different shades of green). Pharynx, Gray; intestine, pink. Right, Cross-section of the boxed region.
SABD, Cyan. Top and bottom dashed lines represent focal planes visualized in C. C, Confocal projections of the SABD region of
wild-type and rsu-1(kr251) young adults expressing a muscle membrane marker (Pmyo-3::gpi:yfp, green) and the L-AChR reporter
(red). Shown are projections of 0.4 �m depth with a gap of 2.4 �m between top and bottom planes for each genotype. Arrows
point to rsu-1(kr251) ectopic L-AChR clusters colocalized with muscle arm membrane. Arrowheads delimit the synaptic region.
Scale bars, 10 �m.
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RSU-1, receptors are progressively trapped in extrasynaptic clus-
ters. This might preclude their proper recruitment at SAB syn-
apses, hence leading to a diminished content in adult synapses as
shown above (Fig. 4D).

L-AChR ectopic clusters are properly addressed to the muscle
cell membrane of rsu-1 mutants and localize in muscle arms
To test whether ectopic L-AChR clusters were properly localized at
the plasma membrane or might be retained in intracellular compart-
ments, we used a knock-in strain expressing an UNC-29 L-AChR
subunit with an extracellular myc tag at its C terminus (Boulin et al.,
2012). Fluorescently labeled anti-myc antibodies injected into the
pseudocœlomic cavity of live unc-29::myc worms can only stain
receptors inserted in the plasma membrane (Gottschalk and Schafer,
2006). In the wild type, both synaptic clusters and extrasynaptic dif-
fused receptors were detected (Fig. 7A, left). In rsu-1(kr251) mutant,
synaptic and ectopic clusters were both detected, indicating that
L-AChRs in the ectopic clusters are also correctly inserted in the
plasma membrane (Fig. 7A, right). However, we noticed that most
of them were not in the same focal plane as synaptic clusters. There-
fore, we labeled muscle cell membranes by expressing a GPI-
anchored yellow fluorescent protein (YFP) under a muscle-specific
promoter. Although synaptic L-AChRs are found at the external face

of the muscle cells below the cuticle (Fig.
7B,C, top planes), most ectopic clusters
were at the inner face of the muscle cells in
contact with the cœlomic cavity (Fig. 7B,C,
bottom planes). Interestingly, muscle arms
emanate from this side of the cells to extend
toward the nerve ring, in which they form
NMJs with a distinct set of head motoneu-
rons. In rsu-1 mutants, ectopic L-AChRs
seem to localize on the initial segments of
muscle arms.

Ectopic L-AChR clusters result
from the auto-assembly of the
L-AChR-associated scaffold
We previously demonstrated that LEV-9
or LEV-10 scaffolding proteins are essen-
tial for the clustering of synaptic L-AChR
(Gally et al., 2004; Gendrel et al., 2009).
These proteins form a complex with
L-AChRs. Loss of any of the scaffolding
molecule or of the L-AChR causes a com-
plete disruption of the complex. To deter-
mine whether ectopic clusters formation
in rsu-1(kr251) mutant involved the scaf-
folding machinery, we analyzed LEV-9
distribution. In the wild type, LEV-9 colo-
calized with synaptic clusters and diffusely
distributed receptors in extrasynaptic ar-
eas (Fig. 8A, left). In rsu-1(kr251) mutant,
LEV-9 colocalized with both synaptic and
extrasynaptic L-AChR clusters (Fig. 8A,
right). To test whether LEV-9 was re-
quired for the formation of ectopic clus-
ters, we built an rsu-1(kr251); lev-
9(ox177) double mutant. Inactivation of
lev-9 caused a complete disappearance of
synaptic and extrasynaptic L-AChR clus-
ters (Fig. 8B). A similar result was ob-
tained when lev-10 was genetically

disrupted. Therefore, the clustering of L-AChR at ectopic sites
requires the same scaffolding machinery as clustering at NMJs.

Localization of L-AChR associated complexes depends on Ce-
Punctin/MADD-4, an extracellular matrix protein secreted by
motoneurons that localize in the synaptic cleft (Pinan-Lucarré et
al., 2014). Ectopic L-AChR clusters might result from abnormal
Punctin distribution. To test this possibility, we observed Punctin
long isoforms in rsu-1 mutants. Punctin was only detected at
synaptic sites, as in the wild type (Fig. 8C). In a complementary
approach, we inactivated Ce-punctin/madd-4 in wild-type and
rsu-1 backgrounds. In madd-4(kr249) null mutant, synaptic
L-AChR clusters were no longer detected and only diffuse extra-
synaptic receptors remained, as previously shown (Fig. 9; Pinan-
Lucarré et al., 2014). Strikingly, inactivation of madd-4 in
rsu-1(kr251) strongly enhanced the rsu-1 phenotype with the ap-
pearance of bigger and more numerous extrasynaptic L-AChR
clusters and a complete loss of synaptic clusters (Fig. 9). First,
these data indicate that the generation of ectopic clusters in rsu-1
mutants does not depend on Punctin. Second, they suggest that,
in the wild-type situation, there is a dynamic equilibrium be-
tween receptors clustered at the synapse and diffuse extrasynaptic
receptors. In the absence of RSU-1, the pool of extrasynaptic
receptors assembles into illegitimate clusters. In punctin mutants,

Figure 8. Ectopic L-AChR clusters result from the auto-assembly of the L-AChR associated scaffold. A, Confocal projections of the
SABD region of fixed wild-type and rsu-1(kr251) young adults. Immunofluorescence staining of LEV-9::T7 using anti-T7 antibodies
and of L-AChRs using anti-UNC-38 antibodies. The LEV-9 scaffolding protein colocalizes with rsu-1(kr251) ectopic L-AChR clusters.
B, L-AChR distribution (unc-29::tagRFP knock-in) in the same region of single and double mutants. rsu-1(kr251) synaptic and
ectopic L-AChR clusters are not observed in the double-mutant contexts. C, Confocal projections of the SABD region of control and
rsu-1(kr251) young adults expressing the L-AChR reporter in a madd-4(kr249) background rescued by expression of Ce-Punctin
long isoforms fused to GFP. Ce-Punctin-L localization is not impaired and is restricted to synapses in the rsu-1 mutant. Arrowheads
delimit the synaptic region. Scale bars, 10 �m.
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the disappearance of synaptic clusters
would increase the pool of receptors avail-
able for extrasynaptic clustering and
therefore enhances the rsu-1 phenotype.

We then investigated the role of integ-
rin signaling in preventing nonsynaptic
L-AChR cluster formation using unc-
97(su110) and unc-112(r367) hypomor-
phic mutants. In these mutants, multiple
defects were previously described, includ-
ing disorganization of integrin complexes,
abnormal muscle arm migration, and im-
paired axonal outgrowth (Hobert et al.,
1999; Rogalski et al., 2000; Alexander et
al., 2009; Yang et al., 2014). Because of
these multiple defects, it was difficult to
conclude whether the presence of some
nonsynaptic L-AChR clusters could be
compared with what was observed in
rsu-1 mutants (Fig. 9, left column). Thus,
we took advantage of the phenotypic en-
hancement triggered by the absence of
Punctin to determine whether nonsynap-
tic L-AChR clustering is increased in
unc-97 and unc-112 mutants. We clearly
observed nonsynaptic L-AChR clusters in
the madd-4(kr249); unc-97(su110) double
mutant, whereas no synthetic phenotype
was observed in the madd-4(kr249);
unc-112(r367) background (Fig. 9, right
column). These results support that extra-
synaptic L-AChRs clustering does not de-
pend on FA complexes organization and
strongly suggests that UNC-97/PINCH
likely acts via RSU-1 to prevent illegiti-
mate clustering of L-AChRs.

Synaptic and extrasynaptic receptor pools compete with
each other
The rsu-1 phenotypic enhancement observed during Punctin de-
pletion suggests that the competition between synaptic and ex-
trasynaptic clusters might account for the decreased content of
L-AChRs at SAB NMJs in rsu-1 mutants (Fig. 4D). To indirectly
test this hypothesis, we ectopically expressed Punctin in muscle
cells to create artificial extrasynaptic clusters in a wild-type back-
ground (Fig. 10A; Pinan-Lucarré et al., 2014). Despite normal
expression of Punctin by SAB motoneurons, the amount of
L-AChRs found at NMJs was decreased by half in transgenic
animals (Fig. 10B), suggesting that the overall complement of
L-AChR expressed by the muscle cell remained constant and that
ectopic clusters did compete with synaptic sites for the recruit-
ment of L-AChRs.

Altogether, these data demonstrate that dispersal of extrasyn-
aptic receptors is not a default state. Modifying the distribution of
extrasynaptic receptors can subsequently affect synaptic receptor
content.

Discussion
Our visual screen identified the intracellular protein RSU-1 as a
new regulator of L-AChR distribution in muscle cells. RSU-1 was
evolutionarily conserved, and, as in Drosophila and mammalian
cells, it interacts with an integrin effector complex. Genetic de-
pletion of RSU-1 in muscle causes illegitimate clustering of the

extrasynaptic L-AChRs, which are dispersed in the wild type. In
rsu-1 mutants, ectopic clusters compete with synaptic clusters,
which causes a subsequent decrease of L-AChR content at syn-
apses. Such phenotype was not reported previously. Therefore,
our results indicate that the dispersed distribution of L-AChRs
outside of the synapse is not a “default state” and that mecha-
nisms involved in the maintenance of extrasynaptic receptor dis-
persion might consequently control synaptic strength.

rsu-1 has been well conserved during evolution, and the C.
elegans gene is the clear ortholog of the Drosophila and vertebrate
counterparts. We provide here the first characterization of an
rsu-1 mutant in the nematode. The phenotype is very subtle with
no obvious developmental or behavioral abnormality, except a
slight egg-laying defect that we did not investigate further. Inter-
estingly, our ability to recover an rsu-1 mutant in a forward
screen strategy solely relied on the sensitivity of the visual screen
for abnormal localization of AChR in vivo. Specifically, rsu-1 mu-
tants are sensitive to the drug levamisole and would have been
missed in traditional screens for resistance to levamisole. This
subtle phenotype is consistent with what was observed in the fly
icarus (ics) mutants in which Rsu1 is disrupted. These mutants
are viable and fertile but only display some wing blisters charac-
teristic of a failure of integrin-dependent adhesion. A recent work
reports that ics flies also have abnormal ethanol consumption
(Ojelade et al., 2015).

Drosophila and mammalian Rsu1 localize at FA sites via a
physical interaction with the LIM5 domain of the adaptor protein
PINCH (Kadrmas et al., 2004; Dougherty et al., 2005). PINCH is

Figure 9. A functional UNC-97/PINCH is required to prevent illegitimate clustering of extrasynaptic L-AChRs. Confocal projec-
tions of the SABD region of young adults expressing a presynaptic marker (VAMP, jsIs42[punc-4::snb-1::GFP]) and the L-AChR
reporter (unc-29::tagRFP) in different genetic backgrounds. Synaptic clusters are between arrowheads. Scale bars, 10 �m.
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one of the major components of the IPP complex. By linking the
cytoskeleton to the extracellular matrix via the � subunit of in-
tegrin heterodimers, this complex participates in many aspects of
cell behavior and fate (Brakebusch and Fässler, 2003; Legate et al.,
2006). Our results suggest that the Rsu1/PINCH interaction is
conserved in C. elegans. First, RSU-1 colocalizes with integrin-
containing structures that have similar composition to FAs.
Second, large-scale yeast two-hybrid screens identified an inter-
action between RSU-1 and UNC-97, the PINCH ortholog. Third,
RSU-1 no longer localizes at integrin attachment structures in an
unc-97 mutant expressing a protein with altered conformation of
its fifth LIM domain. However, the role of RSU-1 at this complex
is still controversial and likely depends on the cellular context.
RSU-1 was reported to positively regulate the level of PINCH,
which we did not observe in C. elegans. RSU-1 can be a positive
effector of integrin signaling and antagonize JNK activity
(Masuelli and Cutler, 1996; Kadrmas et al., 2004). Genetic anal-
ysis of ethanol consumption in the fly suggests that Rsu1
antagonizes integrin signaling because ics mutants have opp-
osite phenotypes to mutants in genes encoding PINCH and
�-integrin. This might be achieved by inhibition of Rac1 and
subsequent destabilization of the actin cytoskeleton (Ojelade et
al., 2015). Finally, Rsu1 can function independently from PINCH

to activate the p38 map kinase pathway (Gonzalez-Nieves et al.,
2013). Altogether, Rsu1 unambiguously participates in the con-
trol of cell adhesion and migration, but the existence of redun-
dant pathways likely accounts for the moderate phenotypes
observed in null mutants in vivo.

Our results link for the first time rsu-1 to the control of neu-
rotransmitter receptor distribution. Genetic ablation of rsu-1
causes ectopic AChR clusters in the most anterior muscle cells
that are innervated by SAB motoneurons. Why this phenotype is
limited to these cells only is intriguing. NMJs made by SAB mo-
toneurons have distinct features compared with NMJs made
along the nerve cords, and the sensitivity of the SAB system was
previously revealed in punctin mutants in which fragmented
L-AChR clusters remained detectable near synaptic regions in
muscle arms, whereas L-AChRs almost completely disappeared
from SAB synapses. First, the SAB system is more plastic because
inhibition of muscle activity causes a homeostatic stimulation of
SAB outgrowth and an increased number of NMJs, which is not
seen at the cords (Zhao and Nonet, 2000). RSU-1 might affect the
overall activity of neuromuscular transmission, which might in
turn have a deeper effect on anterior muscle cells. However, we
do not favor this hypothesis because large extrasynaptic AChR
clusters are not detected in mutants altering synaptic transmis-
sion or muscle activity. Second, L-AChR subunit composition
might not be identical in anterior muscle cells compared with the
posterior part of the animal. However, L-AChR clustering re-
quires identical scaffolding molecules at all cholinergic NMJs,
and we demonstrated that ectopic clustering depends on these
molecules. Third, and probably most important, the topology of
the synapses made by SAB neurons is distinct from NMJs at the
cords. SAB neurons spread on the outer surface of the muscle
cells and make en passant synapses. At the cords, muscle arms
grow from the inner face of the muscle cells toward the cords or
the nerve ring, in which they spread along the motoneurons and
receive their innervation. Consequently, trafficking of the recep-
tors might be different in anterior muscle cells, with more recep-
tors being targeted to the outer face of the muscle cells in which
the actomyosin system is anchored. Loss of RSU-1 might cause
mistargeting or leak of L-AChRs from this compartment to the
muscle arms that grow at the inner face. The tubular geometry of
the muscle arms might increase the concentration of receptors in
the membrane and favor illegitimate clustering. Alternatively, the
composition and/or the environment of the muscle arms might
allow abnormal clustering of the receptors.

Although RSU-1 is required for proper L-AChR distribution,
it probably does not implicate a direct interaction between RSU-1
and L-AChRs because we never detected the colocalization of the
two proteins despite looking carefully. The apparition of ectopic
clusters might be an indirect consequence of RSU-1 loss. Loss of
RSU-1 might modify the diffusive behavior of extracellular re-
ceptors in the membrane, for instance, by causing a slight re-
duction of cellular adhesivity or by inducing a change of the
extracellular matrix composition, as observed in the liver when
impairing the PINCH–Rsu1 complex (Donthamsetty et al.,
2013). However, loss of RSU-1 does not cause a complete disor-
ganization of the membrane because proteins such as UNC-36, a
subunit of a voltage-dependent calcium channel, remain nor-
mally distributed in rsu-1 mutants (data not shown). Alterna-
tively, the effect of RSU-1 might be mediated by the regulation of
intracellular signaling because, in other systems, it was shown to
modulate at least the JNK and the p38 MAP kinase pathways.
However, we did not observe extrasynaptic clusters during JNK-1
depletion, and we showed that ectopic clustering relies on the

Figure 10. Ectopic L-AChR clusters compete with synaptic sites for L-AChR recruitment. A,
Confocal projections of the SABD region of an adult nematode expressing Ce-Punctin long
isoforms fused to GFP in muscle cells and the L-AChR reporter (unc-29::tagRFP knock-in). Arti-
ficial expression of Ce-Punctin-L in muscles (Pmyo-3::punctin-L– gfp) triggers L-AChR ectopic
clustering. Arrowheads delimit the synaptic region. B, Fluorescence intensity of the UNC-29 –
tagRFP at SAB synapses of wild-type and transgenic animals. Formation of ectopic L-AChR
clusters depletes synaptic L-AChR content. Results are presented as means � and SEMs; N
indicates the number of worms; Student’s t tests: ***p � 0.001. Scale bars, 10 �m.

Pierron et al. • RSU-1 Controls Acetylcholine Receptor Localization J. Neurosci., June 15, 2016 • 36(24):6525– 6537 • 6535



components of the extracellular scaffold that we described at the
NMJs and is so far entirely operating from the outside of the cell.
Finally, RSU-1 can control the dynamics of the actin cytoskele-
ton, which is important at the vertebrate NMJ to localize AChR
clusters (Dai et al., 2000; Shi et al., 2012). However, no evidence
so far points to a direct role of the cytoskeleton in the organiza-
tion of L-AChR clusters at the C. elegans NMJ. Isolating
additional mutants with similar phenotypes as rsu-1 might help
deciphering between these hypotheses.

Analysis of rsu-1 mutants exemplifies that the dispersed status
of extrasynaptic receptors is not a default state that can only be
explained by the absence of “clustering factors.” Instead, patho-
logical situations are able to unmask the propensity of receptors
and associated scaffolding proteins to assemble supramolecular
assemblies. In rsu-1 mutants, the formation of extrasynaptic clus-
ters was progressive and seemed to compete with the normal
synaptic maturation that leads to the progressive recruitment of
receptors in synaptic domains. Because of the dynamic equ-
ilibrium between synaptic and extrasynaptic receptor pools
(Akaaboune et al., 1999), the formation of ectopic clusters creates
receptor traps that are able to subsequently deplete synaptic
domains. Interestingly, rsu-1 is expressed in the neurons of
Drosophila melanogaster, in which it participates in the control of
ethanol consumption. This function might be conserved in hu-
mans based on genetic studies (Ojelade et al., 2015). Whether
rsu-1 plays a role in synaptic plasticity by controlling the distri-
bution of extrasynaptic neurotransmitter receptors is a tantaliz-
ing hypothesis.
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