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Muscle synaptogenesis in Drosophila melanogaster requires endocytosis of Commissureless (Comm), a bind-
ing partner for the ubiquitin ligase dNedd4. We investigated whether dNedd4 and ubiquitination mediate this
process. Here we show that Comm is expressed in intracellular vesicles in the muscle, whereas Comm bearing
mutations in the two PY motifs (L/PPXY) responsible for dNedd4 binding [Comm(2PY3AY)], or bearing
Lys3Arg mutations in all Lys residues that serve as ubiquitin acceptor sites [Comm(10K3R)], localize to the
muscle surface, suggesting they cannot endocytose. Accordingly, aberrant muscle innervation is observed in the
Comm(2PY3AY) and Comm(10K3R) mutants expressed early in muscle development. Similar muscle
surface accumulation of Comm and innervation defects are observed when dNedd4 is knocked down by
double-stranded RNA interference in the muscle, in dNedd4 heterozygote larvae, or in muscles overexpressing
catalytically inactive dNedd4. Expression of the Comm mutants fused to a single ubiquitin that cannot be
polyubiquitinated and mimics monoubiquitination [Comm(2PY3AY)-monoUb or Comm(10K3R)-monoUb]
prevents the defects in both Comm endocytosis and synaptogenesis, suggesting that monoubiquitination is
sufficient for Comm endocytosis in muscles. Expression of the Comm mutants later in muscle development,
after synaptic innervation, has no effect. These results demonstrate that dNedd4 and ubiquitination are
required for Commissureless endocytosis and proper neuromuscular synaptogenesis.

Intensive investigations in recent years have ascribed a role
for ubiquitination not only in protein degradation by the pro-
teasome (14) but also in sorting and endocytosis of transmem-
brane proteins, often resulting in their degradation by the
lysosome/vacuole (15). The attachment of a single ubiquitin
(monoubiquitination) onto one or several cytoplasmic lysines
in these transmembrane proteins serves as a signal for endo-
cytosis or sorting (22, 31, 37, 45).

Nedd4 (neuronal precursor cell expressed developmentally
downregulated 4), including the Drosophila melanogaster or-
thologue dNedd4, belongs to a family of Hect E3 ubiquitin
ligases and is comprised of a C2 domain, three (or four) WW
domains, and a C-terminal ubiquitin ligase Hect domain (39).
The C2 domain is primarily involved in trafficking and mem-
brane targeting (35, 36, 52), while the WW domains mediate
protein:protein interaction and substrate recognition by bind-
ing to a short sequence called the PY motif (L/PPXY) (5,
18–20). Nedd4 proteins are involved in endocytosis and sorting
of numerous transmembrane proteins. For example, in yeast,
the Saccharomyces cerevisiae orthologue Rsp5 is required for
ubiquitination, endocytosis, and vesicular/trans-Golgi network
(TGN) sorting of the Fur4 and GAP1 permeases and the Ste2

receptor (8, 9, 12). In mammals, Nedd4 (or Nedd4-2) binds via
its WW domains to the PY motifs of the epithelial Na� chan-
nel (ENaC), promoting channel endocytosis and degradation
(1, 46). These PY motifs are mutated in Liddle syndrome, a
hereditary hypertension caused by increased retention and ac-
tivity of ENaC at the cell surface of kidney epithelia (29, 41).
Nedd4 is also involved in internalization of the IGF-1 receptor
(51), in viral budding (26, 57), and in the ubiquitination of
ubiquitin-interacting motif-containing endocytic proteins (e.g.,
Hrs and Eps15) (21, 37).

In Drosophila, dNedd4 was recently demonstrated to bind
Commissureless (Comm) and to regulate internalization or
sorting of the Comm/Roundabout (Robo) complex, thus pro-
moting axon crossing at the central nervous system (CNS)
midline (32). Comm is a single-pass transmembrane protein
(49) that includes, at its cytoplasmic C terminus, two PY motifs
(PPCY and LPSY), a YPSL motif (conforming to an AP-2
binding site), and 10 Lys residues (putative ubiquitin acceptor
sites). Our recent work has demonstrated that dNedd4 binds
via its WW domains to the PY motifs of Comm and that Comm
is ubiquitinated by dNedd4 (18, 32).

In addition to its role in regulating axon midline crossing,
Comm was previously shown to regulate neuromuscular syn-
aptogenesis in Drosophila (55). In Drosophila, each body wall
hemisegment contains a well-defined set of 30 muscles, ar-
ranged along the ventral-dorsal axis, that are innervated by
about 40 motoneurons in a stereotypic, timed manner (25, 38,
42). All muscles of Drosophila embryos express Comm during
the period of motoneuron-muscle interactions. However,
Comm must be internalized into the muscle prior to synapto-
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genesis; comm mutants, or those lacking its cytoplasmic C
terminus, fail to initiate synaptogenesis (55). The mecha-
nism(s) by which Comm is endocytosed to regulate synapto-
genesis has not been elucidated and is the focus of our current
work.

In this study, we show that binding of Comm to dNedd4 and
Comm ubiquitination mediate endocytosis of Comm and are
required for muscle synaptogenesis.

MATERIALS AND METHODS

Generation of UAS-comm(WT), UAS-comm(2PY3AY), UAS-comm(2PY3
AY-monoUb), UAS-comm(10K3R), UAS-comm(10K3R-monoUb) (all hemag-
glutinin [HA] tagged), UAS-dNedd4RNAi, and UAS-dNedd4(C3A) constructs (as
per reference 4), as well as fly crosses, are detailed in the supplemental material.

Biochemical assays for expression of UAS-comm lines (WT and mutants) and
UAS-dNedd4RNAi knockdown. The UAS-comm (wild type [WT]; 2PY3AY,
2PY3AY-monoubiquitin [monoUb], 10K3R, 10K3R-monoUb) � daughter-
less-GAL4 embryos were collected at room temperature (RT) or 25°C, and the
UAS-dNedd4RNAi � daughterless-GAL4 or UAS-dNedd4C3A embryos were col-
lected at 29°C. The embryos were dechorionated with 50% bleach for 5 min and
lysed with lysis buffer plus protease inhibitors (see Table S2 in the supplemental
material). Wandering third-instar larvae from the UAS-dNedd4RNAi � daughter-
less-GAL4 crosses were also lysed as described above. Fillet preps of Oregon R
third-instar larvae were prepared according to standard procedures (34) and
lysed to examine endogenous expression of dNedd4 in the muscles by Western
blotting (see Table S2 in the supplemental material). Expression of Comm-HA,
dNedd4, and actin in these lysates were detected as detailed in Table S2 in the
supplemental material.

Embryo and larva dissections and immunostaining. For dNedd4 immuno-
staining, Oregon R wild-type embryos of different stages were collected at room
temperature (RT), dechorionated, and fixed as described previously (34). Stain-
ing conditions are summarized in Table S2 in the supplemental material. For
examination of embryonic synaptogenesis, stage 17 embryos were dissected as
described previously (47), fixed in 4% paraformaldehyde (PFA) (20 min),
washed with PBT (0.1% Tween 20 in phosphate-buffered saline), blocked, and
stained with fluorescein isothiocyanate-conjugated anti-horseradish peroxidase
(HRP) antibody (see Table S2 in the supplemental material). Muscle staining for
HA or the extracellular domain of Comm (Comm-ECD) (10) was carried out as
described in Table S2 in the supplemental material.

For larval immunostaining, wandering third-instar larvae were dissected using
a standard fillet method (2) and fixed as described above for embryos. Cy3
anti-HRP or fluorescein isothiocyanate–anti-HRP staining was performed as
described in Table S2 in the supplemental material. Abdominal segments 2 to 6
were scored for the presence/absence of mutant muscle synaptic phenotypes.
Anti-HA, Hrs (antibodies kindly provided by H. Bellen (30), or dNedd4 staining
of larval muscles was carried out as described previously (see Table S2 in the
supplemental material). Epifluorescence microscopy and imaging of the he-
misegments was performed using a Leica IRE2 microscope and an LSM 510
confocal microscope.

S2 cells immunostaining and RNA interference (RNAi). (i) Comm endocyto-
sis. Live S2 cells expressing Comm-green fluorescent protein (GFP) were incu-
bated with affinity-purified and embryo (chorionated)-precleared anti-Comm-
ECD antibody for 60 min (RT). Cells were then washed, fixed in 2% PFA (10
min), permeabilized with 0.1% Saponin, and stained with secondary antibody
(see Table S2 in the supplemental material). Immunostaining of fixed and per-
meabilized S2 cells with lysobisphosphatidic acid (LBPA) (27), dRab5 (56), or
transfected myc-tagged liquid facets were performed as listed in Table S2 in the
supplemental material. Endogenous Hrs was stained with anti-Hrs antibodies
(see Table S2 in the supplemental material). Immunostained cells were visual-
ized with an LSM 510 confocal microscope.

(ii) RNAi for dNedd4. A 638-bp fragment (nucleotides 435 to 1072; FlyBase
data bank accession no. CG7555) was subcloned as an inverted repeat (IR) into
pBluescript. The in vitro transcription dNedd4-IR was driven from either the T3
or T7 promoter to yield the sense and anti-sense RNA, respectively, using
mMESSAGE mMACHINE (Ambion). The mRNA was then annealed to form
the dNedd4-double-stranded RNA hairpin (dNedd4-RNAi), and S2 cells, trans-
fected (or not) with Comm-GFP, were treated with dNedd4-RNAi as described
previously (7). Knockdown of dNedd4 in lysed cells was confirmed by immuno-
blotting with anti-dNedd4 antibodies and levels of Comm-GFP with anti-GFP

antibodies (see Table S2 in the supplemental material). Samples of cells were
also scored for cell surface localization of Comm.

Ubiquitination assays. S2 cells were transiently transfected with myc-tagged
Comm [WT, 2PY3AY, 10K3R, or dNedd4(C3A)] in the pRmHA3 vector
(32), pretreated with proteasome and lysosome inhibitors (50 �M N-acetyl-L-
leucinal-L-leucinal-L-nor leucinal [LLnL] or 20 �M MG101 and 0.4 mM chloro-
quine), and lysed in lysis buffer containing protease inhibitors (see Table S2 in
the supplemental material) plus 50 �M LLnL and 0.4 mM chloroquine. The
Comm (WT or mutants) protein was immunoprecipitated (IP) with anti-myc
antibodies (1.5 �g/ml) and blotted with antiubiquitin antibodies (see Table S2 in
the supplemental material).

RESULTS

comm mutants unable to bind dNedd4 or to become ubiq-
uitinated show defects in endocytosis and muscle synaptogen-
esis along the SNb nerve branch. (i) Defective ubiquitination
of the PY motif and Lys mutants of Comm. Our previous work
has demonstrated that mutations in the two PY motifs of
Comm (2PY3AY) that abolish binding to dNedd4 or in its 10
cytoplasmic Lys residues (10K3R) that potentially serve as
ubiquitin acceptor sites (Fig. 1A) lead to impaired endocytosis
when expressed in Drosophila S2 cells (32). To test whether
these mutants are indeed defective in ubiquitination, myc-
tagged Comm(WT), Comm(2PY3AY), or Comm(10K3R)
was expressed in Drosophila S2 cells. The Comm protein (WT
or mutant) was then IP with anti-myc antibodies, and the IP
was immunoblotted with anti-ubiquitin antibodies to detect
ubiquitination of Comm. As seen in Fig. 1B, unlike wild-type
Comm, Comm that cannot bind dNedd4 or has all its cytoplas-
mic lysines mutated to arginines shows impaired ubiquitina-
tion, which contributes to stabilization of the Comm mutant
protein (Fig. 1B, bottom, and D).

(ii) Defects in endocytosis of mutant Comm in the muscle.
Earlier work has demonstrated that removal of Comm from
the surface of muscles in Drosophila is required for initiation of
synaptogenesis. comm mutants lacking the intracellular C ter-
minus do not properly internalize and show defects in synap-
togenesis (55). The intracellular C terminus of Comm contains
two PY motifs (PPCY and LPSY) that serve as binding sites
for the WW domains of dNedd4 as well as 10 Lys residues that
serve as ubiquitin acceptor sites (Fig. 1A) (18, 32). To test
whether binding of dNedd4 to Comm and Comm ubiquitina-
tion could be responsible for its internalization, we generated
UAS lines that overexpress triple HA-tagged Comm (tagged at
the C terminus) WT(�), 2PY3AY, or 10K3R mutants (see
Table S1 in the supplemental material). Figure S1 in the sup-
plemental material shows that the WT and mutant comm lines
express the protein when driven by daughterless-GAL4, which
is ubiquitously expressed in Drosophila. These UAS lines were
then used for our further studies.

We next examined the distribution of WT and mutant
Comm in the muscle by crossing the UAS-comm lines with the
early muscle driver 24B-GAL4, which drives expression from
embryonic stage 11 (before the onset of synaptogenesis) until
the end of the larval third instar (4, 11), and staining for Comm
with anti-HA antibodies. As seen in Fig. 2A and B, the expres-
sion of Comm(WT) in muscles from third-instar larvae appears
in intracellular vesicles. This pattern of distribution is observed
in all muscles of all the hemisegments and is in accord with
earlier work with endogenous Comm where Comm was shown
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FIG. 1. Loss of ubiquitination of the Comm(2PY3AY) and Comm(10K3R) mutants. (A) Schematic representation of the C terminus of
Comm, showing its 10 Lys residues, two PY motifs, and the YXXL motif. Also shown are the Comm(2PY3AY) and Comm(10K3R) mutants.
(Only relevant residues are shown, with spacing between them not to scale.) TM, transmembrane. (B) Drosophila S2 cells were transfected (Tfxn)
with myc-tagged wild-type Comm [Comm(WT)], Comm bearing mutations in the two PY motifs to abolish binding to dNedd4 [Comm(2PY3AY],
or Comm mutated in all 10 of its cytoplasmic Lys residues [Comm(10K3R] that serve as putative ubiquitin acceptor sites. Comm (WT or mutants)
was then immunoprecipitated (IP) from cells, and the IPs were immunoblotted with antiubiquitin (Ub) antibodies to detect ubiquitinated Comm
(upper panel). Comm expression levels in the lysates were verified with anti-myc antibodies (lower panel). Note that a substantial fraction of
Comm(WT), which is ubiquitinated, disappears (likely degraded), whereas the Comm mutants are stabilized. (C) The same as panel B, only also
showing loss of Comm(WT) ubiquitination by endogenous dNedd4 in S2 cells by overexpression of catalytically inactive dNedd4(C3A). Comm
protein here (and in other figures) appears as multiple bands, which is the pattern normally observed with Comm, and may represent posttrans-
lational modifications (see reference 23). (D) Increased stability of ubiquitination-impaired Comm [(Comm(10K3R)] or WT Comm coexpressed
with catalytically inactive dNedd4(C3A). S2 cells transfected (or not) with myc-tagged Comm(WT) or Comm(10K3R) alone or with Flag-
dNedd4(C3A) were lysed, and lysates were analyzed by Western blotting for the amounts of Comm present. Control lower panels depict actin
and dNedd4(C3A) expression. The average increase in Comm stability from three independent experiments is indicated as well. IgG, immuno-
globulin G.
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to enter the endosomes from the muscle surface by 18 h (stage
17) of embryonic development (55).

To identify these Comm-containing intracellular vesicles, we
performed coimmunostaining analyses in both S2 cells and
larval muscles from UAS-comm�/24B-GAL4 flies. As shown in

Fig. 3, partial colocalization of Comm with dEpsin (liquid
facets) (a marker for the plasma membrane [PM] and coated
pits) (6, 53), dRab5 (early/sorting endosome marker), Hrs (a
marker for early and maturing endosomes), or lysobisphospha-
tidic acid (LBPA) and LAMP1 (markers for late endosomes/

FIG. 2. Cellular localization of HA-tagged WT and mutant Comm in muscles. Longitudinal and cross-section confocal images of HA-tagged
Comm (WT and mutants) expressed in muscle 12 or 13 of third-instar larvae that were costained with the plasma membrane marker concanavalin
A (ConA). (A and B) Expression of Comm(WT) in UAS-comm�(WT)/24B-GAL4 larvae (A), with higher magnification shown in panel B,
revealing vesicular expression of Comm(WT). (C and D) Expression of Comm(2PY3AY) in UAS-comm2PY3AY/24B-GAL4 larvae (C) or embryos
(D). (E) Expression of Comm(10K3R) in UAS-comm10K3R/24B-GAL4 larvae. Note the accumulation of mutant Comm [Comm(2PY3AY) and
Comm(10K3R)] at the plasma membrane of the muscle, while Comm(WT) accumulates in intracellular vesicles. Scale bars, 10 �m.
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FIG. 3. WT Comm internalizes from the plasma membrane and colocalizes with endocytic markers. (A) Drosophila S2 cells were cotransfected
with Comm-GFP and myc-dEpsin, immunostained with anti-myc antibodies, and analyzed by confocal microscopy for colocalization of Comm and
dEpsin at the PM and in early endosomes. Colocalization of Comm-GFP with the early endosomal marker dRab5 is shown as well (panel i). Panel
ii depicts colocalization of endogenous Hrs (marking early and maturing endosomes) and transfected Comm-GFP in S2 cells, and panel iii depicts
colocalization of endogenous LBPA or transfected LAMP1 (marking late endosomes/lysosomes) with transfected Comm in these cells. Panel iv
demonstrates immunostaining with antibodies directed to the extracellular domain (ECD) of Comm of live (nonpermeabilized) S2 cells transfected
with Comm-GFP. Note the accumulation of WT Comm in vesicles following their internalization from the PM (upper panel) and the accumulation
of the Comm(2PY3AY) mutant at the PM (lower panel). (B) Panel i shows muscles dissected from third-instar larvae of UAS-comm�/24B-GAL4
flies and coimmunostained with anti-HA antibodies (to detect the HA-tagged Comm) and anti-Hrs antibodies and analyzed by confocal
microscopy. The left panel depicts a muscle section, and the right panel represents a higher magnification of a muscle segment. The bottom left
panel shows a confocal image overlaid over a differential interference contrast image. Panel ii shows endogenous Comm, stained with anti-Comm-
ECD, accumulating in muscle surface of stage 17 embryos of shibire mutants grown at the nonpermissive temperature (31°C) to block internal-
ization of PM proteins. Arrows mark the surface of two muscles.
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lysosome) suggests that the Comm-containing vesicles repre-
sent a collection of endocytic vesicles at different stages of
maturation.

In contrast to Comm(WT), the expression of Comm(2PY3
AY), Comm(10K3R) (UAS-comm2PY3AY/24B-GAL4, or
UAS-comm10K3R/24B-GAL4) appears confined to the muscle
surface, with little or no observed intracellular vesicular stain-
ing (Fig. 2C and E). This was seen in muscles of both third-
instar larvae (Fig. 2C) and stage 17 embryos (Fig. 2D). These
results suggest that endocytosis of Comm in the muscle re-
quires that dNedd4 binds and ubiquitinates Comm.

Recent work by Keleman et al. (23), using transfection in
mammalian Cos-7 cells, has suggested that WT Comm is
sorted to endosomes from the Golgi without ever reaching the
PM. To investigate the route by which WT Comm localizes to
endocytic vesicles in both transfected Drosophila S2 cells and in
embryo muscles (which express endogenous Comm), we used
an antibody directed to the extracellular domain of Comm
(Comm-ECD) (10). As seen in Fig. 3A, panel iv, surface la-
beling of live S2 cells expressing Comm-GFP with anti-Comm-
ECD antibodies (followed by antibody removal, permeabiliza-
tion, and staining with secondary antibodies) demonstrates
that labeled WT Comm accumulates in endocytic vesicles, sug-
gesting that Comm was present at the PM prior to its inter-
nalization. This vesicular accumulation of surface-labeled
Comm was seen in �95% of cells analyzed (n � �100). No
significant staining was detected in untransfected cells (data
not shown), suggesting that fluid-phase endocytosis of the anti-
Comm-ECD antibodies is negligible. As expected, Comm that
is unable to bind dNedd4 [Comm(2PY3AY)] accumulates at
the PM (Fig. 3A, panel iv). Importantly, analysis of the distri-
bution of endogenous Comm expressed in the muscles of
shibire (Drosophila dynamin) mutant embryos at the nonper-
missive temperature (31°C), in which internalization of PM
proteins is blocked, reveals the accumulation of Comm exclu-
sively at the muscle surface (Fig. 3B, panel ii) and was observed
in 100% of muscle analyzed (n � �60). Collectively, these
results suggest that a substantial fraction of WT Comm nor-
mally traffics to the PM prior to its internalization into vesicles
in both S2 and Drosophila muscle cells.

To verify that dNedd4 is expressed endogenously in the
muscles, we immunostained muscles with anti-dNedd4 anti-
bodies (characterized in Fig. 6C). Figure S2 in the supplemen-
tal material shows that dNedd4 is uniformly expressed in all
muscles in an apparent cytoplasmic distribution, resembling
the pattern of other cytoplasmic muscle proteins (28). This
distribution could accommodate interactions of dNedd4 with
the C terminus of Comm (where the two PY motifs are lo-

cated), which is cytoplasmic. The distribution of dNedd4 in the
embryo is ubiquitous and is apparent from early to later stages
of development (see Fig. S2B to F in the supplemental mate-
rial), including the time period when Comm is expressed in the
embryo (55). Similar ubiquitous distribution of dNedd4 mRNA
in embryos was observed by RNA in situ hybridization (data
not shown).

(iii) Muscle innervation defects in Drosophila overexpress-
ing Comm(2PY3AY) and Comm(10K3R) mutants. To study
muscle innervation, we overexpressed the Comm(2PY3AY)
and Comm(10K3R) mutants in muscles early in development,
adopting the same approach previously utilized to test the
effect of C-terminally truncated Comm on synaptogenesis (55).
Innervation of the body wall muscles in the larva is highly
stereotypical, and in particular the innervation of muscles 12
and 13 by the SNb branch of the segmental nerve has been
well characterized (16, 17, 43, 50) (Fig. 4A; also see Fig. S3
in the supplemental material). The innervation pattern of
�/24B-GAL4 (Fig. 4A) resembles the stereotypical innerva-
tion patterns of muscles 12 and 13 (48, 50). Some aberrant
innervation was sometimes seen in WT Comm (20% fre-

FIG. 4. Aberrant muscle innervation along the SNb branch in larvae overexpressing Comm(2PY3AY) and Comm(10K3R). Confocal analysis
of Cy3 anti-HRP staining of motoneurons innervating muscles 12 and 13 of third-instar larvae grown at room temperature from the following
crosses: (A) 24B-GAL4 (�/24B-GAL4); (B) UAS-comm2PY3AY/24B-GAL4; (C) UAS-comm10K3R/24B-GAL4; and (D) comm/�. Note the
abnormal branching (arrowheads). (E and F) UAS-comm10K3R expressed in comm heterozygote background (UAS-comm10K3R/5-GAL4
comm�e39/�). (F) Note that only small type II boutons innervate muscle 13 (arrowheads), with a “stalled” axon primarily innervating the
neighboring muscle (arrow), leaving the muscle largely devoid of innervation. Where indicated, the second chromosome embryonic muscle driver
5-GAL4 was used for the crosses (55), which allows expression in a comm-reduced background (comm is located on the third chromosome). (B
to E) Arrows indicate aberrant innervation of muscle 13 in the comm mutants. Right-hand images in each panel depict the fluorescent (confocal)
image overlaid onto a differential interference contrast image of the muscle. Dashed white lines represent the border separating muscles 12 and
13. Het denotes heterozygote.

TABLE 1. Frequency of ectopic innervation or pathfinding errors
in the SNb nerve branch onto muscles 12 and 13 in larvae

overexpressing Comm or its mutantsa

Genotype n

Frequency of
abnormal

innervation
(%)

UAS-comm 	2PY3AY
/24B-GAL4 83 42.2b

UAS-comm 	10K3R
/24B-GAL4 88 35.2b

UAS-comm�/24B-GAL4 (control 1) 65 20.0c

�/24B-GAL4 (control 2) 76 3.9
UAS-comm 	(2PY3AY)-monoUb
/24B-GAL4 97 19.6
UAS-comm 	(10K3R)-monoUb
/24B-GAL4 86 23.3
commLOF/� 108 26.9
UAS-comm10K3R/5-GAL4; comm�e39/� 72 47.2

a The following P values were determined by Fisher’s exact test (two-tailed):
2PY3AY versus WT Comm (control 1), P � � 0.0048; 10K3R versus WT
Comm (control 1), P � � 0.0475; 2PY3AY versus �/24B-GAL4 (control 2),
P � � 0.0001; 10K3R versus �/24B-GAL4 (control 2), P � � 0.0001; WT
Comm (control 1) versus �/24B-GAL4 (control 2), P � � 0.0032; 10K3R-
monoUb versus 24B-GAL4 (control 2), P � � 0.0005; 2PY3AY-monoUb
versus 24B-GAL4 (control 2), P � � 0.0041; 10K3R-monoUb versus Comm
WT (control 1), P � � 0.84; 2PY3AY-monoUb versus Comm WT (control 1),
P � � 0.6938; 10K3R in comm heterozygote background versus comm hetero-
zygote, P � � 0.0066; 10K3R in comm heterozygote background versus
10K3R in WT background, P � � 0.1464.

b Significance was at the P � 0.05 level with respect to the �/24B-GAL4 and
UAS-comm�/24B-GAL4 controls.

c Significance was at the P � 0.05 level with respect to the �/24B-GAL4
control.
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quency; Table 1). This likely reflects the exquisite sensitivity
of muscle innervation to Comm dosage (see below).

In contrast, highly significant increases in aberrant innerva-
tion at muscles 12 and 13 relative to �/24B-GAL4 and UAS-
comm�/24B-GAL4 controls were observed when UAS-
comm(2PY3AY) and UAS-comm(10K3R), driven by 24B-
GAL4, were overexpressed in the muscles (impaired
innervation in 42% and 35% of all muscles, respectively [Table
1]). The overexpression of these two mutants caused similar
synaptic phenotypes, whereby ectopic boutons/collaterals orig-
inating from muscle 12 crossed the cleft separating muscles 12
and 13, and incorrectly innervated muscle 13 (Fig. 4B and C;
also see Fig. S3 in the supplemental material). These neurons
normally do not cross this cleft (Fig. 4A). This suggests that the
PY motifs and the ubiquitin acceptor sites of Comm are re-
quired for normal synaptogenesis.

The timing of Comm (WT or mutant) expression in the
muscle is critical, as the synaptogenesis defects seen (Fig. 4)
are only observed in UAS-comm (2PY3AY or 10K3R)
driven by 24B-GAL4 (expressed during embryogenesis) but
not when driven by the Mhc-GAL4 driver, which is expressed
later in development (first- to third-instar larvae) (data not
shown).

(iv) Monoubiquitination of Comm is sufficient to promote
Comm endocytosis and to restore normal synaptogenesis in
comm mutants. Mono- or multimonoubiquitination has been
shown to mediate endocytosis/sorting of several transmem-
brane proteins. To test whether monoubiquitination of Comm
is sufficient to induce its internalization from the muscle sur-
face and to prevent the synaptogenesis defects seen with the
Comm(2PY3AY) and Comm(10K3R) mutants, we fused
these mutant constructs in frame with a single mutant ubiquitin
that itself cannot become polyubiquitinated (K11,29,48,63R,
G75,76A-ubiquitin, hereafter called monoUb). As seen in
Fig. 5A, unlike the plasma membrane distribution of the
Comm(2PY3AY) (Fig. 3A, panel iv) or Comm(10K3R)
(Fig. 5A) mutant, the Comm(2PY3AY-monoUb) or Comm
(10K3R-monoUb) mutant regained its ability to internalize in S2
cells (Fig. 5A), much like WT Comm (Fig. 3A, panel iv). Accord-
ingly, UAS fly lines generated from these monoUb constructs
(see Table S1 and Fig. S1 in the supplemental material) re-
vealed a restoration of Comm endocytosis from the muscle
surface when crossed to 24B-GAL4 (Fig. 5B and C), much like
WT-comm but unlike the comm(2PY3AY) or comm(10K3R)
mutants, which were retained at the cell surface. Importantly,
the synaptogenesis defects seen with the comm(2PY3AY) or
comm(10K3R) mutant larvae were no longer observed in the
comm(2PY3AY-monoUb) and comm(10K3R-monoUb) lar-
vae crossed to 24B-GAL4 lines (Fig. 5D and E; Table 1). These
results suggest that monoubiquitination of Comm is sufficient
to promote Comm endocytosis and to prevent the synaptogen-
esis defects seen with the comm(2PY3AY) or comm(10K3R)
mutants.

(v) Analysis of synaptogenesis by the comm mutants in
comm-null or comm/� background. In the above studies, the
comm mutants were expressed in muscles in the background of
normal amounts of endogenous Comm. We thus tested
whether the synaptogenesis defects observed in the comm mu-
tants are also seen in the background of reduced levels of
endogenous Comm. The comm deficiency is lethal during em-

bryogenesis. However, in comm/� larvae (expressing half the
Comm levels), significant synaptogenesis defects were ob-
served (�27% defects relative to 8% in the controls) (Fig. 4D;
Table 1), in agreement with earlier work (55). Expressing UAS-
comm(2PY3AY) or UAS-comm(10K3R) in the muscle of the
comm-null mutants could not rescue the lethality. However,
expression of UAS-comm(10K3R) in a comm/� (hetero-
zygote) background permitted larval development but revealed
severe synaptogenesis defects (�50% relative to 35% in a WT
genetic background) (Fig. 4E and F; Table 1). Interestingly,
while muscular expression of UAS-comm(2PY3AY) in the
comm/� background could not rescue the lethality, such res-
cue was observed upon expression of UAS-comm(2PY3AY)-
monoUb. These results support our findings described above
(Fig. 4B and C), implicating the Comm PY motifs and Comm
ubiquitination in muscle synaptogenesis.

Reduction of dNedd4 protein and function in the muscles
results in aberrant synaptic phenotypes along the SNb branch.
(i) Knockdown of dNedd4 by RNAi leads to synaptogenesis
defects. The observation that the Comm(2PY3AY) mutant,
which cannot bind dNedd4, shows muscle innervation defects
when expressed early in muscle development, coupled with the
demonstration that endogenous dNedd4 ubiquitinates Comm
in S2 cells (Fig. 1B and C), suggests that dNedd4 may mediate
the ubiquitination and endocytosis of Comm in muscles. To
reduce muscular dNedd4 expression, we used RNA interfer-
ence (RNAi) to knock down expression of endogenous
dNedd4 in the muscle. We first verified that our dNedd4-RNAi
approach is effective by demonstrating knockdown of endoge-
nous dNedd4 in S2 cells (Fig. 6C, top) and increased stabili-
zation of Comm (Fig. 6C, middle) and accumulation of Comm
at the plasma membrane of these cells (Fig. 6C, bottom). We
then generated UAS-dNedd4RNAi flies. To verify that endoge-
nous dNedd4 is indeed knocked down in flies ubiquitously
overexpressing this construct, we generated UAS-dNedd4RNAi/
daughterless-GAL4 flies (see Table S1 in the supplemental
material) and tested dNedd4 expression in embryo and larva
lysates. As seen in Fig. 6A and B, dNedd4 in embryos and
larvae is observed as two protein bands (splice isoforms),
dNedd4 and dNedd4(long) (Fig. 6D), and the same two bands
are also observed in the muscles of WT OreR larvae (Fig. 6B,
right panel). Both splice isoforms are recognized by our anti-
dNedd4 antibodies, directed at a shared sequence downstream
of the C2 domain (Fig. 6D, arrow). Figure 6A shows that
overexpression of UAS-dNedd4RNAi by daughterless-GAL4 (in
three different lines, each inserted on a different chromosome)
at 29°C (but not at 25°C; see the right panel) knocked down
most of the endogenous dNedd4 and �40% of dNedd4(long)
protein both in embryos (Fig. 6A, left panel) and in third-instar
larvae (Fig. 6B). DNedd4 knockdown was also seen in larval
muscles following overexpression of UAS-dNedd4RNAi by 24B-
GAL4 to knock down dNedd4 specifically in the muscle (Fig.
6B, right panel). The less efficient knockdown of dNedd4(long)
by the RNAi approach, although targeting a sequence shared
by both splice variants, may be due to the longer distance of the
targeted sequence from the N-terminal start of the gene.

We next tested the effect of knocking down dNedd4 on
muscle synaptogenesis by expressing UAS-dNedd4RNAi in early
muscle development using the 24B-GAL4 driver. Our results,
depicted in Fig. 7, Table 2, and Fig. S4 in the supplemental
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material, demonstrate that RNAi-mediated knockdown of
muscular dNedd4 expression yields synaptic mutant pheno-
types similar to those observed with the Comm(2PY3AY) or
the Comm(10K3R) mutant. The most obvious defect is the

abnormal innervation patterns seen at muscles 12 and 13
(ectopic boutons/collaterals innervating muscle 13; Fig. 7C and
D), observed at a frequency of �21% (compared to 6% for the
UAS-dNedd4RNAi and 7% for the �/24B-GAL4 controls) (Ta-

FIG. 5. Monoubiquitination of mutant comm restores Comm endocytosis and normal synaptogenesis. (A) Vesicular distribution of GFP-tagged
Comm(2PY3AY-monoUb) and Comm(10K3R-monoUb) (right panels). The left panel depicts an example of plasma membrane local-
ization of Comm(10K3R); (B) expression of Comm(2PY3AY-monoUb) in UAS-comm2PY3AY-monoUb/24B-GAL4 larvae; (C) expression of
Comm(10K3R-monoUb) in UAS-comm10K3R-monoUb/24B-GAL4 larvae. Scale bars, 10 �m. (D and E) Lack of innervation defects in (D) UAS-
comm2PY3AY-monoUb/24B-GAL4 and (E) UAS-comm10K3R-monoUb/24B-GAL4. Note the normal innervation pattern of the comm mutants fused
to monoUb. The right-hand images in each panel depict the fluorescent (confocal) image overlaid onto a differential interference contrast image
of the muscle. Dashed white lines represent the border separating muscles 12 and 13.
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FIG. 6. Knockdown of dNedd4 in S2 cells and in embryos and larvae overexpressing UAS-dNedd4RNAi. (A) Expression of endogenous dNedd4
and its splice variant dNedd4(long) in lysates of daughterless-GAL4 (da-GAL4) embryos and knockdown of these variants in three separate lines
(24A, 32B, and 44A; integrated on chromosomes X, III, and II, respectively) at 29°C (left panel). Lysate from S2 cells, which express endogenous
dNedd4, is shown as well. The right panel demonstrates knockdown of dNedd4 by RNAi at 29°C but not at 25°C. (B) dNedd4 knockdown is
maintained during the third-instar (L3) larval stage as well. The middle panel depicts endogenous expression of dNedd4 and dNedd4(long) in
wild-type Oregon R (OreR) larval muscles. The right panel depicts knockdown of dNedd4 in larval muscle following expression of UAS-
dNedd4RNAi driven by 24B-GAL4 (at 29°C). Densitometry analysis of the bands in the figure reveals almost complete knockdown of dNedd4 and
�40% knockdown of dNedd4(long) relative to the actin controls. This experiment was repeated three times with similar results. (C) Knockdown
of endogenous dNedd4 in S2 cells. Transfected dNedd4(long) and endogenous dNedd4 are shown in the left lane as controls. The middle panel
shows that knockdown of dNedd4 with RNAi leads to increased amounts of Comm. The bottom panel shows accumulation of Comm at the plasma
membrane of S2 cells following knockdown of endogenous dNedd4 with RNAi. There was an �5-fold increase (n � 360) in the frequency of cells
that accumulate Comm following treatment with dNedd4-RNAi relative to controls. (D) Schematic representation of dNedd4 and dNedd4(long),
with the arrow pointing to the region shared by these two splice isoforms that is recognized by the anti-dNedd4 antibodies. (E) Flies heterozygous
for dNedd4 (�/�) express reduced amounts of endogenous dNedd4 relative to control (�/�) flies.
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[dNedd4(C3A] during embryonic development, leads to muscle innervation defects along the SNb branch. Confocal analysis of Cy3 anti-HRP
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in panels B, C, and F. Arrows indicate abnormal branching in panels D and G. Crosses were grown at 29°C.
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ble 2). Another occasionally observed defect is abnormal
branching of the nerve-innervating muscle 12 (Fig. 7D, ar-
rows). The abnormal innervation pattern of muscles 12 and 13
seen in larval muscle likely originated earlier during embryonic
development, as it can already be detected in muscles of stage
17 embryos (Fig. 8A to C). Interestingly, as apparent from Fig.
8D, these innervation defects correlated with increased accu-
mulation of endogenous Comm at the surface of muscles of
embryos in which dNedd4 was knocked down by RNAi at 29°C
(where dNedd4 knockdown is observed) but not at 25°C
(where knockdown is not seen [Fig. 6A]). In support of the
dNedd4-RNAi findings, reduction in half of the endogenous
dNedd4 in dNedd4/� heterozygotes, kindly provided by S.
Hayashi (40) (Fig. 6E), led to defects in muscle synaptogenesis
similar to those seen with knockdown of dNedd4 with RNAi
(Fig. 7E; Table 3), although at a lower frequency, likely due to
the smaller reduction of dNedd4 levels in the dNedd4/� em-
bryos relative to dNedd4-RNAi (Fig. 6). (The dNedd4 null is
lethal and could not be analyzed.) Note how the dNedd4/�
phenotypes in Fig. 7F (ectopic boutons on muscle 13) and G
(abnormal branching) recapitulate the dNedd4-RNAi pheno-
types observed in Fig. 7C and D, respectively.

Taken together, these results demonstrate that reduced ex-
pression of dNedd4 by RNAi (or heterozygosity) in muscles
innervated by the SNb nerve branch causes synaptogenesis
defects similar to those seen in the Comm 2PY3AY or
10K3R mutants and is correlated with increased frequency of
Comm accumulation at the muscle surface.

(ii) Overexpression of catalytically inactive dNedd4(C3A)
in the muscle results in synaptic defects similar to those seen
with dNedd4-RNAi. Figure 1C shows that a catalytically inac-
tive dNedd4(C3A), bearing a Cys-to-Ala mutation in the con-
served Cys of the Hect domain, is unable to ubiquitinate
Comm, and moreover, it diminishes ubiquitination by endog-
enous dNedd4 in S2 cells, stabilizing Comm (Fig. 1D) and
hence acting in a dominant-negative fashion. Therefore, over-
expression of dNedd4(C3A) in Drosophila muscles is ex-
pected to interfere with Comm ubiquitination by endogenous
dNedd4. This could be functionally similar to knockdown of
endogenous dNedd4 by RNAi. As seen in Fig. 7B and Fig. S4
in the supplemental material, analysis of animals that overex-
press dNedd4(C3A) in the muscles reveals synaptic defects
comparable to those seen with dNedd4-RNAi knockdown, dem-
onstrating aberrant innervation patterns at muscles 12 and 13.
These abnormalities are quantified in Table 4, which demon-

strates �18% abnormal innervation of muscles 12 and 13 in flies
overexpressing mutant dNedd4(C3A) (UAS-dNedd4C3A/24B-
GAL4) relative to �3% and 5% defects in the UAS-dNedd4C3A

and �/24B-GAL4 controls.
Collectively, these results suggest that reduction in dNedd4

levels or interference with its catalytic activity lead to similar
muscle innervation defects, which are also similar to those seen
with Comm mutants that cannot bind dNedd4 or become ubiq-
uitinated.

DISCUSSION

Earlier work had demonstrated that endocytosis of Comm is
a necessary step for the initiation of neuromuscular synapto-
genesis (55). Our work here demonstrates that binding to and
ubiquitination of Comm by dNedd4 is a key determinant for
Comm endocytosis into muscles, permitting initiation and
proper synaptogenesis.

Muscle innervation defects caused by overexpression of
Comm(2PY3AY) or Comm(10K3R) mutants or reduction of
dNedd4 levels/function. The genetic data presented in this
paper demonstrate that overexpression of mutants Comm
(2PY3AY) and Comm(10K3R), catalytically inactive dNedd4
(C3A), or reduced dNedd4 function due to RNAi or hetero-
zygosity result in similar synaptic phenotypes, with striking
defects observed on muscles 12 and 13, where synaptic boutons
are easily visible (43, 48, 50). These muscles, as well as muscles
6 and 7, are normally innervated by the SNb nerve branch. In
the above mutants, the motoneurons that target muscle 12
make inappropriate branches that innervate muscle 13 or even
the distant muscle 6 (Fig. 4 and 7) (see Fig. S3 and S4 in the
supplemental material) (data not shown). Other defects in-
clude bypass of muscle 13 or growth cones stalling short of
target muscle 12 or 13. This indicates that failure to remove
Comm from the cell surface due to impaired dNedd4 binding
or function (i.e., ubiquitination) can cause defects in synapto-
genesis. These aberrant phenotypes were exclusively observed
when mutant Comm overexpression or dNedd4-RNAi was
driven by 24B-GAL4, which drives expression early in muscle
embryogenesis, because overexpression of the Comm mutants
by the Mhc-GAL4 driver, which expresses later in development
(first- to third-instar larvae), caused no visible innervation de-
fects.

The ISN pathway also showed some abnormalities in flies
expressing the Comm mutants or reduced levels/function of
dNedd4 (data not shown), but these were rare and more dif-
ficult to score. In particular, the innervation of the distal edge
of muscle 2 by a neuron at the terminal end of the ISN pathway
was abnormal compared to the expected innervation pattern of
the terminal ISN arbor (16, 58). These abnormalities, seen less
frequently in the ISN than the SNb pathways, are consistent
with those seen previously in comm-deficient flies or those
lacking the Comm C terminus (55).

The early observation that both Comm lacking its C termi-
nus (including the PY motifs) and comm-null flies show similar
synaptogenesis defects prompted the suggestion that Comm
controls another (or other) negative mesodermal regulator(s)
(55). Since an extensive body of work has demonstrated that
Comm collaborates with Robo to control axon midline crossing
in the CNS, it is possible that Robo is also involved in regu-

TABLE 2. Frequency of ectopic innervation or pathfinding errors
of the SNb nerve branch onto muscles 12 and 13 in larvae

knocked down for dNedd4 with RNAi

Genotype n

Frequency of
abnormal

innervationa

(%)

UAS-dNedd4RNAi/24B-GAL4 160 21.3b

UAS-dNedd4RNAi (control 1) 100 6.0
�/24B-GAL4 (control 2) 181 7.2

a P values determined by Fisher’s exact test (two-tailed) were the following:
versus control 1 (UAS-dNedd4RNAi), P � � 0.0007; versus control 2 (�/24B-
GAL4), P � � 0.0002; control 1 versus control 2, P � � 0.8076.

b Significance was at the P � 0.05 level with respect to both controls.
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lating muscle synaptogenesis. Indeed, our initial work revealed
synaptogenesis defects in robo1/� or robo2/� larvae that ex-
press half the dose of these Robo proteins. Interestingly, these
defects were suppressed upon simultaneously halving Robo
and Comm levels (in robo2/�; comm/� double heterozygous
larvae) (see Fig. S5 in the supplemental material), suggesting
genetic interactions between these proteins that affect neuro-
muscular synaptogenesis. Future studies are needed to inves-
tigate the exact role of the different Robo proteins in regulat-

FIG. 8. Detection of muscle innervation defects along the SNb branch in embryos following knockdown of dNedd4 by RNAi. (A to C)
Innervation defects on muscles 12 and 13 in UAS-dNedd4RNAi/24B-GAL4 stage 17 embryos grown at 29°C. Arrow in the boxed areas depict stalling
of innervation of muscle 12 compared to normal innervation patterns shown below (arrowheads). (A) Confocal image; (B) DIC image; (C) overlay
of the two images. (D) Confocal images (overlaid on a differential interference contrast image) of muscles from stage 17 embryo grown at 25°C (left) or
29°C (right) and immunostained with anti-Comm-ECD. Note the intracellular (intramuscle) distribution of endogenous Comm at 25°C (where there is
no knockdown of dNedd4) and surface accumulation of Comm at 29°C (where dNedd4 is knocked down). Scale bars, 10 �m in panel A and 5 �m in
panel D.

TABLE 3. Frequency of ectopic innervation or pathfinding errors
of the SNb nerve branch onto muscles 12 and 13 in

dNedd4/� heterozygous larvae

Genotype n

Frequency of
abnormal

innervation
(%)

y w; �; dNedd4T119FS/� 210 12.9
y w1118 (control) 174 7.4
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ing synaptogenesis, including the elucidation of their
developmental and spatial pattern of expression and their pu-
tative genetic and biochemical interactions with Comm and
dNedd4 during muscle development.

Regulation of Comm endocytosis. Earlier work (55) has
demonstrated that the C terminus of Comm is necessary for
Comm endocytosis and muscle synaptogenesis and proposed
that a YxxL sequence present within the C terminus (Fig. 1A)
may be responsible for the effect. The Yxx-hydrophobic motif
is a well-characterized sequence known to bind to �2 of AP-2,
a complex involved in clathrin-mediated endocytosis (3, 33).
Our results, however, suggest that binding to a ubiquitin ligase
(dNedd4) and the ensuing ubiquitination of Comm (also oc-
curring at its C terminus) are likely the major determinants of
Comm endocytosis. This conclusion is based on our observa-
tion that overexpression in muscles of UAS-comm mutants that
lack the dNedd4 binding sites or ubiquitin acceptor sites but
retain an intact YxxL motif are not internalized and show
defects in muscle innervation (primarily in the SNb pathway)
similar to those seen by Wolf et al. (55) when the whole C
terminus was deleted. This suggests that like several other
transmembrane proteins, cell surface stability of Comm is reg-
ulated by ubiquitination. Moreover, monoubiquitination ap-
pears sufficient for Comm endocytosis, bypassing the require-
ment for interaction with and ubiquitination by dNedd4.
Future work is needed to determine whether the increased cell
surface accumulation of Comm(2PY3AY) or Comm(10K3
R) is due to reduced internalization, increased recycling, or
both.

Our work here detects the presence of Comm at the plasma
membrane and in various endocytic vesicles at different mat-
uration stages, including early/recycling endosomes. Impor-
tantly, using antibodies to the ectodomain of Comm, we clearly
demonstrate that a substantial amount of WT Comm found in
endosomes of S2 cells originated from the plasma membrane,
and moreover, we show that WT Comm accumulates at the
muscle surface of shibire mutants at the nonpermissive tem-
perature when internalization of PM proteins is blocked. This
would argue that unlike the behavior of ectopically expressed
Comm in mammalian cells (23) where it is not naturally ex-
pressed (Comm is unique to flies), much of the Comm ex-
pressed in fly cells/tissues, including muscle, is likely endocy-
tosed from the plasma membrane. This does not preclude the
possibility that Comm targeting to the PM can, in addition, be
regulated also by sorting from the TGN (23), as seen, for

example, in the case of the Gap1 permease in yeast, where
Rsp5 (the yeast homologue of dNedd4) and ubiquitination can
regulate both Gap1 internalization (9) and its sorting to mul-
tivesicular bodies from the TGN (12, 44). Indeed, Drosophila
Nedd4 family members were recently demonstrated to regu-
late both endocytosis and sorting of Notch (40, 54).

While our earlier work demonstrated the involvement of
dNedd4 in regulating CNS axon midline crossing by regulating
stability of the Comm/Robo complex (32), a recent report by
Keleman et al. (24) suggests that dNedd4 and ubiquitination of
Comm are not involved in that process. Although the possible
reason(s) for the discrepancy in results is not yet known, it is
possible that Comm regulation during CNS midline crossing
and synaptogenesis is different. The inability of Keleman et al.
(24) to detect Comm ubiquitination may be the result of their
use of mammalian Cos7 cells, which do not express dNedd4,
while we used Drosophila S2 cells that express it endogenously.
Of note, dNedd4 possesses a high-affinity WW domain
(WW3*) that is required for high-affinity interaction with
Comm and likely for its ubiquitination (13, 18).

Loss of dNedd4 binding to Comm and Comm ubiquitination
in the muscle reduces viability. The UAS-comm(2PY3AY)
and UAS-comm(10K3R) larvae showed a temperature-depen-
dent reduction in viability, with some surviving at 21 to 25°C
but none at 29°C (the GAL4/UAS expression system is tem-
perature sensitive). The cause of death is unknown, but the
larvae appear to be sluggish in their locomotion, possibly due
to loss of proper muscle innervation. This lethality was “res-
cued” in the UAS-comm(2PY3AY-monoUb) and UAS-
comm(10K3R-monoUb) larvae, in accord with prevention of
the synaptogenesis defects in these flies. All the UAS-
dNedd4RNAi/24B-GAL4 and the UAS-dNedd4C3A/24B-GAL4
flies were viable at RT and 29°C. This is not surprising given
that the RNAi leads to only a partial removal of dNedd4
from the muscle, and likewise, the catalytically inactive dNedd4
(C3A) acts in a dominant-negative fashion, which may not com-
pletely ablate function of the endogenous dNedd4. In support,
dNedd4/� heterozygotes, expressing half the normal levels of
dNedd4, were viable.

Summary. Comm was previously proposed as a regulator of
synaptogenesis that needs to be removed from the muscle cell
surface prior to motoneuron innervation (55). Our work here
suggests that this removal is achieved by binding of Comm to
the ubiquitin ligase dNedd4 and by ubiquitination of Comm to
promote its endocytosis. Thus, we conclude that dNedd4 is a
positive regulator of synaptogenesis.
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