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A neuronal F-box protein FSN-1 regulates Caenorhabditis

elegans neuromuscular junction development by nega-

tively regulating DLK-mediated MAPK signalling. In the

present study, we show that attenuation of insulin/IGF

signalling also contributes to FSN-1-dependent synaptic

development and function. The aberrant synapse morpho-

logy and synaptic transmission in fsn-1 mutants are

partially and specifically rescued by reducing insulin/

IGF-signalling activity in postsynaptic muscles, as well

as by reducing the activity of EGL-3, a prohormone con-

vertase that processes agonistic insulin/IGF ligands INS-4

and INS-6, in neurons. FSN-1 interacts with, and potenti-

ates the ubiquitination of EGL-3 in vitro, and reduces the

EGL-3 level in vivo. We propose that FSN-1 may negatively

regulate insulin/IGF signalling, in part, through

EGL-3-dependent insulin-like ligand processing.
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Introduction

In both invertebrate and vertebrate nervous systems, insulin

signalling has been implicated in synapse development,

function and plasticity. Insulin stimulates the clustering of

neurotransmitter receptors in mammalian neuron cultures

(Man et al, 2000; Mielke and Wang, 2005), and potently

inhibits the firing of specific groups of hypothalamus neurons

(Plum et al, 2006; Klockener et al, 2011). In C. elegans,

insulin/IGF signalling has been implicated in chemotaxis

(Tomioka et al, 2006), thermotaxis (Murakami et al, 2005)

and learning (Lin et al, 2010; Chen et al, 2012). Reducing

insulin signalling in the retinotectal neurons of Xenopus

tadpoles leads to a drastic decrease in the number

of glutamatergic synapses and a reduced response to

light stimuli (Chiu et al, 2008). Impaired insulin and IGF-

signalling-mediated synaptic dysfunction has been further

implicated in neurological disorders, including Alzheimer’s

disease (Gault and Holscher, 2008; De Felice et al, 2009; Lee

et al, 2009) and Rett Syndrome (Liao and Xu, 2009; Tong et al,

2009; Tropea et al, 2009). In C. elegans, insulin/IGF signalling

also affects neuronal aging (Pan et al, 2011; Tank et al, 2011;

Toth et al, 2012). However, how insulin/IGF-signalling

activity is regulated to affect the nervous system develop-

ment and function remains unknown.

Molecular components of the C. elegans and mammalian

insulin/IGF-signalling pathways exhibit a remarkable degree

of conservation (reviewed in Mukhopadhyay et al, 2006;

Kleeman and Murphy, 2009; Kaletsky and Murphy, 2010;

Kenyon, 2010). The canonical insulin/IGF-signalling cascade

in C. elegans, essential for viability, involves a single insulin/

IGF-like receptor tyrosine kinase (InR) DAF-2 (Kenyon et al,

1993; Kimura et al, 1997), and the sequential activation of the

phosphoinositide-3 (PI-3) kinase AGE-1 (Morris et al, 1996),

the PI-3-dependent kinase PDK-1, and two serine/threonine

kinases AKT-1 and AKT-2 (Paradis and Ruvkun, 1998; Paradis

et al, 1999). One of the main downstream effectors of insulin/

IGF signalling is the Forkhead (FOXO) transcription factor

DAF-16 (Ogg et al, 1997; Lee et al, 2001; Lin et al, 2001).

Activation of insulin/IGF signalling results in the

phosphorylation of DAF-16, preventing its translocation to

the nucleus and inhibiting its activity as a transcriptional

regulator in diverse biological processes including the

activation of alternative development programme, meta-

bolism, longevity, immunity, stress response and aging

(Riddle et al, 1981; Kenyon et al, 1993; Lee et al, 2003;

Berdichevsky et al, 2006; Landis and Murphy, 2010; Pan

et al, 2011; Tank et al, 2011; Chen et al, 2012; Toth et al, 2012).

The C. elegans genome encodes 40 insulin/insulin-like

secreted peptides (Pierce et al, 2001; Li et al, 2003,

www.wormbase.org). They are the putative DAF-2/InR

ligands to regulate processes described above. Specifically,

they may function as either DAF-2/InR agonists or antagonists

(Pierce et al, 2001; Li et al, 2003) to regulate dauer formation,

an alternative developmental programme activated under

unfavourable environmental conditions (Riddle et al, 1981;

Golden and Riddle, 1982; Pierce et al, 2001). The maturation

of mammalian insulin involves sequential processing of a

precursor by multiple prohormone convertases (PCs) (Orci

et al, 1987; Malide et al, 1995). The processing events and

responsible enzymes that lead to the maturation of C. elegans

insulin/IGF ligands, however, remain unknown.
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Previously, we identified an F-box protein, FSN-1, as a

partner of the C. elegans PHR protein RPM-1 to regulate

neuromuscular junction (NMJ) development (Liao et al,

2004). FSN-1 and RPM-1 are components of an

evolutionarily conserved E3 ubiquitin ligase complex that

regulates neurite outgrowth and synapse development

(Liao et al, 2004; Wu et al, 2007; Saiga et al, 2009; Po et al,

2010). fsn-1 and rpm-1 mutants share similar synapse

morphology defects, where GABAergic NMJs exhibit both

over- and under-growth. Loss-of-function mutants for

the Drosophila orthologs of RPM-1 and FSN-1, Hiw and

DFsn, respectively, exhibit similar synaptic overgrowth

and synaptic transmission defects at glutamatergic NMJs

(Wu et al, 2007). Similarly, knockout mice for the

vertebrate homologue of FSN-1/DFsn, Fbxo45, exhibit

phenotypes reminiscent of the Phr1� /� mice, including

respiratory failure at birth and a reduction of axon tracks in

the CNS (Burgess et al, 2004; Bloom et al, 2007; Lewcock

et al, 2007; Saiga et al, 2009).

Several signalling pathways exhibit genetic or biochemical

interactions with the PHR and Fbxo45 E3 ligases (reviewed

in Po et al, 2010). Among them, the MAPKKK kinase

DLK-1/Wallenda is a conserved target of the PHR-mediated

ubiquitination and degradation. C. elegans DLK-1 and

the downstream p38 MAPK signalling is negatively

regulated by RPM-1 during synapse development (Nakata

et al, 2005). In Drosophila, Wallenda, and its effector JNK/

Basket, was identified as genetic suppressor of both Hiw and

Dfsn (Collins et al, 2006). Consistent with these findings,

fsn-1 defects are suppressed by mutations in the p38 MAPK

pathway, similar to rpm-1 mutants (this study). p38 MAPK

activity is also elevated in the developing growth cones

of Phr� /� - embryonic motor neuron cultures (Lewcock

et al, 2007).

MAPK mutants exert a robust, but incomplete rescue of the

phenotypes of rpm-1 and Hiw mutants (Nakata et al, 2005;

Collins et al, 2006). The levels of DLK family kinases do not

exhibit obvious changes in Phr� /� or Fbxo45� /� mouse

mutants (Saiga et al, 2009), implying the presence

of additional targets for these E3 ligases. In this regard,

human PHR/PAM ubiquitinates TSC2 and negatively

regulates mTOR signalling in cultured neurons (Murthy

et al, 2004; Han et al, 2008). Similarly, the functional loss

of the zebrafish PHR, Esrom, leads to defective commissural

axon outgrowth that coincides with an increased mTOR

signalling (Hendricks et al, 2008).

Here, we report that at C. elegans NMJs, attenuation of

insulin/IGF signalling also contributes to FSN-1-mediated

synaptic development and function. We show that fsn-1

mutants exhibit defective synaptic morphology and transmis-

sion at NMJs, and both defects were robustly, although not

fully, rescued by reducing the insulin/IGF-signalling activity.

The effect is specific because reducing the insulin/IGF-signal-

ling activity did not lead to significant suppression of rpm-1.

We further demonstrate that EGL-3 is a C. elegans PC that

processes multiple neuronal insulin/IGF ligands, and is a

component of the insulin-signalling pathway that modifies

the fsn-1 synaptic defects. FSN-1 can physically interact with

EGL-3, leading to EGL-3 ubiquitination in vitro. FSN-1 also

reduces EGL-3 level in vivo. We propose that in addition

to MAPK signalling, FSN-1 may also affect NMJ development,

in part, through attenuation of insulin/IGF signalling.

Results

fsn-1 mutants exhibit aberrant NMJ development

C. elegans motor neurons form en passant cholinergic and

GABAergic NMJs. Using a fluorescent marker for GABAergic

synapses, we previously identified a neuronal F-box protein

FSN-1 that regulates the morphology of NMJs (Liao et al,

2004). GABAergic NMJs were visualized in vivo by either

pre- or postsynaptic markers, juIs1 (Punc-25-SNB-1::GFP) and

oxIs22 (GABAR::GFP), respectively, as evenly spaced and

discrete fluorescent puncta along the nerve processes

(Figure 1B, Supplementary Figure S1A). In fsn-1 null alleles,

both pre- (SNB-1::GFP, Figure 1C) and postsynaptic

(GABAR::GFP, Supplementary Figure S1A) markers for

GABAergic NMJs exhibited a similar aberrant clustering of

fluorescent puncta, accompanied by extended regions devoid

of fluorescent signals. These changes resulted in a 43%

decrease of the GABAergic NMJ number in fsn-1 mutants

(Figure 1H), while remaining GABAergic NMJs exhibited a

broader size distribution (Supplementary Figure S2D).

Morphological changes exhibited by these synaptic

markers reflect a general NMJ morphology abnormality in

fsn-1 mutants. Immunofluorescent staining for endogenous

GABA receptors (UNC-49) revealed a similar alteration in

the NMJ morphology in fsn-1 animals. Unlike wild-type

GABAergic NMJs, where the apposing pre- (SNB-1::GFP)

and postsynaptic (GABAR/UNC-49) termini appeared round

and even-sized, in fsn-1 animals, GABAR/UNC-49 signals

became unevenly distributed, with large clusters associating

with aberrantly clustered presynaptic SNB-1::GFP signals

(Supplementary Figure S1A). Similarly, the morphology of

cholinergic NMJs, examined by co-immunofluorescent stain-

ing of endogenous pre- (VAChT/UNC-17) and postsynaptic

(AChR/UNC-38) proteins, also exhibited correlated, uneven

distribution when compared to that of wild-type animals

(Supplementary Figure S1B).

The aberrant NMJ morphology in fsn-1 animals was

confirmed by serial electron microscopy section, tracing and

reconstruction of 17mm (wild-type) and 38mm (fsn-1)

GABAergic (Figure 1K) and cholinergic (Supplementary

Figure S3A) motor neurite length (Materials and methods).

Wild-type adults exhibited regularly relatively spaced

GABAergic NMJs (arrows, Figure 1K; 15 synapses) and choli-

nergic NMJs (arrows, Supplementary Figure S3A; 18 synapses),

shown as abrupt swellings filled with synaptic vesicles along

motor neuron axons. In fsn-1 animals, similar to those

observed in rpm-1 (Zhen et al, 2000), both GABAergic

(Figure 1K; 11 synapses) and cholinergic (Supplementary

Figure S3; 15 synapses) motor neurons exhibited aberrantly

large and small synapses that resulted in a broader distribution

of synapse volume (Figure 1L, Supplementary Figure S3B).

fsn-1 mutants exhibit reduced spontaneous synaptic

transmission frequency at NMJs

We examined the efficacy of synaptic transmission at

NMJs by electrophysiology recording of the postsynaptic

currents in the body wall muscles (Richmond and

Jorgensen, 1999; Mellem et al, 2008; Gao and Zhen, 2011).

Under our recording condition, the overall frequency of the

spontaneous, miniature synaptic vesicle release events

(mPSC) from both cholinergic and GABAergic NMJs

(Materials and methods) was drastically reduced (B7Hz
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in fsn-1 mutants versus B50Hz in wild-type animals)

(Figure 2A). Excitatory (ePSC) and inhibitory (iPSC) minia-

ture events contributed roughly equally to mPSC frequency

(Hu et al, 2011; Hao et al, 2012). This indicates that the

reduced mPSC frequency in fsn-1mutants was contributed by

both cholinergic and GABAergic motor neurons (Figure 2A).

Consistently, while restoration of FSN-1 expression

panneurally in fsn-1 mutants led to a full rescue of the

Figure 1 Reduced insulin/IGF signalling suppresses fsn-1 synaptic defects. (A) A schematic representation of the canonical insulin/IGF
pathway in C. elegans. (B–G) Representative presynaptic GABAergic NMJ morphology in animals of indicated genotypes visualized by a
GABAergic SNB-1::GFP vesicle marker. Wild-type (B), daf-2 (D) and daf-16 (E) animals showed evenly spaced and round signals; fsn-1mutants
exhibited clustered synapses (arrows) with uneven spacing (arrowheads) (C). daf-2 fsn-1 showed improved morphology and spacing (F).
When DAF-2 expression was restored panneurally (F0), presynaptic morphology was unaltered (F0), whereas restoring DAF-2 expression in the
body wall muscles (F0 0) reverted the synaptic morphology to that of fsn-1 (F0 0). daf-16; daf-2 fsn-1 animals showed identical synapse defects as
fsn-1 animals (G). The presynaptic morphology was unchanged when DAF-16 was restored panneurally (G0), but was reverted to that of daf-2
fsn-1 when DAF-16 was restored in muscles (G0 0). (H–J) Quantification of the total number of dorsal SNB-1::GFP puncta. Transgenic (þ ) and
non-transgenic (� ) progenies from the same daf-2 fsn-1(I) and daf-16; daf-2 fsn-1 parent (J) were compared. ***Po0.001 by Tukey–Kramer
comparison test, N¼ 15 animals. (K, L) Serial EM reconstruction of the dorsal GABAergic neuron axons in wild-type, fsn-1 and daf-2 fsn-1
animals. Each line represents the morphology of a reconstructed motor neuron axon with en passant NMJs as swellings (K). In fsn-1 animals,
abnormally large synapses (arrows) were observed. (L) Scatter plot shows the distribution of synapse volume of respective genotypes.
N, total number of synapses analysed for each genotype; length of axon analysed (in mm) was calculated from total number of sections of EM
micrograph from samples of the same genotype. **Po0.001; *Po0.01; NS, P40.05 by Student’s t-test.
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mPSC frequency (Figure 2A), an expression of FSN-1 in

cholinergic (Pacr-2) or GABAergic (Punc-25) motor neurons

alone partially improved mPSC frequency. Thus, FSN-1 can

function through both GABAergic and cholinergic motor

neurons to increase the mPSC frequency.

The mean amplitudes of mPSC (Figure 2B) were unaffected

in fsn-1 mutants. The evoked excitatory postsynaptic

currents (EPSCs) (Figure 2C) were also indistinguishable

between fsn-1 and wild-type animals. This is consistent

with fsn-1 animals exhibiting grossly normal locomotion.

Together, these results suggest a compromised NMJ matura-

tion for a fraction of NMJs in fsn-1 mutants. While

the synaptic function is compromised at some NMJs

of fsn-1 mutants, there are likely robust compensatory

Figure 2 Spontaneous synaptic release defects in fsn-1 animals are rescued by a partial functional loss of DAF-2/InR. (A) Representative traces
of mPSC of wild-type animals and fsn-1 animals expressing FSN-1 from panneural (Prgef-1), GABAergic (Punc-25) or cholinergic (Pacr-2)
promoters. (B) Scatter plot of the mean mPSC frequency (top panel) and amplitude (bottom panel) of these animals. (C) Scatter plot of the
mean EPSC amplitude of the same animals. (D) Representative mPSC traces of wild-type, fsn-1, daf-2, daf-2 fsn-1, daf-16 and daf-16; daf-2 fsn-1
animals. (E) Scatter plot of the mean mPSC frequency (top panel) and amplitude (bottom panel) of these animals. (F) Scatter plot of the mean
EPSC amplitude of the same animals. Numbers in brackets indicate the number of animals recorded for each genotype. *Po0.05, **Po0.001
by Mann–Whitney two-tail test.
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mechanisms in C. elegans that allow relatively wild-type

locomotion in fsn-1 animals.

Reducing insulin/IGF signalling improves the NMJ

morphology of fsn-1 mutants

Synaptic defects exhibited by the fsn-1 E3 ligase mutants

reflect the consequence of the hyperactivation of signalling

pathways that are negatively regulated by FSN-1. Decreasing

such signalling activities when the FSN-1 E3 ligase function is

compromised should result in partial, or full, restoration of

synaptic morphology and/or transmission defects exhibited

by fsn-1. The DLK kinase, and the downstream MAPK

signalling, was uncovered as a target, and signalling

event negatively regulated by the Phr E3 ligase through this

approach (Nakata et al, 2005; Collins et al, 2006).

To identify additional signalling pathways that contribute

to synapse development in a FSN-1-dependent manner, we

examined genetic interactions between fsn-1 and several

signalling mutants, including those for DAF-2 (insulin/IGF),

DAF-4 (TGF-b), CAM-1(ROR/Wnt), EGL-15(FGF), LET-

23(EGF) and VAB-1(Eph). daf-2 was identified as the only

robust suppressor of fsn-1. DAF-2, the sole insulin/IGF

receptor in C. elegans, is essential for embryonic and larval

development (Kenyon et al, 1993; Kimura et al, 1997). The

canonical, partial loss-of-function daf-2(e1370ts) allele is

viable, and exhibited no observable defects in NMJ

morphology (Figure 1D). However, the daf-2 mutation

robustly suppressed NMJ defects exhibited by fsn-1 mutants.

To bypass developmental arrest, daf-2(e1370ts)fsn-1 mutants

were maintained under permissive temperature until the L4

larval stage, and phenotype analysed in adults (Materials and

methods). At GABAergic NMJs, daf-2 fsn-1 mutants exhibited

a significant increase in the presynaptic SNB-1::GFP number

(to B90% of the wild-type level) (Figure 1H), and

an improved morphology, where they appear discrete and

even-sized (Figure 1F). Concomitantly, in daf-2 fsn-1

mutants, the number of postsynaptic GABAR::GFP clusters

was increased and the morphology became more uniform

(Supplementary Figure S1). The restored, more evenly sized

and distributed cholinergic and GABAergic NMJs in daf-2

fsn-1 animals was further confirmed by the expression pat-

terns of endogenous GABAR/UNC-49, VAChT/UNC-17 and

AChR/UNC-38 (Supplementary Figure S1), as well as by EM

reconstruction (Figure 1K and L, 14 GABAergic NMJs;

Supplementary Figure S3, 14 Cholinergic NMJs). Two addi-

tional daf-2 conditional alleles (m577ts and e1368ts) also

showed partial rescue of fsn-1’s GABAergic synapse defect,

but to a less degree than e1370 (Supplementary Figure S4).

Both are weaker alleles for the constitutive dauer phenotype

(Gems et al, 1998; Supplementary Figure S4); their effect on

fsn-1 synaptic defects thus correlated with the degree of DAF-

2’s functional loss (Supplementary Figure S4). The canonical

daf-2 allele was used for the rest of the study.

Activation of DAF-2/InR triggers the sequential activation

of PI-3 kinase AGE-1, PI-3-dependent kinase PDK-1, and

functionally redundant kinases AKT-1 and AKT-2 (Kenyon

et al, 1993; Morris et al, 1996; Kimura et al, 1997; Paradis

and Ruvkun, 1998; Paradis et al, 1999). Like DAF-2, AGE-1

and PDK-1 are essential during development. Viable, partial

loss-of-function age-1 and pdk-1 mutants also exhibited a

partial suppression of the reduced synapse number and

aberrant synapse morphology in fsn-1 (Supplementary

Figure S2B and C). fsn-1; akt-1 and fsn-1; akt-2 animals

only exhibited moderately increased synapse number

(Supplementary Figure S2C); but we did not test the effect

of akt-1; akt-2 due to their requirement for viability (Paradis

and Ruvkun, 1998).

The canonical activation of insulin/IGF signalling ulti-

mately leads to the phosphorylation and inhibition of the

FOXO transcription factor DAF-16 (Ogg et al, 1997; Lee et al,

2001; Lin et al, 2001). daf-2-mediated suppression of fsn-1

synaptic morphology defects requires DAF-16. daf-16(mu86),

a deletion allele that affects all known daf-16 isoforms

(Lin et al, 2001), did not exhibit overt NMJ defects

(Supplementary Figures S1 and S2C). The loss of daf-16,

however, reverted daf-2-mediated suppression. daf-16; daf-2

fsn-1 triple mutants reverted to a phenotype fully resembling

fsn-1 animals: the number of GABAergic pre- (SNB-1::GFP,

Figure 1H) and postsynaptic (GABAR::GFP, Supplementary

Figure S1A) markers were reduced; endogenous GABAergic

and cholinergic synaptic proteins became unevenly distribu-

ted (Supplementary Figure S1).

DAF-2/DAF-16-signalling cascade-mediated modification

of synapse phenotype is specific for fsn-1 mutants. While

rpm-1 mutants exhibit similar characteristic synaptic defects

as fsn-1 animals, daf-2; rpm-1 animals did not exhibit

significant improvement in NMJ morphology (Figure 8A).

These results argue against insulin/IGF signalling being a

general modifier of synapse development, but rather, are

in favour of a possibility that a failure in attenuation

of insulin/IGF signalling contributes more specifically to the

NMJ defects of fsn-1 mutants.

Reducing insulin/IGF signalling increases mPSC

frequency of fsn-1 mutants

Improved NMJ morphology in daf-2 fsn-1 animals also

coincided with a partial increase of mPSC frequency

by electrophysiology analyses (Figure 2D and E). While the

loss of DAF-16 alone did not affect mPSC frequency, daf-16;

daf-2 fsn-1 animals exhibited a significantly decreased mPSC

frequency, reverting the suppressive effect of daf-2 (Figure 2D

and E). Unlike the case in NMJ morphology, however, the

mPSC frequency of daf-16; daf-2 fsn-1 was not fully reduced

to the fsn-1 level; therefore additional DAF-2 effectors

may also contribute to a reduced mPSC frequency in fsn-1

mutants. Taken together with the NMJ morphology data,

these results imply that an increased canonical insulin/

IGF-signalling activity contributes to synapse defects

associated with the functional loss of FSN-1. Moreover, the

FOXO/DAF-16 transcription factor is a major, but unlikely

the sole, effector of insulin/IGF signalling that modulates

NMJ development and functional maturation.

A postsynaptic requirement for insulin/IGF signalling

during synapse development

Components of the DAF-2/DAF-16-signalling cascade are ubi-

quitously expressed in C. elegans (Kimura et al, 1997; Ogg et al,

1997; Paradis and Ruvkun, 1998; Paradis et al, 1999). To

determine where the DAF-2/DAF-16-signalling cascade exerts

its modulatory effects on fsn-1 phenotypes, we restored DAF-2

or DAF-16 expression by either a panneural (Prgef-1), or a

muscle-specific promoter (Pmyo-3) in daf-2 fsn-1 or daf-16; daf-

2 fsn-1mutants, respectively, and quantified their effects by the

presynaptic GABAergic NMJ marker.

IGF mis-signalling underlies fsn-1 synapse defects
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We constructed a functional DAF-2 mini-gene that fully

rescued daf-2’s dauer defects when expressed pan-tissuely

(Materials and methods; manuscript in preparation).

Panneural expression of the DAF-2 mini-gene in daf-2 fsn-1

animals failed to revert the daf-2-mediated suppression of fsn-1

synapse defects (Figure 1F0). By contrast, expressing DAF-2 in

body wall muscles fully reverted the synapse morphology in

daf-2 fsn-1 to that of fsn-1 mutants (Figure 1F0 0).

Three main DAF-16 isoforms, DAF-16a, DAF-16b and

DAF-16d/f (Kwon et al, 2010; Lin et al, 2001), were tested

for their ability to revert the effect of daf-16(mu86). Restoring

the expression of a functional DAF-16a mini-gene (Materials

and methods; manuscript in preparation), but not other

isoforms, in body wall muscles led to rescued synapse

morphology and increased synapse number, similar to

daf-2 fsn-1 mutants (Figure 1G00 and J; Supplementary

Methods). By contrast, when expressed in the nervous sys-

tem, DAF-16a failed to alter the synaptic morphology and

number in daf-16; daf-2 fsn-1 mutants (Figure 1G0 and J).

Therefore, at the GABAergic NMJ, the DAF-2/DAF-16-

signalling cascade functions in the postsynaptic muscles to

affect synapse development. This contrasts the case for

FSN-1, which is expressed exclusively in the nervous system

and is required in presynaptic neurons to regulate GABAergic

NMJ development (Liao et al, 2004).

A moderate increase in postsynaptic insulin-signalling

activity in fsn-1 mutants

Reducing the postsynaptic DAF-2/DAF-16 signalling

suppresses GABAergic NMJ defects of fsn-1, suggesting

that the loss of fsn-1 function may lead to an increase in

insulin-signalling activity. Since the activation of insulin

signalling prevents DAF-16 nuclear translocation (Ogg et al,

1997), we examined the subcellular localization of muIs71,

a functional DAF-16a::GFP reporter (Lin et al, 2001) in

muscle cells, as an indirect measure for insulin-signalling

activity. DAF-16a::GFP signals were fixed prior to

imaging, since in live animals, they exhibited robust

nuclear translocation during imaging (see Materials

and methods).

At 251C, while we observed muscle nuclear DAF-16::GFP in

490% wild-type animals, only B10% fsn-1 mutants accumu-

lated DAF-16::GFP in muscle nucleus (Figure 3A and B).

muIs71 also expresses detectable level of GFP signals in the

intestine. In the same set of animals, intestinal DAF-16::GFP

signals remained mostly cytoplasmic, and non-distinguishable

between wild-type animals and fsn-1 mutants even at 25 1C
(Figure 3C and D). These observations indicate that the

loss of fsn-1 function coincides with a moderate increase in

insulin-signalling activity in muscle cells. rpm-1 mutants

showed a similar degree of nuclear DAF-16::GFP as wild-type

animal (Figure 3A and B), supporting that RPM-1 does

not function in the same pathway as FSN-1 in affecting

insulin-signalling activity.

INS-4 and INS-6 are neuronal, agonistic DAF-2/InR

ligands

Because both DAF-2 and DAF-16 are required in muscles,

and FSN-1 functions through neurons, we examined the

possibility that FSN-1 attenuates postsynaptic DAF-2/DAF-16

Figure 3 Insulin signalling is increased in fsn-1mutant. (A) Representative confocal images of wild-type (wt), fsn-1(hp1 and gk429) and rpm-1
animals carrying DAF-16::GFP (muIs71) transgene. Arrowheads indicate muscle nuclei with DAF-16::GFP. Animals were cultured at 25 1C and
fixed with paraformaldehyde before imaging. (B) Quantification of animals in Awith nuclear DAF-16::GFP in muscle cells. At least 90 animals
were counted for each strain in a single trial, and experiment was repeated three times. (C) Confocal images of animals with same genotypes as
in A but focusing on DAF-16::GFP in the gut. (D) Quantification of animals in C with gut nuclear DAF-16::GFP. Statistical analysis was done by
Tukey–Kramer comparison test. **P40.001.

IGF mis-signalling underlies fsn-1 synapse defects
WL Hung et al

1750 The EMBO Journal VOL 32 | NO 12 | 2013 &2013 European Molecular Biology Organization



signalling through affecting neuronal insulin/IGF-like ligands

for DAF-2/InR. In this scenario, the loss of function of

agonistic DAF-2 ligands should mimic the suppressive effect

of daf-2 mutants on fsn-1.

We systematically examined the genetic interaction

between fsn-1 and the available 35 deletion mutants for the

40 C. elegans insulin/IGF-encoding genes (Pierce et al, 2001;

Li et al, 2003). None of the double mutants exhibited a

significant rescue of fsn-1 synapse defects (Supplementary

Table S1). This is consistent with the previous finding

that multiple insulin/IGF-like ligands function redundantly

to activate DAF-2 in order to prevent constitutive dauer

formation (Pierce et al, 2001; Li et al, 2003). Indeed, while

the deletion mutant for an insulin-like ligand DAF-28,

daf-28(lf), did not modify the fsn-1 synapse defects

(Supplementary Figure S5), a dominant-negative allele,

daf-28(dm), which constitutively activates dauer formation

through inhibiting multiple ins ligands (Li et al, 2003),

robustly suppressed synaptic morphology defects exhibited

by fsn-1 animals (Figure 4C, Supplementary Figure S5D).

ins-mediated suppression of fsn-1 synapse defect is

dependent on the canonical insulin/IGF signalling:

daf-16; fsn-1; daf-28(dm) animals exhibited similar synaptic

defects as fsn-1.

The large number of ins genes, many of which are tightly

clustered (for example, ins-4, ins-5 and ins-6 are situated

within a 4.7-kb genomic region), makes it difficult to system-

atically examine the effect of double or triple ins mutant

combinations. Overexpression of single ins genes in

daf-28(dm) to revert the constitutive dauer phenotype led

to the identification of a fraction of agonistic DAF-2 ligands

that prevent dauer formation (Li et al, 2003). We took an

analogous approach to identify ins ligands that affect synapse

development and overexpressed all insulin-like ligands

in fsn-1; daf-28(dm) animals. While overexpression of

INS-2, INS-3, INS-4 or INS-6 individually all suppressed

the constitutive dauer phenotype of fsn-1; daf-28(dm)

(Supplementary Figure S5), only INS-4 or INS-6 over-

expression, driven by either a panneural promoter or their

endogenous promoters, reverted the synaptic phenotype

of fsn-1; daf-28(dm) to that of fsn-1 (Figure 4C, D and F,

Supplementary Figure S5).

We determined that INS-4 and INS-6 are expressed by,

and functionally required in, sensory and/or motor neurons

to modify the NMJ morphology of fsn-1; daf-28(dm).

As recently reported (Cornils et al, 2011), Pins-6-RFP signals

were restricted to the ASI sensory neurons under normal

conditions (Figure 4K), and switched to the ASJ sensory

Figure 4 INS-4 and INS-6 are agonistic DAF-2 ligands for synapse development. (A–H) Representative presynaptic morphology of GABAergic
NMJs visualized by the SNB-1::GFP vesicle marker in wild-type (A), fsn-1 (B), fsn-1; daf-28(dm) animals (C) and fsn-1; daf-28(dm) animals
overexpressing INS-6 driven by its endogenous (D) or daf-28 promoter (E) and fsn-1; daf-28(dm) animals with INS-4 overexpressed from its
endogenous (F) unc-30 (G) or daf-28þunc-25 promoters (H). Abnormal clustering (arrows) and spacing (arrowheads) of synapses were
observed in fsn-1 and fsn-1; daf-28(dm) animals overexpressing INS-4 or INS-6. (I) Quantification of total dorsal SNB-1::GFP punctum number
in animals analysed in A–H, **Po0.001, NS P40.05 by Tukey–Kramer comparison test, N¼ 15 animals. (J) Schematic representation of
C. elegans nervous system showing the location of ASI, ASJ sensory neurons and motor neurons. (K, left and middle panels) INS-4::GFP driven
by its own promoter and 30 UTR shows expression in ASI and ASJ neurons plus some motor neurons along the ventral nerve cord (VC).
Punctate fluorescent signals were observed along neurites of the ventral nerve cord. Motor neurons are denoted by arrowheads. (K, right panel)
A transcriptional RFP reporter of ins-6 shows expression in ASI neuron. Scale bar: 5 mm.
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neurons upon starvation (Cornils et al, 2011). INS-6

expression from these sensory neurons alone (Figure 4E,

Pdaf-28-INS-6) fully reverted the GABAergic NMJ morphol-

ogy of fsn-1; daf-28(dm) to that of fsn-1.

INS-4, on the other hand, is required for both sensory and

motor neurons to affect synapse development. Constitutive

and robust INS-4::GFP and Pins-4-RFP signals were observed

in the ASI and ASJ sensory neurons, while weaker signals

were also detected in ventral cord motor neurons, including

GABAergic neurons (Figure 4K). To determine whether an

expression in these neurons is necessary for INS-4 function,

we expressed INS-4 in ASI/ASJ (Pdaf-28), GABAergic motor

neurons (Punc-25), ASIþGABAergic neurons (Punc-30;

Supplementary Figure S6) and ASI/ASJþGABAergic neurons

(Pdaf-28þ Punc-25). INS-4 expression from both ASI and

GABAergic motor neurons (Punc-30, or, Pdaf-28þ Punc-25)

was required for a full reversion of the GABAergic

NMJ morphology of fsn-1; daf-28(dm) to that of fsn-1

(Figure 4F–I).

These results suggest that INS-4 and INS-6 are agonistic

DAF-2 ligands secreted by both sensory and motor

neurons to modulate postsynaptic DAF-2/DAF-16 signalling,

and to affect NMJ development. Consistently, panneural

co-overexpression of INS-4 and INS-6 in wild-type animals

led to a reduced number of GABAergic NMJs and

aberrant morphology that were characteristic of, albeit

being milder than, those exhibited by fsn-1 animals

(Supplementary Figure S7).

PC2/EGL-3 processes INS-4 and INS-6

Mammalian insulin is synthesized as a pre-proinsulin pre-

cursor, and processed by multiple PCs to release mature

insulin. Among the 40 C. elegans insulin/IGF-like ligands,

only INS-18 and INS-1 exhibit the canonical B–C–A peptide

configuration, whereas the rest contain contiguous A and B

peptides. Among them, eight, including INS-4 and INS-6,

contain an additional F-peptide (Pierce et al, 2001; Li et al,

2003). Whether these ligands undergo processing and the

responsible PCs are unknown.

INS-4 and INS-6 were classified as furin-processed ligands

(Li et al, 2003). Their predicted cleavage sites for their

F-peptides (R51R52 and R57R58, respectively), however,

resemble that of the PC2-processed C–A junction (RR motif)

of the mammalian insulin. Mutating the respective RR to AA

in both INS-4::GFP and INS-6::GFP resulted in a reduced

mobility shift that corresponds to the predicted molecular

weight of an unprocessed F–B–A::GFP product in wild-type

animals (Figure 5A), supporting that both INS-4 and INS-6

are likely processed by PC2.

To identify the PC responsible for INS-4 and INS-6 proces-

sing, we compared the mobility of INS-4::GFP and INS-6::GFP

in the loss-of-function mutants for all C. elegans PCs, with

those of their non-cleavable forms. Mutating the respective

RR to AA in either INS-4::GFP or INS-6::GFP resulted in a

reduced mobility shift that corresponds to the predicted

molecular weight of an unprocessed F–B–A::GFP product in

wild-type animals (Figure 5A). In egl-3, but not in any other

PC mutants, kpc-1, bli-4 and aex-5, wild-type INS-4::GFP

and INS-6::GFP exhibited a similar migration pattern as the

non-cleavable INS-4(AA)::GFP and INS-6(AA)::GFP

(Figure 5A). As an additional control, INS-22::Venus, an ins

ligand not requiring additional processing after the removal

of the signal peptide, did not show mobility shift in egl-3

mutants (Figure 5B).

Lastly, EGL-3-dependent INS-4 and INS-6 processing is

necessary for their modulation on synapse morphology.

Overexpression of either INS-4(AA) or INS-6(AA) completely

failed to revert the rescuing effect exhibited by fsn-1; daf-

28(dm) (Figure 5C). Taken together, PC2/EGL-3 is responsi-

ble for INS-4 and INS-6 processing and required for their

functional maturation to modulate synapse development.

Functional loss of EGL-3 in INS-4- and INS-6-expressing

neurons improves NMJ morphology and function in

fsn-1 mutants

Affecting the maturation of multiple neuronal insulin/

IGF-like ligands that modulate synapse development, EGL-3

is poised to affect postsynaptic insulin/IGF signalling. This

prompted us to examine whether altering egl-3 activity modi-

fies the synaptic defect of fsn-1. egl-3 deletion mutations (data

shown for the ok979 allele only) led to increased GABAergic

NMJ number and improved morphology in fsn-1; egl-3

animals (Figure 6A0 and A0 0). This suppressive effect was

also dependent on the presence of DAF-16 (Figure 6A0 0 0).

Importantly, similar to daf-2, egl-3 loss-of-function mutations

increased the mPSC frequency of fsn-1 animals (Figure 6D

and E). The loss-of-function mutations in other C. elegans

PCs, kpc-1, bli-4 and aex-5, did not lead to a suppression of

fsn-1 synaptic morphology defects (Figure 5D). We noted that

the rescuing effect of egl-3 on both the morphology

and synaptic transmission of fsn-1 was qualitatively

weaker than that of daf-2 (Figure 6C and E), suggesting the

involvement of additional insulin-like ligands.

EGL-3 is expressed broadly in the nervous system (Kass

et al, 2001). Restoring the expression of EGL-3 by a panneural

promoter, but not by a muscle promoter, fully reverted the

suppressive effect on GABAergic NMJ in fsn-1; egl-3 animals

(Figure 6B and C). Importantly, specific restoration of

EGL-3 in INS-4 and INS-6-expressing neurons (Punc-30

for ASIþGABAergic motor neurons, or, Pdaf-28þ Punc-25

for ASI/ASJþ GABAergic motor neurons) in fsn-1; egl-3

animals led to a full reversion of the GABAergic NMJ number

and morphology to that of fsn-1 (Figure 6B and C).

In addition to INS-4 and INS-6, EGL-3 processes

FMRFamide-like (flp) and neuropeptide-like proteins (nlp)

neuropeptides (Li et al, 1999; Pierce et al, 2001; Li et al, 2003;

Husson et al, 2005). Could EGL-3’s role in synapse

development also involve these neuropeptides? The

maturation of a majority of flp and nlp requires a

carboxypeptidase E/EGL-21 to remove the C-terminal basic

residues after EGL-3 processing (Husson et al, 2006). If EGL-

3’s role in synapse development also involves non-ins

neuropeptides, egl-21 should exhibit a similar modifying

effect on the synaptic defects of fsn-1 mutants. However,

the loss of EGL-21 function did not suppress the synaptic

defect of fsn-1 mutants (Figure 5D). These results further

support that multiple neuronal ins peptides, including INS-4

and INS-6, processed by EGL-3, and the subsequent insulin/

IGF signalling contributes to FSN-1-mediated regulation

of synapse development.

FSN-1 interacts with, and ubiquitinates, EGL-3 in vitro

Next, we investigated if FSN-1 may negatively regulate

EGL-3 through targeting it for ubiquitination. We first used
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a heterologous expression system to examine if co-transfected

FSN-1::FLAG and EGL-3::HA could directly interact.

Immunoprecipitation of FSN-1::FLAG readily pulled

down EGL-3::HA. The reciprocal immunoprecipitation of

EGL-3::HA only effectively brought down FSN-1::FLAG in

the presence of a proteosome inhibitor MG132

(Supplementary Figure S8A). These results support that co-

transfected FSN-1::FLAG and EGL-3::HA are present in the

same protein complex in HEK293Tcells. The observation that

the FSN-1–EGL-3 interaction was stabilized by proteasome

inhibitors suggests that the fraction of EGL-3 associated with

FSN-1 was prone to degradation.

We identified protein motifs necessary for FSN-1 and EGL-3

interaction. FSN-1 consists of an F-box and a SPRY domain.

EGL-3::HA co-immunoprecipitated with full-length FSN-1

(FL) and FSN-1 without the F-box domain (DF), but not

with FSN-1 missing the SPRY domain (DS) (Supplementary

Figure S8B). A similar deletion analysis for EGL-3 revealed

that its C-terminal 150 amino acids were both necessary and

sufficient to mediate the interaction with FSN-1::FLAG

(Supplementary Figure S8C).

PCs are localized mainly to the Golgi apparatus and

associate with lipid rafts (Villeneuve et al, 2000; Uehara

et al, 2001). The membrane topology of mammalian PC

remains slightly controversial (Stettler et al, 2005).

Additional studies are needed to determine whether EGL-3

and FSN-1 interact with each other directly, or through other

proteins. If they interact directly, these results are more

consistent with EGL-3’s C terminus exposed to the cytosol,

which is necessary for FSN-1 binding.

To determine if FSN-1 promotes EGL-3 ubiquitination in

HEK293T cells, Myc-tagged ubiquitin was co-transfected with

EGL-3::HA to aid the detection of its ubiquitination. In the

absence of FSN-1::FLAG, we observed a basal level,

Myc-positive high molecular weight fraction of immuno-

precipitated EGL-3::HA (Figure 7A), a typical pattern of

multi-ubiquitinated proteins. The basal level of ubiquitina-

tion indicates the presence of endogenous protein machi-

neries that target EGL-3 for ubiquitination in HEK293T cells.

The level of ubiquitinated EGL-3::HA was significantly in-

creased when FSN-1::FLAG was co-transfected (Figure 7A).

As a negative control, Sprouty, an unrelated Drosophila

Figure 5 EGL-3 processes INS-4 and INS-6. (A) (Top) A schematic diagram of the structure of C. elegans INS-4 and INS-6. (Bottom panels)
Western blotting analyses of panneurally expressed INS-4::GFP and INS-6::GFP and their non-cleavable forms INS(AA)::GFP in wild-type (wt)
and egl-3 animals, and wild-type INS-4::GFP and INS-6::GFP in kpc-1, aex-5 and bli-4 animals. Non-transgenic, wild-type animals were negative
controls (� ). (B) Western blot analyses with lysates from wild-type (wt) or egl-3 animals expressing INS-22::Venus. (C) Quantification of total
SNB-1::GFP puncta number on dorsal nerve cord in wild-type, fsn-1, fsn-1; daf-28(dm) and fsn-1; daf-28(dm) overexpressing INS-4, INS-6,
uncleavable INS-4(AA) or INS-6(AA) by a panneural promoter. (D) Quantification of the total dorsal SNB-1::GFP puncta number in animals
with indicated genetic backgrounds. Only egl-3 mutants exhibited suppression of fsn-1 defects. ***Po0.001, **Po0.01, *Po0.05 by
Tukey–Kramer comparison test, N¼ 15 animals.

IGF mis-signalling underlies fsn-1 synapse defects
WL Hung et al

1753&2013 European Molecular Biology Organization The EMBO Journal VOL 32 | NO 12 | 2013



protein of a molecular weight similar to EGL-3::HA, did not

exhibit detectable ubiquitination in either the absence or

presence of FSN-1::FLAG (Figure 7A).

The increased ubiquitination of EGL-3 was FSN-1-

dependent. We isolated a missense mutation allele of

fsn-1, hp2, where the loss-of-function mutation (R191C) did

not affect the stability of FSN-1 (Supplementary Figure S9B),

but resulted in the same degree of synaptic defects as

two null alleles (Supplementary Figure S9A). FSN-

1(hp2)::FLAG drastically reduced its interaction with

EGL-3::HA in co-transfected HEK293 cells when compared

to wild-type FSN-1::FLAG (Supplementary Figure S9C). FSN-

1(hp2)::FLAG failed to increase EGL-3::HA ubiquitination

(Figure 7A). Therefore, FSN-1 specifically enhances EGL-3

ubiquitination.

Multiple N-terminal truncated forms of EGL-3, which

retained their ability to interact with FSN-1 (Supplementary

Figure S6C), also exhibited multi-ubiquitination (Figure 7B,

Supplementary Figure S9D for a longer exposure) that

was resolvable at single-ubiquitin increments in the low

molecular weight range (Supplementary Figure S9D). Taken

together, EGL-3 is targeted by FSN-1 to potentiate its

ubiquitination in HEK293T cells.

FSN-1 negatively regulates EGL-3::GFP level in vivo

EGL-3 is targeted by FSN-1 for ubiquitination in vitro, sup-

porting a notion that FSN-1 may regulate synaptic develop-

ment in part through EGL-3. To address if FSN-1 may regulate

EGL-3 in vivo, we compared the protein level of a functional,

panneurally expressed, integrated EGL-3::GFP array between

wild-type and fsn-1 animals. We observed a two-fold increase

of EGL-3::GFP in both fsn-1 null alleles (Figure 7C and D).

Similar level of EGL-3::GFP mRNA was detected from all

strains by RT–PCR analyses (Supplementary Figure S10);

the increase of the EGL-3::GFP protein level was thus unlikely

to be caused by increased transcription.

Our in vitro experiments suggest that FSN-1-mediated

ubiquitination of EGL-3 requires the C-terminus of

EGL-3. This C-terminal region coincides with the P-domain,

a motif that was hypothesized to regulate the folding,

Figure 6 A functional loss of PC2/EGL-3 in INS-4 and INS-6-producing neurons leads to partial suppression of fsn-1 synaptic defects. (A–B)
Representative presynaptic morphology of GABAergic NMJs in wild-type (A), fsn-1(A0), fsn-1; egl-3 (A0 0), daf-16; fsn-1; egl-3 (A0 0 0) animals, and
fsn-1; egl-3 animals with EGL-3 expression restored in muscles (B), panneural (B0), ASIþ GABAergic (Punc-30 (B0 0), Punc-25þ Pdaf-28 (B0 0 0))
neurons. (C) Quantification of the total dorsal SNB-1::GFP number in animals with indicated genotypes. **Po0.001 by Tukey–Kramer
comparison test. N¼ 15 animals. (D) Representative traces of mPSC in wild-type, fsn-1, egl-3 and fsn-1; egl-3 animals. (E) Scatter plots of the
mean mPSC frequency and amplitude of animals from D. Number in bracket shows the number of animals recorded.
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pH-/calcium-dependence or localization of PCs (Zhou et al,

1998; Muller et al, 2000; Assadi et al, 2004), but its in vivo

function remains elusive. If EGL-3 is an in vivo target

of FSN-1, EGL-3 missing the P-domain (DP) should no

longer be subjected to regulation by FSN-1. The same

panneurally driven, integrated EGL-3DP::GFP transgene

exhibited similar protein levels between wild-type and

fsn-1 mutants (Figure 7E and F), further supporting that

FSN-1 negatively regulates EGL-3 level.

Discussion

A conserved Phr/Fbxo45 E3 complex negatively regulates the

DLK-activated p38 or JNK-signalling cascade at C. elegans

and Drosophila NMJs and developing mouse motor neurons.

Here, we demonstrate that an increase in insulin/IGF signal-

ling also contributes specifically to defective NMJ develop-

ment in fsn-1 mutants. We propose that FSN-1-mediated

synaptic development and function may also involve the

Figure 7 FSN-1 ubiquitinates EGL-3 in vitro, and reduces EGL-3 level in vivo. (A) FSN-1 ubiquitinates EGL-3 in HEK293T cells. EGL-3::HA or
Sprouty::HA (negative control) were co-transfected with wild-type or mutant (hp2) FSN-1::FLAG, and Myc-ubiquitin. Immunoprecipitated
EGL-3::HA or Sprouty::HAwas probed with anti-HA antibodies (top panel), stripped and re-probed with anti-Myc (bottom panel) to detect the
ubiquitinated fraction. (B) FSN-1-dependent EGL-3 ubiquitination requires the P-domain. EGL-3 deletion mutants that retain the P-domain
and interaction with FSN-1 (DN1–DN3) showed multiple higher molecular weight bands (top panel) that represent ubiquitinated forms
(lower panel). (C–D) Western blot analyses on C. elegans lysates from strains carrying the same integrated transgenic arrays expressing
EGL-3::GFP (C) or EGL-3DP::GFP (D). Lysates from non-transgenic animals were negative controls (–). (E–F) Quantification of the level of
EGL-3::GFP (E) and EGL-3DP::GFP (F), normalized against a-tubulin. **Po0.01, *Po0.05 by Tukey–Kramer comparison test. N¼ 6 sets of
replica. Error bars: s.e.m.
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attenuation of insulin/IGF-signalling activity, in part, through

modulating the maturation of multiple insulin-like ligands

(Figure 8D).

Specificity of insulin/IGF-signalling-mediated

suppression

fsn-1 NMJ defects were robustly suppressed by mutations in

multiple components of the insulin/IGF-signalling pathways.

Despite exhibiting similar NMJ phenotypes as the fsn-1

mutants, none of the robust fsn-1 suppressors in the

IGF/insulin pathway exerted any obvious suppression of

the synaptic defects in rpm-1 (Figure 8A and B; data shown

for daf-2 only). A simple explanation for these results is that

FSN-1 participates in negative regulation of insulin/IGF sig-

nalling largely independently of RPM-1. This notion is also

consistent with the following observations: (1) rpm-1 mu-

tants do not exhibit decreased DAF-16::GFP nuclear localiza-

tion in muscles (Figure 3B); and (2) there is no appreciable

increase in EGL-3::GFP level in rpm-1 animals (Figure 7C).

Alternatively, insulin/IGF signalling may modify the synaptic

defects of fsn-1 mutants indirectly, such as through activating

signalling events that are negatively regulated by FSN-1.

While fsn-1 and rpm-1 mutants share many phenotypic

characteristics, RPM-1 can function independently of FSN-1

during axon outgrowth and axotomy-induced regeneration

(Grill et al, 2007; Hammarlund et al, 2009; Grill et al, 2012).

The present study suggests that FSN-1 may also have

RPM-1-independent functions.

Insulin/IGF signalling functions genetically in parallel,

or, upstream of MAPK signalling

Elevated DLK-1/Wallenda and their downstream p38/JNK

MAPK activity contribute to rpm-1/hiw synapse defects

(Nakata et al, 2005; Collins et al, 2006). The null or severe

loss-of-function mutants in this MAP kinase-signalling

cascade, dlk-1, mkk-4 and pmk-3, without causing

an obvious NMJ defect on their own, robustly suppressed

both rpm-1 and fsn-1’s synapse defects (Figure 8B). However,

mapk mutant-mediated suppression of either fsn-1 or rpm-1

did not require DAF-16 (Figure 8A), indicating that MAPK

signalling functions either in parallel or genetically

downstream of DAF-2/DAF-16 signalling.

We attempted to distinguish these possibilities by

genetic epistasis. Both mapk and daf-2 mutants are strong

suppressors of the fsn-1 synapse defect (restoring the

GABAergic synapse number to B90%), making it difficult

to compare their genetic interactions using the loss-of-func-

tion alleles. We thus compared the effect of a panneural MKK-

4 hyperactivation between wild-type and daf-2 animals.

Overexpression of MKK-4 in wild-type animals causes a

synaptic morphology defect that is abolished by the loss of

its activator DLK-1. By contrast, overexpression of a consti-

tutively activated MKK-4, MKK-4(DD), causes severe synapse

defects in the absence of DLK-1 (Nakata et al, 2005).

As reported, the number of GABAergic NMJs was severely

reduced when we overexpressed either wild-type MKK-4 or

MKK-4(DD) in wild-type animals (Figure 8C). Intriguingly,

the effect of the same wild-type MKK-4, but not MKK-4(DD)

Figure 8 FSN-1 may coordinate pre- and postsynaptic signalling during synaptic development. (A–B) Genetic interactions between mutants of
the insulin/IGF and p38 MAPK signalling with fsn-1 and rpm-1 by quantification of the dorsal SNB-1::GFP puncta number. (A) Both daf-2
and mkk-4 mutants restored the fsn-1 synapse defect independent of the presence of DAF-16. (B) daf-2 mutants did not rescue the rpm-1 synapse
defect. mkk-4 rescued rpm-1 synaptic defect independent of DAF-16. (C) Quantification of dorsal SNB-1::GFP puncta in wild-type or daf-2 animals
expressing either wild-type or constitutively active MKK-4 (DD), **Po0.01, ***Po0.001, NS P40.05 by Tukey–Kramer comparison test, N¼ 15
animals. (D) The schematic presentation of a tentative model for FSN-1. In motor neurons, FSN-1 attenuates presynaptic MAPK with RPM-1, and
postsynaptic insulin/IGF signalling independently of RPM-1. Cross-talk between these two signalling events allows axons to establish differential
MAPK activity levels and to regulate synapse development at specific domains along the axon.
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transgenes, was partially but consistently dampened in

daf-2(ts) backgrounds (Figure 8C). These results are

consistent with a notion that insulin/IGF signalling potenti-

ates MKK-4 activation, but they do not exclude a possibility

that insulin/IGF signalling may also function independently

of activating MAPK to affect synapse development.

Differential requirement of INS-4 and INS-6 on synapse

development

We identified two ligands for DAF-2/InR-mediated regulation

of synapse development. INS-6 is restrictively expressed, and

functionally sufficient, in the ASI and ASJ sensory neurons,

whereas INS-4 expression also includes the motor neurons.

Despite of its weak expression, co-restoring INS-4 in ASI and

motor neurons was necessary to revert daf-28(dm)’s suppres-

sion on fsn-1 synaptic defects (Figure 4). The synapse

morphology in fsn-1; daf-28(dm) mutants did not show

obvious difference in anterior versus posterior motor cord

(Supplementary Figure S11). DAF-28(dm) hence has a long-

range inhibitory effect on the DAF-2/InR receptor. This raises

the possibility that INS-6 and INS-4 act as long-range and

local activators of DAF-2, respectively.

Functional models for FSN-1

Unlike RPM-1, FSN-1 exhibits genetic interactions with

both MAPK and insulin/IGF-signalling pathways. FSN-1 is

therefore positioned to coordinate the cellular responses

between signalling events of the developing pre- (MAPK

cascade) and postsynaptic (DAF-2/DAF-16 cascade) termini.

We propose two tentative functional models for FSN-1 that

incorporates such a possibility (Figure 8D).

High MAPK-signalling activity inhibits synapse develop-

ment and it can be regulated at multiple levels. In addition to

negative regulation by FSN-1/RPM-1-mediated degradation

of DLK-1, C. elegans sensory and motor neurons secrete

multiple insulin-like ligands to regulate DAF-2/DAF-16 activ-

ity in body wall muscles. DAF-2/DAF-16 signalling modulates

the secretion of unidentified factors that inhibit presynaptic

MAPK, and affect NMJ development.

In the first model, FSN-1 directly regulates insulin

signalling, in part, through EGL-3, which affects the matura-

tion of both long-range and local insulin/IGFs from sensory

and motor neurons (INS-4, INS-6 and others) to fine tune

postsynaptic DAF-2/DAF-16 activity, and to establish the

basal MAPK (and/or other signalling) activity in developing

neurites. Because RPM-1 is concentrated at discrete regions

(Zhen et al, 2000; Abrams et al, 2008) and FSN-1 localizes

ubiquitously along C. elegans neuronal processes (Liao et al,

2004), the RPM-1/FSN-1 complex locally restricts MAPK

signalling through downregulating DLK-1 to define synapse

‘domains’ along the axon. This model predicts that in

addition to a cell autonomous function, FSN-1 can also

function non-cell autonomously to affect GABAergic NMJ.

Indeed, when FSN-1 was co-restored in ASI sensory neurons

and cholinergic motor neurons (Pdaf-28þPacr-2) in fsn-1

mutants, the defective GABAergic NMJ morphology and

reduced number were partially, but consistently, rescued

(Supplementary Figure S12).

In an alternative model, the modifying effect of insulin/

IGF-signalling mutants is indirect. If fsn-1 mutants exhibit a

lesser degree of MAPK hyperactivation than that of rpm-1,

their synapse defects would be more sensitive to the

perturbation of MAPK activation by reducing insulin/IGF

signalling. We favour the first possibility because of a fairly

strong contrast in the suppression effect of insulin mutants on

fsn-1 and rpm-1.

In future studies, identifying retrograde signals down-

stream of insulin/IGF signalling and a careful examination

of potential differences in insulin/IGF and MAPK-signalling

activity between fsn-1 and rpm-1 mutants will help further

dissect how FSN-1, RPM-1, MAPK and insulin/IGF signalling

orchestrate synapse development.

The lack of synaptic phenotype in daf-16 null mutants

One unresolved puzzle is the lack of synapse phenotypes in

daf-16 null mutants. Because DAF-16 is a major effector

of insulin/DAF-2-signalling-mediated suppression of fsn-1

synapse defects, the simplest scenario is that daf-16 mutants

exhibit weak synaptic defects with similar characteristics

as those in fsn-1. Instead, we could not detect obvious NMJ

phenotypes, at least under our experimental conditions.

A potential explanation is that hyperactivated insulin/IGF

signalling is particularly deleterious for NMJ maturation in the

absence of FSN-1, whereas in wild-type animals, unknown

compensative mechanisms are in place to allow NMJ develop-

ment in an elevated insulin/IGF-signalling environment. DAF-

16 is required for longevity of C. elegans (Ogg et al, 1997; Lin

et al, 2001; Murphy et al, 2007), and its loss leads to premature

neuronal aging (Pan et al, 2011; Tank et al, 2011; Toth et al,

2012). It will be interesting to examine whether daf-16 mutants

exhibit the synaptic defects in non-favorable conditions

(genetic sensitized backgrounds, aging or stress).

Potential links between FSN-1, insulin/IGF signalling

and aging

DAF-2/insulin signalling plays critical roles in longevity and

aging (Kenyon et al, 1993; Ogg et al, 1997; Lee et al, 2001;

Lin et al, 2001). Recent studies indicate that neuronal aging

is also modulated by insulin/IGF signalling in C. elegans

(Pan et al, 2011; Tank et al, 2011; Toth et al, 2012). As

animals age, touch and motor neurons exhibit synapse

deterioration, neurite sprouting and branching. These

phenotypes are sensitive to the level of insulin/IGF signalling;

decreased insulin/IGF signalling (loss of DAF-2) leads to their

suppression, whereas the loss of DAf-16 either enhances these

phenotypes or reverts daf-2’s suppression effect.

Here, we describe FSN-1-mediated regulation of insulin/

IGF signalling during NMJ development. Consistent with

FSN-1 attenuating insulin/IGF signalling, both alleles of

fsn-1 mutants exhibited shortened lifespan (Supplementary

Figure S13). Thus an intriguing implication is that synaptic

defects exhibited by fsn-1 animals may also reflect the

physiological state of the neuromuscular system undergoing

stress or aging.

Materials and methods

Strains
For non-essential genes, fsn-1, rpm-1, daf-16, egl-3, egl-21, kpc-1,
aex-5, bli-4, akt-1, akt-2, dlk-1, mkk-4 and all ins, deletion or
missense alleles predicted to cause severe loss of gene function
were examined in this study. For essential genes, daf-2, age-1 and
pdk-1, viable, partial loss-of-function, conditional alleles were used.
Deletion mutant strains were backcrossed against N2 more than
three times. A full list of strains generated and used in this study is
provided in Supplementary text.
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Electron microscopy
One-day-old C. elegans adults were fixed by high pressure freezing
followed by freeze substitution as described (Rostaing et al, 2004)
with modifications (Stigloher et al, 2011). At least 150 serial sections
(70 nm/sections) for each sample, two samples per genotype, were
collected. Images of dorsal nerve cords were obtained on FEI Tecnai
20 equipped with a Gatan Dualview digital camera. Axons of the
GABAergic (DD) and cholinergic (DA and DB) motor neurons were
manually traced over at least 150 serial sections to identify the
synapse and neuron type; the traced images were projected using
the Reconstruct program (Fiala, 2005).
GABAergic and cholinergic NMJs were distinguished based on

their locations in the nerve cord and their mono- and dyadic
synaptic target pattern (White et al, 1986). NMJs are defined as
large varicosities along the processes that quickly emerge while
moving out of the ventral or dorsal nerve cords towards the muscle
arms, and disappear when the processes ‘dive’ back to the nerve
cords. In wild-type animals, these varicosities are associated with
the appearance of synaptic and dense-core vesicles, cadherin
junction-like structures with the muscle arm and a single active
zone that is defined as the electron dense area at the plasma
membrane surrounded by synaptic vesicles. Synapse volume is
measured by multiplying the combined surface area of the cross-
sections of a synapse in all sections by 70nm.

Western blotting analysis of C. elegans lysates
Total protein lysates were prepared from mixed staged C. elegans
cultured on NGM media as described previously (Hung et al, 2007).
Equal amounts of lysates, adjusted against the level of a-tubulin,
were analysed on western blots. Anti-GFP (Roche) was used to
detect EGL-3::GFP, INS-4::GFP, INS-6::GFP, with non-transgenic
N2 animals as GFP-negative controls.

Immunofluorescent staining
C. elegans were fixed and co-stained with either anti-GFP (1:200)
and anti-UNC-49 (1:500) or anti-UNC-17 (1:200) and anti-UNC-38
(1:150) to detect GABAergic and cholinergic NMJs, respectively.
Fixation and staining procedures were as described previously (Liao
et al, 2004). Confocal images of stained cells and animals were
acquired on a Nikon Eclipse 90i confocal microscope.

Quantification of synaptic markers
For the number of GABAergic NMJs, fluorescent puncta exhibited
by GABAergic synaptic markers juIs1 (SNB-1::GFP) and oxIs22
(UNC-49::GFP) along the entire dorsal nerve cord were counted in
1-day young adults. For GABAergic NMJ morphology, multiple
images of the same posterior region of the dorsal nerve cord in
1-day adult were captured under the same conditions by
Hamamatsu digital camera on a Zeiss Axiovision microscope
with a � 63 objective lens, and the acquired images processed
and analysed by an in-house developed PunctaAnalyzer program
and R script, as described previously (Hung et al, 2007).
Distribution of the fluorescent punctum width was plotted as a
density curve generated by Kernel Distribution Estimation Function
of R program (Hung et al, 2007). Examiners were blinded for the
genotype of animals.

Electrophysiology
Dissection and recording were carried out using protocols and
solutions described in Gao and Zhen (2011) modified from
Richmond and Jorgensen (1999) and Mellem et al (2008). One or
2-day-old hermaphrodite adults were glued to a sylgard-coated
cover glass covered with bath solution. The integrity of the
anterior ventral body muscle and the ventral nerve cord were
visually examined via DIC microscopy, and muscle cells were
patched using fire-polished 4–6MO-resistant borosilicate pipettes.
Membrane currents were recorded in the whole-cell configuration
by a Digidata 1440A and a MultiClamp 700A amplifier, using the
Clampex 10 software and processed with Clampfit 10. Data were
digitized at 10–20kHz and filtered at 2.6 kHz. The pipette solution
contains (in mM): K-gluconate 115; KCl 25; CaCl2 0.1; MgCl2 5;
BAPTA 1; HEPES 10; Na2ATP 5; Na2GTP 0.5; cAMP 0.5; cGMP 0.5,
pH7.2 with KOH, B320mOsm. The bath solution consists of
(in mM): NaCl 150; KCl 5; CaCl2 5; MgCl2 1; glucose 10; sucrose
5; HEPES 15, pH7.3 with NaOH, B330mOsm. Because the holding
potential was at � 60mV, the mPSC frequency in this study refers to

the combined spontaneous synaptic activities for both cholinergic
and GABAergic NMJs. All experiments were performed at room
temperatures (20–221C).

Quantification of DAF-16::GFP signals
Animals carrying muIs71 in different genetic backgrounds were
maintained at 25 1C for one generation. Since we observed robust
spontaneous nuclear localization with muscle DAF-16a::GFP in live
animals when exposed to UV light, animals were washed off
the plate and fixed in 5% paraformaldehyde on ice for 2 h prior to
imaging and quantification (Hung et al, 2007). All strains were
harvested and processed in parallel. The percentage of animals with
nuclear GFP::DAF-16a were counted, and representative images
were obtained with a Nikon Eclipse 90i confocal microscope. This
experiment was repeated three times; all exhibited similar trend.

Co-immunoprecipitation and ubiquitination assay
HEK293T cells were transfected with EGL-3::HA, Myc-ubiquitin
K63R (a gift from D Durocher, University of Toronto) with or
without FSN-1::FLAG plasmids using Lipofectamine 2000
(Invitrogen). Myc-tagged wild-type and mutant (K48R or K63R)
ubiquitins were tested for ubiquitination of EGL-3; all were able to
detect enhanced ubiquitination of EGL-3::HA in the presence of
FSN-1::FLAG (data not shown). K63R mutant showed the
highest sensitivity for detecting ubiquitination; it was used for all
experiments shown in this study. Except for experiments
in Supplementary Figure S8A and D, Myc-ubiquitin (K63R) was
co-transfected in all experiments in HEK293T cells, and cells were
subjected to MG132 treatment.
Sixteen hours post transfection, cells were treated with 50nM

MG132. Eight hours later, cells were washed once with PBS before
lysing in a lysis buffer that contains 1% NP-40, 10% glycerol,
30mM MgCl2, 50mM Tris pH 7.4, 150mM NaCl, 1mM DTT,
1mM NaF, 5mM N-ethylmaleimide and complete protease inhibitor
cocktail, EDTA-free (Roche). After centrifugation, equal amounts of
cleared lysates were immunoprecipitated. Immunoprecipitation of
FLAG-tagged and HA-tagged proteins were performed using protein
G agarose beads (Roche) and mouse anti-FLAG (Sigma-Aldrich
Chemicals) and rat anti-HA (Roche), respectively. The same anti-
bodies were used to detect the respective fusion proteins by western
blotting analyses. For ubiquitination assays, EGL-3::HA was immu-
noprecipitated with anti-HA antibodies, followed by western blot
analyses with anti-Myc antibodies (Santa Cruz Biotechnology) to
detect Myc-ubiquitin. These blots were stripped and re-probed with
an anti-HA antibody to detect EGL-3::HA. Typically, 5% of lysate
used in immunoprecipitation experiments was loaded as input
controls. Half of the immunoprecipitation reaction was analysed
by western analysis, except for Supplementary Figure S9C, where
20% of the immunoprecipitation reaction was analysed for
wild-type FSN-1 co-transfection and three times the amount was
used for FSN-1(hp2) to aid visualization of weak FSN-
1(hp2)::FLAG/EGL-3::HA interaction.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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