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ABSTRACT Eph receptors and their ephrin ligands are key conserved regulators of axon guidance and can function in a variety of
signaling modes. Here we analyze the genetic and cellular requirements for Eph signaling in a Caenorhabditis elegans axon guidance
choice point, the ventral guidance of axons in the amphid commissure. The C. elegans Eph receptor EFN-1 has both kinase-dependent
and kinase-independent roles in amphid ventral guidance. Of the four C. elegans ephrins, we find that only EFN-1 has a major role in
amphid axon ventral guidance, and signals in both a receptor kinase-dependent and kinase-independent manner. Analysis of EFN-1
and EFN-1 expression and tissue-specific requirements is consistent with a model in which VAB-1 acts in amphid neurons, interacting
with EFN-1 expressed on surrounding cells. Unexpectedly, left-hand neurons are more strongly affected than right-hand neurons by
loss of Eph signaling, indicating a previously undetected left–right asymmetry in the requirement for Eph signaling. By screening
candidate genes involved in Eph signaling, we find that the Eph kinase-independent pathway involves the ABL-1 nonreceptor tyrosine
kinase and possibly the phosphatidylinositol 3-kinase pathway. Overexpression of ABL-1 is sufficient to rescue EFN-1 ventral guidance
defects cell autonomously. Our results reveal new aspects of Eph signaling in a single axon guidance decision in vivo.

EPHRINS and their cell surface receptors, the Eph receptor
tyrosine kinases (EphR), play critical roles in many axon

guidance processes, including midline guidance and growth
cone collapse (Drescher et al. 1995; Cowan et al. 2000). In
contrast to long-range guidance cues, Eph signaling involves
short-range interactions between a transmembrane receptor
and transmembrane (ephrin-B) or GPI-linked (ephrin-A) li-
gands. Eph signaling is complex and multifunctional, capa-
ble of mediating both repulsion and attraction depending
on ephrin concentration even in the same neurons (Hansen
et al. 2004). Many of the signaling pathways downstream of
Eph receptors and ephrins regulate cell movement or cell
adhesion (Kullander and Klein 2002; Pasquale 2005).

Because Eph receptors and ephrins are cell surface
molecules, they can operate in a variety of signaling modes

(Kullander and Klein 2002; Egea and Klein 2007; Pasquale
2008). Eph receptors can generate kinase-dependent “for-
ward” signals, in which ligand binding triggers receptor
dimerization, activating the intrinsic kinase activity of the
receptor, and initiating responses in the receptor-expressing
cell. Kinase-dependent forward Eph signaling contributes to
many processes including retinotopic mapping (Hindges
et al. 2002), axonal midline avoidance after crossing (Yokoyama
et al. 2001), neural crest cell migration (Smith et al. 1997), and
migration of neural progenitors (Catchpole and Henkemeyer
2011). This regulation of diverse developmental processes
occurs in part via kinase-dependent interactions with down-
stream effectors including Src-family kinases (Zisch et al.
1998; Knoll and Drescher 2004), Rho GTPases (Wahl et al.
2000; Noren and Pasquale 2004), and RhoGEFs (Shamah
et al. 2001; Sahin et al. 2005).

In addition to kinase-dependent signaling, some Eph
receptors initiate kinase-independent forward signals. In
HEK293 cells, EphA8 signals promote integrin activity via
the phosphatidylinositol 3-kinase (PI3K) pathway; the
juxtamembrane domain of EphA8 directly interacts with
the PI3K catalytic subunit p110g, independent of EphA8
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kinase activity (Gu and Park 2001, 2003). EphA8 can also
interact with the Anks (ankyrin and sterile alpha motif)
proteins AIDA and Odin in a kinase-independent manner
(Shin et al. 2007). However, the significance of kinase-
independent forward signaling in vivo has not been exten-
sively analyzed. Reverse signaling via ephrin ligands can
also contribute to kinase-independent functions. Although
both ephrin-B and ephrin-A ligands are capable of reverse
signaling (Bruckner et al. 1999; Davy et al. 1999), ephrin-A
ligands do not contain a transmembrane domain and there-
fore require a coreceptor, such as p75 (Lim et al. 2008), TrkB
(Marler et al. 2008), or Ret (Bonanomi et al. 2012).

In contrast to the many Eph receptors and ligands in
vertebrates, C. elegans encodes a single Eph receptor, VAB-1
(George et al. 1998) and four ephrins, EFN-1–4 (Chin-Sang
et al. 1999; Wang et al. 1999). The C. elegans ligands re-
semble vertebrate ephrin-As in topology, in that they are
attached to the cell membrane by a glycosylphosphatidylino-
sitol (GPI) linker. Ephrins EFN-1–3 have partly redundant
roles in VAB-1 signaling, depending on the developmental
context (Chin-Sang et al. 1999; Wang et al. 1999), whereas
the divergent ephrin EFN-4 functions independently of
VAB-1 (Chin-Sang et al. 2002; Ikegami et al. 2004).

C. elegans Eph signaling acts in diverse cell types and
processes. VAB-1 and its ephrin ligands control neuroblast
migrations during embryonic morphogenesis (George et al.
1998; Chin-Sang et al. 1999; Wang et al. 1999). The VAB-1
function in embryonic neuroblast migration requires both
kinase-dependent and kinase-independent signaling, and
involves partly redundant signaling by all three ephrin
ligands. VAB-1 signaling also regulates oocyte maturation
and gonadal sheath cell contractions in response to a distinct
type of ligand, the major sperm proteins (Miller et al. 2003;
Cheng et al. 2008). Although the VAB-1 kinase domain is
required for inhibition of oocyte maturation in the absence
of sperm, it is dispensable for regulation of the basal gonadal
sheath cell contraction rate (Miller et al. 2003). C. elegans Eph
signaling has been implicated in outgrowth or guidance of sev-
eral axon types, including PLM outgrowth (Mohamed and Chin-
Sang 2006) and pathfinding of PVQ and HSN axons (Boulin
et al. 2006). In most of these situations, the defects of VAB-1/
Eph receptor null mutants are more severe than those of kinase-
dead alleles (George et al. 1998; Boulin et al. 2006; Mohamed
and Chin-Sang 2006), implying that some VAB-1 signaling is
kinase independent. However, the in vivo mechanism of VAB-1
kinase-independent signaling has remained elusive.

To understand the basis of VAB-1 kinase-independent
signaling at the level of individual cells, we have focused
on a simple axon guidance decision, the ventral guidance of
amphid sensory axons. Ventral guidance of amphid sensory
axons has been shown to require VAB-1 and at least two
other partly redundant guidance pathways: netrin (UNC-
6/UNC-40) signaling, and the SAX-3/Robo receptor (Zallen
et al. 1999). Loss of function in any one of these pathways
leads to incompletely penetrant guidance defects in which
the amphid commissure extends laterally instead of ven-

trally. In these mutants the aberrant lateral axons extend
anteriorly and enter the nerve ring, indicating that it is spe-
cifically the initial ventral guidance of amphid axons that is
disrupted. Moreover, double mutants between the vab-1,
unc-40, and sax-3 pathways display strong synergistic en-
hancement of guidance defects, consistent with partial genetic
redundancy. However as VAB-1 is also required for many
aspects of embryonic morphogenesis, it has been unresolved
whether VAB-1 acts directly in amphid axon guidance.

We show here that VAB-1 can function in amphid neu-
rons to mediate their ventral axonal guidance, interacting
with EFN-1 in nonamphid neurons. The requirement for Eph
signaling displays an unexpected left–right asymmetry. VAB-
1’s role in amphid axon guidance involves at least two path-
ways, both of which are partly kinase independent. PI3K
signaling promotes amphid axon guidance, acting at least
partly in parallel to VAB-1; an additional role downstream of
VAB-1 cannot be excluded. Additionally, ABL-1, a nonrecep-
tor tyrosine kinase, signals in the amphid neurons as part of
a VAB-1 kinase-independent pathway. These results eluci-
date mechanisms of VAB-1 kinase-independent forward sig-
naling in amphid axon guidance.

Materials and Methods

Strains and culture conditions

Worms were cultured on Escherichia coli OP50 seeded NGM
agar plates. Animals were grown and analyzed at room
temperature (21–23�) with the exception of pdk-1(sa709)
strains, which were analyzed at 22.5�, and age-1(hx546)
and aap-1(m889), which were analyzed at 25�. The follow-
ing mutants were used: LGI: unc-40(e1430); aap-1(m889);
shc-1(ok198); src-1(cj293), src-2(ok819), vpr-1(tm1411),
daf-16(mu86), and goa-1(sa734); LGII: vab-1(ju8, e2027,
ju307, ok1699, dx14, dx31, ju220, ju275, e858, e699,
ju306, tn2, e118, zd118, e2, ju63, ju426, e116, ju22,
e1063, qa2211), ephx-1(ok494), tag-341(ok1498), age-1
(hx546), shc-2(tm328), and cog-1(sy275); LGIII: ina-1
(gm144), and mig-10(ct41); LGIV: efn-1(e96, ju90), efn-2
(ev658), arf-6(tm1447), daf-18(ok480), rga-5(ok2241),
jac-1(ok3000), and ngn-1(ok2200); LGV: akt-1(ok525);
lsy-6(ot71); fmi-1(tm306); and LGX: efn-3(ev696), abl-1
(ok171), sax-3(ky123), git-1(tm1962), gap-2(tm748), nck-
1(ok694), wrk-1(ok695), trk-1(tm3985, tm4054), akt-2
(ok393, tm812), unc-6(ev400), sgk-1(ok538, ft15), and pdk-1
(mg142, sa709). New vab-1 alleles are listed in Table 1. Pub-
lished transgenes are as follows: Pstr-1-GFP (kyIs104) (Troemel
et al. 1997); Pstr-3-GFP (kyIs128) (Zallen et al. 1999), Pgcy-5-
GFP (ntIs1) (Altun-Gultekin et al. 2001), Pgcy-7-GFP (otIs3)
(Chang et al. 2003), Pgcy-8-GFP (oyIs17) (Satterlee et al.
2001), and Pvab-1-Venus (evIs190) (Ikegami et al. 2012).

Scoring of amphid axon guidance and
dendrite extension

To visualize amphid neuron morphology, we used dye filling
(Hedgecock et al. 1985). To visualize individual neurons, we
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used transgenic markers labeling single amphid neuron
types. We immobilized L4 stage hermaphrodites using 1%
phenoxy-1-propanol in M9 and scored neuronal morphology
using compound microscopy. For most genotypes, we scored
.50, typically 100–200 neurons; genotypes for which ,50
neurons were scored are indicated in the bar charts. In the
wild type, essentially 100% of amphid axons extend ven-
trally in the commissure and then turn anteriorly into the
nerve ring. We classified amphid axon guidance as normal,
lateral, or other. The “other” category was rare (,5%) and
only used if no axon was visible. As far as possible, we scored
the initial guidance of the axon even if it changed direction
subsequently; such changes in direction were rare. For screen-
ing, mutations were crossed into the vab-1(e118) kinase-dead
background. To assess significance of differences in propor-
tions we used the Fisher exact test or the chi-squared test.

Transgenic rescue of vab-1 and efn-1 phenotypes

To assess rescue of the vab-1 phenotypes, transgenic lines
containing vab-1 genomic cosmid DNA (M03A1; pRF4 coinjec-
tion marker) (George et al. 1998), fosmid DNA (WRM0617bA10
in juEx2870) or the rescuing VAB-1::GFP minigene (pCZ55)
(George et al. 1998) were generated. These lines were
crossed into the vab-1(e2027); kyIs104 background and
scored for rescue of guidance defects. Similarly, a trans-
gene containing wild-type efn-1 genomic DNA (pCZ126),
as well as a rescuing GFP::EFN-1 fusion (pCZ131 in juIs52)
(Chin-Sang et al. 1999) were crossed into the efn-1(e96);
kyIs104 mutant background.

Tissue-specific rescue experiments

We amplified full-length coding sequences and 39-UTRs
from cDNA clones yk497d6 (VAB-1A), yk338g11 (EFN-1),

yk708d1 (EFN-2), yk1482h02 (ABL-1A), and cloned them
into pCR8 to create Gateway entry clones pCZGY1146,
pCZGY1145, pCZGY1148, pCZGY1835, and pCZGY1834.
All entry clones were sequenced. We used the following
tissue-specific promoters: unc-33 and rgef-1 (Altun-Gultekin
et al. 2001), unc-119 (Maduro and Pilgrim 1995), myo-2
(Frøkjaer-Jensen et al. 2006), ttx-3 (Hobert et al. 1997), dyf-7
(Heiman and Shaham 2009), lin-26 (Labouesse et al. 1994),
str-1 (Troemel et al. 1997), and hlh-17 (Yoshimura et al. 2008).
After recombination with entry vectors containing the desired
cDNA, final constructs were injected into wild-type (N2) worms
at 1 ng/ml together with 15 ng/ml sur-5-mCherry as a coinjec-
tion marker; see Supporting Information, Table S1 for a list of
clones and transgenes. Each transgene was crossed into the
relevant mutant background; at least two transgenes per con-
struct were scored, and representative lines are reported.

Expression analysis

To determine cellular expression patterns of VAB-1 and
EFN-1, we examined animals expressing the rescuing trans-
genes juIs24 (VAB-1::GFP), juIs52 (EFN-1::GFP), and the
vab-1 transcriptional reporters juEx101 and evIs190. To ex-
amine fixed animals, we performed fixation and staining as
described (Finney and Ruvkun 1990). Fixed animals were
incubated with rabbit anti-GFP polyclonal (A11122, Invitro-
gen, 1:1000 dilution) and mouse anti-AJM-1 monoclonal
(MH27, 1:500) overnight at 4� and staining visualized with
appropriate 2� antibodies.

4D lineage analysis of EFN-2 expression

To examine efn-2 embryonic expression, we generated the
transgene Pefn-2-HIS-24::mCherry::let-858 39-UTR (juEx2737),
which contains 2.7 kb of efn-2 upstream sequence. We followed

Table 1 Phenotypic strength of selected vab-1 mutations and molecular lesions

Allele Mutagen
Embryonic
lethality (%)

Larval
lethality (%)

Adult,
Vab (%)

Adult,
non-Vab (%)

WT
sequence

Mutant
sequence Effect

Strong
e2027(null) SPO 58.2 31.3 8.9 2.5 — 74-bp deletion, removing

first 7 bp of exon 5
—

e721 EMS 58.2 29.3 11.4 1.0 ACG ATG ATG codon
in 59-UTR

ok1699 UV 53.4 20.7 23.9 2.0 — 1016-bp deletion of exon 5 —

ju220 UV/TMP 45.4 15.0 34.6 5.1 — Exon 1 rearrangement —

ju307 EMS 41.9 27.2 29.1 1.8 GAA AAA E62K
Intermediate

ju275 EMS 18.0 7.3 65.0 9.8 GCG GTG A245V
Weak

zd118 EMS 13.8 7.5 24.6 54.0 TGG TGA W934opal
ju426 EMS 13.6 2.1 55.3 28.9 TGG TGA W934opal
e118(kd) EMS 10.1 8.6 45.6 35.8 — 326-bp deletion in exon 10 —

ju306 ENU 1.7 1.4 32.4 64.4 GTC GAC V220D
qa2211 EMS 1.5 1.1 18.7 78.7 GGA GAA G256E

Three new alleles were characterized as genetically null based on phenotypic strength and molecular lesions: ju220 is a rearrangement of unknown structure that affects
exon 1, encoding the start codon and signal sequence; ok1699 is a 1016-bp deletion of exon 5, which encodes part of the ephrin binding domain and the cysteine-rich
domain in the extracellular domain; and ju307 results in the same missense alteration (E62K) as the previously described ju8 (George et al. 1998). The previously unsequenced
null allele e721 creates a premature ATG in the vab-1 59-untranslated region; translation from this out-of-frame upstream ORF likely interferes with translation from the
native vab-1 ATG. Three new alleles result in missense alterations in the extracellular cysteine-rich domain, providing mutational evidence for the importance of this domain.
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its expression in a HIS-72::GFP (zuIs178) background and iden-
tified Pefn-2-mCherry-expressing cells in two embryos using 4D
confocal microscopy and the lineaging software NucleiTracker4D
(Giurumescu et al. 2012).

Analysis of new vab-1 alleles

In addition to previously described vab-1 alleles (George
et al. 1998), we characterized eight additional alleles (Table
1; Figure 1A). Mutations ju307, ju275, zd118, qa2211, and
ju426 were isolated based on epidermal morphology pheno-
types after EMS mutagenesis. ju306 was isolated after ENU
mutagenesis and ju220 was recovered after UV/Trimethyl-
psoralen (TMP) mutagenesis. ok1699 was isolated following
UV mutagenesis by the C. elegans Gene Knockout Consor-
tium. DNA lesions were determined by exon sequencing and
penetrance determined as described (George et al. 1998).

Results

Amphid ventral guidance involves both
kinase-dependent and kinase-independent
functions of VAB-1/Eph receptor

Amphids are sensory organs containing 12 bilaterally
symmetric pairs of neurons whose cell bodies are located in
the lateral ganglia of the head. Amphid neuron cell bodies

are born in the anterior head in midembryogenesis, move
anteriorly to anchor their dendrite tip, then migrate poste-
riorly, laying down their sensory processes by “retrograde
extension” (Sulston et al. 1983; Heiman and Shaham
2009). Once the amphid cell body reaches its final place
in the lateral ganglia, the amphid axons grow out ventrally
then turn and extend anteriorly and dorsally into the nerve
ring. Amphid axons are fasciculated in their ventral trajec-
tories, forming two bundles known as the amphid commis-
sures. Previous work revealed that amphid commissure
guidance was strongly dependent on VAB-1/EphR signaling:
vab-1(dx31) null mutants display 30–40% guidance defects
in which amphid axons leave the cell body laterally and
enter the nerve ring without following the normal ventral
trajectory (Zallen et al. 1999). Defects were significantly less
penetrant in the kinase-dead allele vab-1(e2), suggesting
amphid axon guidance is a suitable model for VAB-1/EphR
kinase-independent signaling.

To confirm the requirement for VAB-1, we examined
amphid axon guidance in the entire vab-1 allelic series using
the AWB marker Pstr-1-GFP (kyIs104) (Figure 1B). Axon
guidance defect penetrance correlated strongly with pene-
trance of lethality or body morphology defects (Table 1;
George et al. 1998). Putative vab-1 null alleles (e2027,
dx31, ju8, ok1699, dx14, and ju307) cause between 31

Figure 1 Ventral guidance of amphid commissure
axons is dependent on EFN-1-VAB-1 signaling. (A)
Domains of VAB-1 and locations of molecular
lesions. Previously isolated deletion alleles e2027
(null) and e118(kd) are included for reference.
ok1699 is a deletion and ju220 is a rearrangement
of unknown structure. SS, signal sequence; TM,
transmembrane domain; JM, juxtamembrane do-
main. (B) Quantitation of AWB guidance defects
in Eph receptor null mutants (ju307, ju8, e2027,
ok1699, dx14, and dx31), extracellular domain
alleles (ju220, ju275, e856, e699, and ju306),
and kinase dead alleles (tn2, e118, zd118, e2,
ju63, e116, ju22, and e1063). Color coding corre-
sponds to region of protein affected by mutation.
(C) Amphid axon guidance in vab-1 and efn-1
mutants; AWB (Pstr-1-GFP, green) and DiI staining
(red). Confocal projections, anterior is left and dor-
sal is up. Arrows indicate axon extending from cell
body. Bar, 10 mm. (D) Quantitation of AWB guid-
ance defects in efn mutants and double mutants.
Asterisks indicate compound mutants significantly
different from the efn-1 single mutant. (E) Quanti-
tation of guidance defects in double mutants
between each ligand and the vab-1(e118) kinase
dead receptor strain or double mutants between
each ligand and the receptor null vab-1(e2027).
N . 50 neurons per genotype in this and all sub-
sequent bar charts, except where N is indicated in
the bar. Statistics, Fisher exact test: *P , 0.05;
**P , 0.01; ***P , 0.001.
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and 38% axon guidance defects, whereas likely kinase-dead
vab-1 alleles (e118, e2, and zd118) display 10% defects. The
penetrance of defects in vab-1(e2027) L1 stage animals was
comparable to that observed in L4 animals (not shown),
suggesting guidance errors arise during initial amphid axon
outgrowth in embryogenesis and do not result from a failure
to maintain axon position. These results confirm that both
kinase-dependent and kinase-independent VAB-1 functions are
involved in amphid axon guidance. Hereafter we refer to the
reference null vab-1(e2027) as vab-1(0), and to the reference
kinase dead allele vab-1(e118) as vab-1(kd). In agreement with
previous observations (Zallen et al. 1999), vab-1 mutations
affect all amphid axons equally; guidance of the amphid axon
bundle is typically either completely ventral or completely lat-
eral. Below, we focus on a representative neuron, AWB.

Amphid axon guidance is dependent on EFN-1, which
signals through both VAB-1 kinase-dependent
and -independent pathways

Previous studies had not resolved which ephrin ligands were
involved in amphid axon guidance. We found that of the
four C. elegans ephrins, only efn-1(0) mutants displayed
amphid axon ventral guidance defects like those of vab-1,
at lower penetrance (25%; Figure 1, C and D). These obser-
vations suggested that EFN-1 might be partly redundant
with EFN-2 and EFN-3 in regulating ventral guidance.
efn-2 or efn-3 null mutants or efn-2 efn-3 double mutants
displayed completely normal AWB guidance (Figure 1D). efn-1
efn-2 and efn-1 efn-3 double mutants resembled efn-1 single
mutants, as did the efn-1 efn-2 efn-3 triple mutant (Figure
1D). Thus, EFN-1 is the major ephrin ligand involved in amphid
axon guidance. As shown below, EFN-2 may play a minor role
in guidance.

To address how EFN-1 may regulate VAB-1 signaling,
we examined amphid guidance in efn-1 vab-1 double
mutants. The phenotype of vab-1 null mutants was not
enhanced by efn-1(0), consistent with EFN-1 and VAB-1
acting in a linear pathway. We next addressed whether
EFN-1 acted in the VAB-1 kinase-dependent or kinase-
independent pathway by examining double mutants be-
tween each ephrin ligand and the kinase dead receptor.
We interpret enhancement of the kinase-dead phenotype
as evidence for signaling in a kinase-independent pathway.
efn-1(0) vab-1(kd) double mutants showed enhancement
relative to vab-1(kd) but not to efn-1(0) alone, consistent
with EFN-1 signaling at least in part through a kinase-
independent pathway (Figure 1E). Conversely, efn-2 vab-1
(kd) and efn-3 vab-1(kd) mutants displayed significant sup-
pression of axon guidance defects relative to vab-1(kd), sug-
gesting EFN-2 and EFN-3 have a cryptic function that
antagonizes the kinase-independent pathway. efn-2 or efn-3
neither enhanced nor suppressed vab-1(0) guidance defects,
implying that the antagonistic effects of EFN-2/3 require the
Eph receptor (Figure 1E).

To test whether loss of EFN-2 improved VAB-1 signaling
by enhancing EFN-1 activity, we examined whether efn-1

partial loss-of-function mutants could be suppressed by
efn-2(lf) and found no significant suppression in these dou-
ble mutants (not shown). Loss of EFN-2 may be unable
to compensate for the reduced EFN-1 function in these
mutants. To address the specificity of efn-2 suppression,
we analyzed double mutants between efn-2 and the netrin
receptor unc-40 or sax-3/Robo. efn-2 weakly suppressed
guidance defects in both cases (not shown), although this
was not statistically significant. These data imply that loss of
efn-2 function might increase EFN-1/VAB-1 signaling via
VAB-1, resulting in slight improvement of guidance in the
absence of UNC-40 or SAX-3.

VAB-1 is expressed and required in amphid neurons for
axon guidance

We considered two general models for how VAB-1 and
EFN-1 might promote amphid guidance (Figure 2A). First,
VAB-1 in amphid neurons might interact with EFN-1 on
surrounding guidepost cells, mediating a receptor-dependent
forward signal into axons. EFN-1 might present an attractive
cue on ventral guidepost cells or EFN-1 might repel amphid
axons from the more lateral pathway; the stereotyped lateral
guidance of aberrant axon trajectories in vab-1, unc-40, or
sax-3 suggests that the lateral path represents a “default”
pathway for axons in the absence of ventral cues. In the
second model EFN-1 in amphid neurons might interact with
VAB-1 in surrounding cells, mediating an ephrin reverse
signal into axons. More complex models in which VAB-1 and
EFN-1 are coexpressed in amphids and surrounding cells are
also possible.

VAB-1 is widely expressed in anterior neurons during
embryonic and larval development (George et al. 1998;
Brisbin et al. 2009). During larval stages Pvab-1-GFP expression
becomes more restricted, and was observed strongly in at
least one amphid neuron pair, ASIR/L (Figure 2B). We
therefore focused on testing the cellular requirement of
VAB-1 using a variety of tissue- or cell-specific promoters
(Table S1). We verified that the vab-1(0) axon guidance
phenotypes were fully rescuable by genomic vab-1 DNA or
by the VAB-1::GFP transgene (George et al. 1998). Expres-
sion of VAB-1 under the control of early panneuronal pro-
moters such as unc-33 partly rescued vab-1(0) phenotypes
from 38 to 27%, suggesting expression of VAB-1 in neurons
is sufficient to promote normal amphid guidance; expression
under the control of the later-onset rgef-1 promoter did not
significantly rescue, suggesting VAB-1 expression later in
neuronal differentiation is not sufficient. When we expressed
VAB-1 using an amphid (Pdyf-7) or AWB-specific promoter
(Pstr-1), vab-1(0) mutant phenotypes were significantly res-
cued (18–28%; Figure 2C). In contrast, expression of VAB-1
from nonneuronal promoters, including lin-26 (glial and epi-
dermal cells), hlh-17 (cephalic sheath cells), or myo-2 (pha-
ryngeal muscle), did not rescue amphid axon defects. Taken
together, our expression and tissue-specific rescue experi-
ments are most consistent with VAB-1 acting directly in
amphid neurons to promote axon guidance.
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EFN-1 is expressed and required in neurons and may
interfere with VAB-1 when misexpressed in
amphid neurons

EFN-1::GFP is expressed widely in anterior neurons in
midembryogenesis (Chin-Sang et al. 1999), but like VAB-1
becomes more restricted during larval stages. In larvae,
EFN-1::GFP was not observed in amphid neurons but was
seen in a set of ventral neurons including AIM, AIY, and AVK
(Figure 3A). Tissue-specific expression of EFN-1 under the
control of the panneuronal unc-33 promoter significantly
suppressed efn-1(0) guidance defects, suggesting EFN-1 is
at least partly required in neurons. However, amphid-
specific expression of EFN-1 strongly enhanced guidance
defects in an efn-1(0) mutant (Figure 3B). We reasoned that
if EFN-1 is not normally expressed in VAB-1-expressing
amphid neurons, its ectopic expression in amphid neurons
could inhibit VAB-1 signaling by a cis-interaction similar to
that reported between ephrin-A5 and EphA3 in retinal axons
(Carvalho et al. 2006). Consistent with this hypothesis, Pdyf-
7-EFN-1 did not significantly enhance guidance defects of
a vab-1(0) mutant. Thus, ventral guidance defects due to
misexpression of EFN-1 may reflect inhibition of VAB-1/
EphR in amphid neurons. As the Pdyf-7-EFN-1 guidance

defects in an efn-1(0) background are slightly more severe
than those of vab-1(0), EFN-1 overexpression may also in-
terfere with the function of SAX-3 or UNC-40, which are
known to be expressed in amphid neurons (Chan et al.
1996; Zallen et al. 1998). Expression of EFN-1 under the
control of nonneuronal or AWB-specific promoters (lin-26,
hlh-17, myo-2, or str-1) neither rescued nor enhanced efn-1
phenotypes. Overall these data are consistent with EFN-1
functioning in nonamphid neurons, presumably guidepost
cells for amphid axons.

Eph signaling in amphid axon guidance displays
left–right asymmetry

In the course of analyzing amphid ventral guidance pheno-
types, we noticed that almost all vab-1 and ephrin mutant
strains displayed a strong left–right bias, in that guidance
defects were two to four times more frequent in the left-
hand neuron of a bilateral pair (Figure 4, A and B). Such
asymmetric guidance defects were seen in multiple singly
labeled neuron types and in amphid neurons labeled by
dye filling. In contrast, the penetrance of guidance defects
in unc-40 (Netrin receptor) or sax-3 (Robo) mutants did not
display left–right bias (Figure 4B). Thus, despite the overt
symmetry of axon guidance in the wild type, left-hand neu-
rons are more dependent on Eph signaling than are right-
hand neurons.

Amphid neurons are known to display left–right asymme-
tries in gene expression and function, determined cell au-
tonomously by gene regulatory cascades (Hobert et al. 2002;
Johnston and Hobert 2003). To distinguish whether an
amphid neuron’s identity or its environment determines
the asymmetric response to loss of ephrin signaling, we used
lsy-6 mutants, in which a left-hand neuron (ASEL) is genet-
ically transformed into its right-hand counterpart ASER
(Johnston and Hobert 2003). If left-hand bias in guidance
defects reflects an intrinsic aspect of the ASEL fate, ASER

Figure 2 Expression and tissue-specific rescue of VAB-1. (A) Models for
the cellular focus of VAB-1 and ephrins in amphid axon ventral guidance.
(B) Pvab-1-GFP (evIs190) expression in amphid neurons, including ASI,
and in nerve ring in larvae. Anterior is to the left, dorsal views. ASI is
identified as the most posterior of the dorsal trio of large amphid neu-
rons, double labeled with DiI (red). (C) Tissue and cell-specific rescue of
vab-1 guidance defects. All transgenic rescue assays were conducted in
vab-1(e2027); kyIs104 mutant background. Asterisks indicate significant
differences from vab-1 single mutant by Fisher exact test: *P , 0.05; **P
, 0.01; ***P , 0.001.

Figure 3 EFN-1 expression and tissue-specific rescue. (A) EFN-1::GFP
(juIs52) expression in larvae and adults. EFN-1::GFP is expressed in a small
number of anterior neurons, identified based on position and morphol-
ogy as AIM, AIY, and AVK. (B) Tissue and cell-specific rescue of efn-1
axon guidance defects, scored in the efn-1(e96); kyIs104 background or
in vab-1(e2027) as indicated. Asterisks indicate significant difference from
efn-1 single mutant defects, by Fisher exact test. N . 50 except where
indicated. *P , 0.05; **P , 0.01; ***P , 0.001. Bar, 10 mm.
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should not show higher guidance defects when on the left
side. However if the left-side environment determines reli-
ance on Eph signaling then the transformed ASER (left)
should show enhanced defects compared to the nontrans-
formed ASER (right). In vab-1(0) lsy-6 double mutants we
observed a strong left-hand bias in defects (P, 0.01), equiv-
alent to that in vab-1(0) alone (Figure 4C), suggesting it is
not the lateralized identity of the cell, but a difference in the
environment that leads to the asymmetry of Eph guidance
defects.

Our analysis of VAB-1 and EFN-1 expression patterns did
not reveal overt left–right asymmetries in amphid neurons
or surrounding cells. We therefore examined the embryonic
expression of EFN-2 using 4D lineage analysis of an efn-2
transcriptional reporter. We found that efn-2 expression
shows widespread left–right asymmetry in embryos, both
in amphid neurons and in other cells (Figure 4D; Table
S2). This asymmetry involves expression in either the right
or left member of a bilaterally symmetrical neuron pair. The
asymmetric expression of efn-2 prompted us to reexamine
whether efn-2 mutants might have subtle asymmetric effects
on amphid guidance that were not evident from averaging
defects on both sides. Loss of function in efn-1 causes
a strong left-hand bias in defects that is exacerbated in
efn-1 efn-2: defects on the left side increase from 36 to
50%, and defects on the right side decrease from 16 to
8% (Figure 4E), resulting in slightly increased overall
defects (Figure 1D). In contrast, loss of efn-2 improves
left-hand guidance in vab-1(kd) mutants, suggesting the ef-
fect of EFN-2 on left-side guidance can be positive or nega-
tive depending on the presence of EFN-1. Loss of efn-2
function did not modify the left–right bias of defect in vab-

1(0) consistent with the idea that the inhibitory effect of
EFN-2 requires VAB-1. Asymmetric expression of EFN-2 or
other guidance cues could contribute to the unequal roles of
Eph signaling in left and right amphid axon guidance.

Screening candidates for components of Eph signaling
in axon guidance

To identify additional components of Eph signaling involved
in axon guidance, we screened candidate genes chosen
based on their involvement in Eph signaling in other tissues
or organisms (Table 2). We scored guidance in all single
mutants and selected mutants in the vab-1(kd) and vab-1
(0) backgrounds, reasoning that mutations affecting a
VAB-1 kinase-independent pathway should enhance vab-1
(kd) but not vab-1(0). VAB-1 kinase-independent signaling
could potentially act downstream of VAB-1 in a “forward”
pathway, or in a “reverse” pathway into the EFN-1-express-
ing cell. Loss of function in candidate coreceptors for ephrin
reverse signaling such as the TrkB homolog trk-1 (Manning
2005) did not affect guidance. Other potential VAB-1
ligands such as the atypical ephrin EFN-4, VPR-1, or the
Wrapper/Klingon-like receptor WRK-1 did not affect amphid
axon guidance as single mutants and were not tested further
(Table 2). Some sterile or maternal-effect mutants, such as
src-1 were only tested as single mutants and did not affect
guidance. Loss of function in mig-10/Lamellipodin or in
ngn-1/Neurogenin caused highly penetrant axon guidance
defects as single mutants and may affect parallel pathways
or multiple signaling pathways. Most single mutants did not
display axon guidance defects and did not modify the vab-1
(kd) phenotype, including several genes implicated in Eph
signaling in other contexts, such as nck-1/Nck or ephx-1/

Figure 4 Ephrin signaling has asymmetric require-
ments in amphid commissure ventral guidance. (A)
Amphid outgrowth defects display left-hand bias
in Eph signaling mutants; representative example
from efn-1(e96). Bar, 10 mm. (B) Quantitation of
axon guidance defects in left vs. right hand AWB,
ASI, or AFD axons in efn-1 or vab-1(e118)mutants.
unc-40 and sax-3 do not show detectable left–
right bias in penetrance. Green bars are right-side
axons and red bars, left. (C) Transformation of
ASEL into an ASER-like fate by lsy-6 does not alter
the left-hand bias in guidance defects in vab-1
(e2027) background. (D) Asymmetry in Pefn-2-
mCherry (juEx2737) expression as determined by
4D lineage analysis at 335 min postfertilization;
anterior is to the left and left is up. Blue nuclei
are bilateral pairs that show symmetrical expres-
sion of efn-2, green nuclei are members of bilateral
pairs for which only the right-hand side expresses
efn-2, red nuclei are members of pairs that express
only on the left-hand side. Gray nuclei are nonex-
pressing (grayscale depth code). See Table S2 for
list of expressing nuclei. (E) Loss of efn-2 function
increases asymmetry of efn-1 mutants, does not
affect vab-1(e2027) or vab-1(dx31) null mutants,
and decreases penetrance and asymmetry in
vab-1(kd).
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Ephexin. Below we focus on two pathways that displayed
specific roles in amphid guidance: the PI3-kinase/Insulin
signaling pathway and the nonreceptor tyrosine kinase
abl-1/Abl.

PI3-kinase signaling promotes amphid axon guidance

The phosphatidylinositol 3-kinase pathway plays wide-
spread roles in Eph signaling; in C. elegans, VAB-1 promotes

PI3K signaling in neurons by negatively regulating the phos-
phatase DAF-18/PTEN (Brisbin et al. 2009). We therefore
tested age-1 and aap-1, which encode the C. elegans ortho-
logs of the PI3K p110 catalytic and p50/p55 adaptor/regu-
latory subunits. age-1 or aap-1 single mutants displayed
normal amphid guidance and both significantly enhanced
the vab-1(kd) phenotype (Figure 5A). Loss of aap-1 or
age-1 also enhanced efn-1(0) guidance defects, and age-1

Table 2 Candidate Eph signaling genes in C. elegans

Single mutant
lateral axon

phenotype (%)

Double vab-1(kd)
mutant lateral axon

phenotype (%)
Compound vs. vab-1

(kd) (P-value) Mammalian homolog

vab-1(e118) — 12 —

Class I: suppressors of vab-1(kd)
akt-1(ok525) 0 3 ***0.0009, N = 200 Akt/PKB
sgk-1(ok538) 0 3 **0.002, N = 160 SGK/serum-and glucocorticoid-

inducible kinase
daf-16(mu86) 0 3 **0.003, N = 200 FOXO
efn-3(ev696) 0 3 **0.008, N = 134 Ephrin-A ligands
efn-2(ev658) 0 4 **0.006, N = 268 Ephrin-A ligands
egl-19(ad695gf) 0 4 *0.024, N = 164 VGCC a subunit
daf-18(ok480) 0 4 *0.036, N = 100 PTEN

Class II: specific enhancers of vab-1(kd)
efn-1(e96) 26 33 ***0.0001, N = 122 Ephrin-A ligands
abl-1(ok171) 25� 0 32 **0.002, N = 100 Abl/Abelson kinase
abl-1(ok171) 1 22 0.091, N = 100 Abl/Abelson kinase
aap-1(m889) 25� 0 28 *0.041, N = 50 PI3K p50/p55
age-1(hx546) 25� 0 22 0.06, N = 130 PI3K p110

Class III: nonspecific enhancers of vab-1(kd)
ngn-1(ok2200) 32 50 ***0.0001, N = 100 Neurogenin
mig-10(ct41) 2 22 *0.05, N = 200 Lamellipodin

Class IV: no significant change
ina-1(gm144) 3 11 0.825, N = 100 alpha integrin subunit
git-1(tm1962) 0 8 0.355, N = 100 GIT1
arf-6(tm1447) 0 11 0.825, N = 100 ARF6
nck-1(ok694) 0 14 0.834, N = 100 NCK adapter protein
shc-1(ok198) 0 8 0.347, N = 100 Shc proteins
shc-2(tm328) 1 — — Shc proteins
ephx-1(ok494) 0 15 0.683, N = 100 Ephexin
rga-5(ok2241) 0 12 1.0, N = 100 Rho GTPase Activating protein
gap-2(tm748) 0 — — nGAP/synGAP
vpr-1(tm1411) 0 — — VAPB
wrk-1(ok695) 0 9 0.490, N = 100 Wrapper/Rega-1/Klingon
trk-1(tm3895)yy 0 14 0.822, N = 72 TRK neurotrophin receptor
trk-1(tm4054)yy 0 6 0.139, N = 100 TRK neurotrophin receptor
src-1(cj293) 0 — — Src family kinase member
src-2(ok819) 0 12 1.0, N = 50 Src family kinase member
egl-19(n2368cs) 4 6 0.138, N = 100 VGCC a subunit
jac-1(ok3000) 0 5 0.125, N = 100 p120 catenin
tag-341(ok1498) 1 5 0.056, N = 200 F-BAR and RhoGAP domains
akt-2(ok393) 0 14 0.836, N = 100 Akt/PKB
akt-2(tm812) 0 18 0.326, N = 100 Akt/PKB
lsy-6(ot71) 0 19 0.248, N = 100 N/A
cog-1(sy275)y 5 — — Nkx6 homeodomain protein
wsp-1(gm324) 0 10 0.652, N = 100 N-WASP
goa-1(sa734) 1 Sterile — Heterotrimeric G protein alpha

subunit Go (Go/Gi class)
fmi-1(tm306) 7 — — Celsr/Flamingo
efn-4(bx80) 3 — — Ephrin-A ligands

N, number of neurons scored. ycog-1 was tested with the Pgcy-7-GFP marker to label ASEL. yytrk-1(tm3985) is a 176-bp deletion, which removes most of exons 8 and 9 of the
primary sequence and is predicted to truncate the protein between the transmembrane and kinase domain. tm4054 is an 823-bp deletion, which removes exons 6–9 and is
predicted to be a null. Statistics, Fisher exact test: *, P , 0.05, **, P , 0.01, ***, P , 0.001.
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enhanced vab-1 null mutant defects. PI3K signaling has re-
cently been shown to cell-autonomously promote axon out-
growth of the AIY neuron (Christensen et al. 2011); we
found that AWB also displayed outgrowth defects in PI3K
mutants, but that these were independent of axon guidance
or VAB-1 (not shown). These results suggest PI3-kinase sig-
naling promotes amphid guidance and that loss of VAB-1
function sensitizes amphid axons to loss of PI3K activity.
As vab-1(0) is enhanced by PI3K mutations, PI3K acts in
parallel to VAB-1. An additional role for PI3K downstream
of VAB-1 cannot be excluded.

daf-18 encodes the C. elegans PTEN phosphatase that acts
antagonistically to PI3K (Ogg and Ruvkun 1998). VAB-1 has
been shown to interact with and negatively regulate PTEN
expression and function in amphid neurons in a kinase-
dependent manner (Brisbin et al. 2009). We found that daf-18
vab-1(kd) mutants showed significant suppression of amphid
guidance defects, consistent with PI3K signaling promoting
guidance (Figure 5B). Loss of function in daf-18 did not sup-
press amphid axon guidance defects of unc-40 null mutants,
suggesting loss of vab-1 kinase activity might sensitize axons
to levels of PI3K signaling. In the course of these experiments,
we observed that daf-18 displayed strong synergistic lethality
with vab-1 or sax-3 null mutants (not shown). Analysis of
a limited number of surviving vab-1(0) daf-18 double
mutants revealed slight enhancement of guidance defects
that was not statistically significant. Thus, DAF-18 may play
both positive and negative roles in guidance depending on
the signaling context.

In C. elegans PI(3,4,5)P3 (PIP3) is thought to act via a va-
riety of kinases, including AKT-1/AKT-2 (Paradis and Ruvkun
1998) and PDK-1 (Paradis et al. 1999). The serum-and
glucocorticoid-inducible kinase SGK-1 strictly depends on
PDK-1 for its activation, but transduces PIP3 signals by form-
ing a complex with AKT-1/2 to control life span through
regulation of DAF-16 (Hertweck et al. 2004). We therefore
tested pdk-1/PDK, sgk-1/SGK, and the Akt/PKB homologs
akt-1 and akt-2. Unexpectedly, loss of function in each of
these kinases except akt-2 suppressed vab-1(kd) defects
(Figure 5B). Loss of function in a target of the PI3-kinase/
insulin pathway, DAF-16/FOXO (Lin et al. 1997; Ogg et al.
1997), also suppressed vab-1(kd) guidance defects.

Overall, these results further demonstrate that PI3K
signaling influences amphid axon guidance but suggest that
the roles of PI3K-dependent kinases may differ from their
canonical roles as defined by their functions in aging or dauer
formation (Paradis and Ruvkun 1998; Paradis et al. 1999;
Hertweck et al. 2004). Reduced PI3K activity enhanced guid-
ance defects, yet loss of function in the kinases that transduce
PIP3 activity suppressed guidance defects. These results sug-
gest a more complex and possibly noncanonical relationship
between VAB-1 and the PI3K pathway in axon guidance.

The ABL-1 tyrosine kinase acts in Eph signaling in amphid
axon guidance: abl-1 mutants display a low penetrance
(1%) lateral amphid axon phenotype and significantly en-

hanced vab-1(kd), but not vab-1(0) guidance defects (Figure
6A), suggesting abl-1 acts in Eph signaling but independent
of the Eph kinase. abl-1 unc-40 double mutants did not
display genetic interactions, consistent with ABL-1 acting
specifically in Eph signaling (Figure 6A). efn-1 abl-1 double
mutants displayed significant enhancement, suggesting that
although ABL-1 acts within the Eph pathway it is not solely
downstream of EFN-1 (Figure 6A). age-1 abl-1 double
mutants displayed normal guidance. However, the abl-1
age-1 vab-1(kd) triple mutant displayed 45% guidance
defects, equivalent to or slightly stronger than vab-1(0) (Fig-
ure 6B). This synergistic effect in the vab-1(kd) background
suggests abl-1 and age-1 act in distinct pathways in amphid
guidance, which are redundant with each other and with
VAB-1 kinase-dependent signals.

To determine where ABL-1 functions in amphid axon
guidance, we conducted tissue- and cell-specific rescue
experiments. We expressed the ABL-1 cDNA under the

Figure 5 Phosphatidylinositol 3-kinase signaling promotes amphid axon
guidance. (A) Enhancement of vab-1(kd) amphid axon guidance defects
by reduction of function in PI3-kinase activity. age-1 and aap-1 were
tested at 25�. Significance is relative to the single vab-1(kd) mutant (red
dashed line). (B) Loss of function in daf-18/PTEN, daf-16/FOXO, and in
downstream PI3K signaling kinases suppresses vab-1(kd) guidance
defects. daf-18 slightly enhanced the ventral guidance defects of vab-1
null mutants but this is not statistically significant; daf-18 does not sig-
nificantly affect unc-40 penetrance. Statistics, Fisher exact test: *P, 0.05;
**P , 0.01; ***P , 0.001.
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control of amphid-specific (dyf-7) or AWB-specific (str-1)
promoters and tested for rescue of the vab-1(kd) abl-1 en-
hanced phenotype. Amphid-specific expression of ABL-1 res-
cued the vab-1(kd) abl-1 double mutant to the level of the
vab-1(kd) phenotype alone, indicating ABL-1 acts in amphid
neurons. Strikingly, expression of ABL-1 under the AWB-
specific str-1 promoter was able to suppress vab-1(kd) abl-1
guidance defects to levels even lower than those of vab-1(kd)
(Figure 6C). This suppression of vab-1 by AWB-specific ABL-1
overexpression is also consistent with ABL-1 acting in AWB
downstream of VAB-1. Moreover, when we examined other
amphid neurons in both the Pstr-1-ABL-1 and Pstr-1-VAB-1
rescued lines, we found that rescue of AWB guidance was
almost completely correlated with rescue of other axons in
the commissure (Figure 6D; vab-1 data not shown). Thus,
AWB-specific expression of either ABL-1 or VAB-1 not only
rescues AWB guidance but also rescues guidance of other
amphid axons.

Discussion

We were interested in the roles of Eph signaling in amphid
axon guidance as a simple model for kinase-independent
functions of Eph receptors. Our genetic and cellular analysis
suggests the role of VAB-1 signaling in amphid axons is in
several respects unlike its function in other cellular contexts
in C. elegans. Thus, despite expressing a single Eph receptor
and a small number of ephrin ligands, C. elegans Eph signal-
ing is highly context specific (Miller and Chin-Sang 2012).

EFN-1 is the major ephrin promoting amphid axon
ventral guidance

In contrast to the previously characterized functional re-
dundancy between EFN-1, EFN-2, and EFN-3 in embryonic
morphogenesis and ventral neuroblast migration (Wang
et al. 1999), only EFN-1 is required to properly guide the
amphid axons and is sufficient to signal in the absence of
EFN-2 and EFN-3. Unexpectedly, the efn-1,-2,-3 triple mu-
tant fails to phenocopy the vab-1 receptor null in amphid
guidance, suggesting that EFN-1,-2, and -3 do not collec-
tively account for all VAB-1 activity. At least three explana-
tions can be considered for this disparity between the vab-1
null phenotype and the efn-1,-2,-3 triple mutant. First, EFN
ligands might antagonize one another. Removal of efn-2
appears to slightly enhance efn-1, but this effect is negated
by loss of efn-3. It is possible that EFN-3 acts in an inhibitory
way to disrupt the functionality of EFN-1 or EFN-2 during
ephrin signaling. We also find that loss of EFN-2 or EFN-3
mildly suppressed vab-1(kd), suggesting EFN-2 and EFN-3
inhibit kinase-independent signaling. Loss of EFN-2 or
EFN-3 does not affect the vab-1 null phenotype, suggesting
such suppression effect requires the VAB-1 receptor.

A second possibility is that amphid axon guidance
involves an additional VAB-1 ligand. However, neither the
fourth ephrin EFN-4 nor the nonephrin ligand VPR-1 appear
to affect amphid axon guidance. Lastly, VAB-1 could have
ligand-independent activity. In cancer cells EphB4 can regu-
late integrin-mediated adhesion independently of ephrin
stimulation (Noren et al. 2009). In axon guidance, where

Figure 6 ABL-1 signals in VAB-1-dependent amphid axon
guidance. (A) Quantification of amphid axon guidance
defects in abl-1 mutants. (B) Synergism of guidance
defects in the vab-1(kd) abl-1 age-1 triple mutant suggests
ABL-1 and PI3K act in parallel and are redundant with
VAB-1 kinase signaling. (C) dyf-7 driven (panamphid) ex-
pression of ABL-1 (juEx4345) rescues abl-1 enhancement
of vab-1(kd) guidance defects but not vab-1(0) defects.
str-1-driven AWB-specific expression of ABL-1 (juEx5059)
suppresses the vab-1(kd) abl-1(ok171) double mutant and
the vab-1(kd) single mutant. (D) Rescue of guidance of
multiple amphid axons by expression of ABL-1 in AWB.
Images of vab-1(kd); abl-1; Pstr-1-ABL-1 kyIs104 trans-
genic animals with other amphid axons visualized by DiI
staining. Guidance of AWB correlates with guidance of
other amphid axons in nonrescued and rescued animals
(N . 50 axons). Statistics, Fisher exact test: *P , 0.05;
**P , 0.01; ***P , 0.001.
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localized ligands give directional information, ligand-
independent activity of VAB-1 might be permissive for
other instructive signals such as netrins to promote ven-
tral guidance.

Cellular sufficiency for Eph signaling in amphid
axon guidance

Our tissue-specific rescue experiments suggest VAB-1 func-
tions at least in part in the nervous system, and most likely
in the amphid neurons themselves. This conclusion is con-
sistent with our expression data and previous evidence for
VAB-1 functioning in amphid neurons (George et al. 1998;
Brisbin et al. 2009). Conversely, EFN-1 does not appear to be
expressed or required in amphid neurons; moreover, expres-
sion of EFN-1 in amphid neurons enhances the efn-1(0)
mutant phenotype. We hypothesize that this enhancement
reflects a cis-inhibitory interaction of EFN-1 and VAB-1, be-
cause amphid-specific expression of EFN-1 does not enhance
vab-1(0). Although we have not pinpointed the cells in
which EFN-1 is expressed at the time of amphid guidance,
it is noteworthy that EFN-1 is expressed in a set of ventral
neurons, some of which are postsynaptic to amphid sensory
neurons and whose cell bodies are close to the amphid
commissure.

A caveat to our analysis is that none of our VAB-1 or EFN-1
tissue-specific transgenes fully rescued the corresponding
mutant defects. As some panneural (unc-33) amphid (dyf-7)
or AWB-specific (str-1) driven constructs had rescuing activ-
ity, these promoters appear to be expressed early enough to
function during amphid axon guidance. We therefore suspect
that the inability of transgenes to fully rescue vab-1 or efn-1 is
because VAB-1 and EFN-1 are required either in multiple
tissues or in a complex subset of neurons, and that panneural
or panamphid expression does not sufficiently recapitulate
these patterns.

VAB-1 and phosphatidylinositol 3-kinase signaling in
axon guidance

PI3K signaling is a key regulator of axon guidance in many
organisms. In C. elegans ventral guidance of the AVM axon
depends on AGE-1/PI3K to properly respond to UNC-6/
netrin and SLT-1/slit cues (Chang et al. 2006). Eph recep-
tors can physically interact with the p85 subunit of phospha-
tidylinositol 3-kinase (PI3K) (Pandey et al. 1994), as well as
transmit kinase-independent forward signals through a PI3K
pathway (Gu and Park 2001). In C. elegans, VAB-1 directly
interacts with and inhibits PTEN in axon termination (Brisbin
et al. 2009). Here we have shown genetic evidence that
PI3-kinase signaling contributes to amphid axon guidance
and may function in a VAB-1 kinase-independent manner.
vab-1(kd) phenotypes are enhanced by loss of function in
PI3K and suppressed by loss of function in DAF-18/PTEN.
As age-1 mutations enhance the vab-1 null mutant PI3K
signals do not solely act in the VAB-1 pathway and may also
contribute to UNC-40- or SAX-3-dependent guidance or neu-
ronal polarization, as in the AVM and HSN neurons (Adler

et al. 2006; Chang et al. 2006). Nevertheless given the evi-
dence for regulation of DAF-18 by VAB-1 in amphid neurons
(Brisbin et al. 2009) and the specific suppression of vab-1
(kd) by daf-18, we consider the most likely model that
VAB-1 promotes PI3K signaling in amphid axon guidance,
either by inhibiting DAF-18 or promoting PI3K activity, or
both. Our observations that loss of daf-18 function both
suppresses vab-1(kd) and slightly enhances vab-1(0) guid-
ance defects may reflect the need for a specific intermediate
level of PI3K signaling: partial loss of PI3K signaling, as in
vab-1(kd) mutants, may be compensated for by reduced
DAF-18 activity, whereas in the context of a more complete
loss of PI3K signaling as in vab-1(0), the elevated or delo-
calized PIP2 resulting from lack of DAF-18 function may also
affect parallel pathways.

Loss of function in the PI3K target DAF-16/FOXO also
suppresses vab-1 guidance defects. Unexpectedly, loss of
function in PIP3-regulated kinases such as AKT-1, SGK-1,
or PDK-1 also suppressed vab-1(kd) defects. The down-
stream mechanisms of PI3K signal transduction in axon
guidance may therefore differ from those involved in dauer
formation or aging.

The role of ABL-1 in VAB-1 signaling

We have shown that the Src family tyrosine kinase ABL-1
promotes amphid axon guidance, likely downstream of
VAB-1 signaling. So far, abl-1 has only been indirectly impli-
cated in C. elegans axon guidance (Fox et al. 2005); our
results provide functional evidence for this role. Interest-
ingly, in mammalian neurons Abl has been shown to medi-
ate EphA-dependent axon repulsion (Harbott and Nobes
2005). The simplest interpretation of our findings in C. ele-
gans is that ABL-1 promotes attractive responses to guidance
cues. ABL-1 appears to be required in a kinase-independent
and EFN-1-independent branch of VAB-1 signaling. ABL-1
might be activated by a nonephrin ligand, or by a ligand-
independent activity of VAB-1 as discussed above. In mam-
malian cells Abl can interact with Eph receptors in multiple
ways. In breast cancers, EphB4 can directly interact with
Abl, dependent on ligand and kinase activity (Noren et al.
2006). Eph receptors can also interact with Abl independent
of Eph kinase activity through an interaction mediated by
the C-terminal tail of Abl (Yu et al. 2001). Although the
ABL-1 SH2 domain did not interact with the kinase domain
of VAB-1 in two-hybrid assays (Mohamed et al. 2012), ABL-1
might interact with VAB-1 indirectly, or via one of the other
modes described by Yu et al. (2001). Further work will be
required to determine the mechanism by which ABL-1 might
mediate VAB-1 signals.

Our finding that PI3K and ABL-1 act as parallel outputs in
VAB-1-mediated axon guidance (Figure 7A) is interesting in
light of the finding that EphB2 signaling in intestinal stem
cells also involves parallel PI3K and Abl signals (Genander
et al. 2009). EphB2 regulates cell positioning in a kinase-
independent pathway via PI3K and regulates cell prolifera-
tion via a kinase-dependent Abl pathway. Although our
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results are more compatible with ABL-1 functioning in a ki-
nase-independent forward signaling pathway, these compar-
isons suggest Eph signaling operates via a small number of
signaling cascades whose outputs are ultimately cell-type
specific.

Eph signaling has unexpected left–right asymmetry in
axon guidance

It is now well established that amphid neurons display
extensive left–right asymmetry in function and in structure.
Such asymmetry can be stochastic, as in AWC receptor ex-
pression (Troemel et al. 1997), or biased, as in ASE receptor
expression, sensory function, and axon diameter (Bargmann
and Horvitz 1991; Pierce-Shimomura et al. 2001; Chang
et al. 2003; Goldsmith et al. 2010). Left–right asymmetry
in axon outgrowth has been reported in AIY amphid inter-
neurons (Bertrand et al. 2011). Our findings are the first
evidence that amphid neurons also display biased asymme-
try in their axon guidance.

vab-1 and efn mutants display a consistent and significant
left-hand bias in ventral guidance defects. We observed this
bias in all amphid neuron classes examined. The inability
of the ASEL–ASER left-to-right fate transformation in lsy-6
mutants to alter this bias is suggestive that the bias reflects
an asymmetric signaling environment, although it remains
possible that lsy-6 mutants fail to transform the relevant
intrinsic aspects of the ASEL fate. Consistent with this, we
find that at least one ephrin, EFN-2, displays highly asym-
metric expression in embryonic neurons. Although these
studies do not directly address the signaling environment
at the time of amphid axon guidance, they are consistent
with the idea that axon guidance cues can be highly left–
right asymmetric. As vab-1 null mutants also display asym-
metric defects, it appears that other nonephrin cues must
also be asymmetric and that this asymmetry is revealed in
the absence of VAB-1. However no obvious bias has been
reported in the expression or function of the two other main
pathways in amphid axon guidance, UNC-6 netrin/UNC-40
and SAX-3/Robo.

Our results also imply a differential reliance on kinase-
dependent or kinase-independent signaling on the left and
right sides (Figure 7B). As.90% of aberrantly guided axons
in vab-1(kd) mutants are on the left, the kinase-dependent
pathway seems to be most important in left-side guidance.
Loss of efn-2 improves left-hand guidance in vab-1(kd)
mutants, indicating EFN-2 is inhibitory in this context. This
inhibitory effect might reflect the expression of EFN-2 in
multiple left-hand amphid neurons, where it could inhibit
VAB-1 signaling in cis in a manner similar to EFN-1. How-
ever in animals lacking EFN-1, loss of EFN-2 exacerbates
left-hand guidance defects and improves right-hand defects.
In the absence of EFN-1, EFN-2 may play a positive role in
left-hand guidance, as it is also asymmetrically expressed in
AIYL. EFN-2 does not appear to be expressed in right-hand
amphid neurons but could influence guidance from nearby
asymmetric sites of expression such as the IL neurons. An

interesting possibility is that loss of function in EFN-2 sup-
presses ventral guidance defects because EFN-2 is involved
in promoting guidance to the lateral path. In this model,
EFN-2 and EFN-1 act as competing cues for the lateral and
ventral paths.

Axons in the amphid commissure may be guided by
pioneer neurons

A prime question in analyzing guidance of an axon bundle
such as the amphid commissure is the extent to which axons
are guided independently or by fasciculation with pioneer
axons (Lee et al. 1997). The all-or-nothing nature of amphid
commissure guidance defects has been previously noted
(Bülow et al. 2002) and suggests amphid axons might follow
single pioneer axons. Our analysis extends this picture in
that expression of VAB-1 or ABL-1 in a single neuron,
AWB, can not only cell autonomously rescue guidance of
that neuron, but also may nonautonomously rescue the
guidance of other amphid neurons. At present we cannot
exclude the possibility that the str-1 promoter is more
widely expressed in amphid neurons early in development;
our attempts to use other amphid neuron-specific promoters
to rescue amphid guidance were unsuccessful for technical
reasons. It is possible that AWB is normally a pioneer axon
whose guidance determines the direction of the commis-
sure. Alternatively, VAB-1 or ABL-1 overexpression may sen-
sitize or otherwise give a growth advantage to AWB such
that it is able to assume a pioneer function that it does not
normally have. An important future goal will be to examine
the dynamics of amphid axon outgrowth in these genetic
backgrounds.

Figure 7 Models of Eph signaling in amphid axon guidance. (A) Possible
relationships between EFN-1, VAB-1, and the PI3K and ABL-1 pathways in
axon guidance. (B) Model for the left–right bias in Eph signaling. Amphid
guidance on the left side of the animal is mediated by a VAB-1 kinase-
dependent signaling pathway. In the presence of EFN-1, EFN-2 inhibits
ventral guidance. In the absence of EFN-1, EFN-2 can promote signaling.
The right side relies mostly on a kinase-independent signaling mechanism
that is inhibited by EFN-2.
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Table S1   Transgenic C. elegans strains and plasmids 

 

Transgene DNA constructs Genotype Strain # 

juEx16* VAB-1(+) cosmid (M03A1) vab-1(0); kyIs104 CZ11816 
juEx2870 VAB-1(+) fosmid (WRM0617bA10) 

(100ng/µl) 
vab-1(0); kyIs104 CZ14390 

juEx3839 VAB-1(+) minigene (pCZ55) (1ng/µl) vab-1(0); kyIs104 CZ14800 
juEx3529 Punc-33-VAB-1 (vab-1 3'UTR) 

(pCZGY1859) (1ng/µl) 
vab-1(0); kyIs104 CZ14078 

juEx3470 Prgef-1-VAB-1 (vab-1 3'UTR) (pCZGY1847) 
(1 ng/µl) 

vab-1(0); kyIs104 CZ14082 

juEx3836 Pmyo-2-VAB-1 (vab-1 3'UTR) (pCZGY1854) 
(1 ng/µl) 

vab-1(0); kyIs104 CZ14713 

juEx4725 Plin-26-VAB-1 (vab-1 3'UTR) (pCZGY2220) 
(1 ng/µl) 

vab-1(0); kyIs104 CZ16392 

juEx4728 Phlh-17-VAB-1 (vab-1 3'UTR) (pCZGY1852) 
(1 ng/µl) 

vab-1(0); kyIs104 CZ16835 

juEx3308 Pdyf-7-VAB-1 (vab-1 3'UTR) (pCZGY1342) 
(15 ng/µl) 

vab-1(0); kyIs104 CZ13960 

juEx4527 Pttx-3-VAB-1 (vab-1 3'UTR) (pCZGY1841) 
(5 ng/µl) 

vab-1(0); kyIs104 CZ16033 

juEx4857 Pstr-1-VAB-1 (vab-1 3'UTR) (pCZGY2221) 
(1 ng/µl) 

vab-1(0); kyIs104 CZ17039 

juEx3179 Pdyf-7-EFN-1 (unc-54 3'UTR) (pCZGY1340) 
(1 ng/µl) 

vab-1(0); kyIs104 CZ17654 

juEx5418 Pdyf-7-EFN-2 (unc-54 3'UTR) (pCZGY1343) 
(1 ng/µl) 

vab-1(0); kyIs104 CZ18326 

juEx127** EFN-1(+) (pCZ126) (50 ng/µl) efn-1(0); kyIs104 CZ14447 

juIs52** EFN-1::GFP (pCZ131) (50 ng/µl) efn-1(0); kyIs104 CZ13080 

juEx3775 Pdpy-30-EFN-1 (unc-54 3'UTR) 
(pCZGY1843) (1 ng/µl) 

efn-1(0); kyIs104 CZ14487 

juEx3577 Punc-33-EFN-1 (efn-1 3'UTR) (pCZGY1857) 
(1 ng/µl) 

efn-1(0); kyIs104 n/a 

juEx3476 Punc-119-EFN-1 (unc-54 3'UTR) 
(pCZGY1860) (1 ng/µl) 

efn-1(0); kyIs104 CZ14086 

juEx3158 Prgef-1-EFN-1 (unc-54 3'UTR) 
(pCZGY1344) (1 ng/µl) 

efn-1(0); kyIs104 CZ13372 

juEx3835 Pmyo-2-EFN-1 (efn-1 3'UTR) (pCZGY1853) 
(1 ng/µl) 

efn-1(0); kyIs104 CZ14694 

juEx4864 Phlh-17-EFN-1 (efn-1 3'UTR) (pCZGY1851) 
(1 ng/µl) 

efn-1(0); kyIs104 CZ17042 

juEx4524 Pttx-3-EFN-1 (efn-1 3'UTR) (pCZGY1839) 
(5 ng/µl) 

efn-1(0); kyIs104 CZ16028 

juEx4860 Plin-26-EFN-1 (efn-1 3'UTR) (pCZGY2223) 
(1 ng/µl) 

efn-1(0); kyIs104 CZ16642 

juEx3179 Pdyf-7-EFN-1 (unc-54 3'UTR) (pCZGY1340) 
(1 ng/µl) 

efn-1(0); kyIs104 CZ13373 

juEx3272 Pdyf-7-EFN-1 (efn-1 3'UTR) (pCZGY1341) 
(1 ng/µl) 

efn-1(0); kyIs104 CZ13965 
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juEx4909 Pstr-1-EFN-1 (efn-1 3'UTR) (pCZGY2224) (1 
ng/µl) 

efn-1(0); kyIs104 CZ16743 

juEx4344 Pdyf-7-ABL-1 (abl-1 3'UTR) (pCZGY1845) 
(1 ng/µl)  

vab-1(kd); abl-1; kyIs104 CZ15789 

juEx4345 Pdyf-7-ABL-1 (abl-1 3'UTR) (pCZGY1845) 
(1 ng/µl)  

vab-1(kd); abl-1; kyIs104 CZ15791 

juEx4345 Pdyf-7-ABL-1 (abl-1 3'UTR) (pCZGY1845) 
(1 ng/µl)  

vab-1(0); kyIs104 CZ18522 

juEx5055 Pstr-1-ABL-1 (abl-1 3'UTR) (pCZGY2227) 
(25 ng/µl) 

vab-1(kd); abl-1; kyIs104 CZ17047 

juEx5057 Pstr-1-ABL-1 (abl-1 3'UTR) (pCZGY2227) 
(25 ng/µl) 

vab-1(kd); abl-1; kyIs104 CZ17049 

juEx5059 Pstr-1-ABL-1 (abl-1 3'UTR) (pCZGY2227) 
(25 ng/µl) 

vab-1(kd); abl-1; kyIs104 CZ17051 

juEx5059 Pstr-1-ABL-1 (abl-1 3'UTR) (pCZGY2227) 
(25 ng/µl) 

vab-1(kd); kyIs104 CZ18664 

 
* GEORGE ET AL., 1998. 
 
** CHIN-SANG ET AL., 1999. 
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Table S2   Cells expressing Pefn-2-mCherry at 335 minutes post fertilization 

Symmetrical pairs Right side only Left side only 

SIAVL(ABplpapappa) RIS(ABprpappapa) AWAL(ABplaapapaa) 

SIAVR(ABprpapappa) IL2R(ABalaappppp) ASJL/AUAL(ABalppppppp) 

AVKL(ABplpapapap) IL1VR/X(ABarapppppa) AIYL(ABplpapaaap) 

AVKR(ABprpapapap) IL2VR(ABarapppppp) ASEL/X(ABalppppppa) 

exc gl L(ABplpapapaa) X/SMBDR(ABarappapap) ASKL/X(ABalpppappp) 

exc gl R(ABprpapapaa) DB4(ABprpappapp) ASGL(ABplaapapap) 

SMBVL(ABalpapappp) G1(ABprpaaaapa) AWBL(ABalpppppap) 

SMBVR(ABarappappp) m6VR(MSpapappa) RIGL(ABplppappaa) 

AIBL(ABplaapappa) m5VR(MSpapaaap) ADFL(ABalpppppaa) 

AIBR(ABpraapappa) RIR(ABprpapppaa) X/SMBDL(ABalpapapap) 

ASIL/X(ABplaapappp) DA8(ABprpapappp) DD3(ABplppapppa) 

ASIR/X(ABpraapappp) DB2(ABarappappa) DA6(ABplpppaaap) 

RIML(ABplppaapap) DB7(ABprppaappp) arc ant V(ABalpapaapa) 

RIMR(ABprppaapap) AVG(ABprpapppap) hyp2V(ABalpapaaap) 

AIAL(ABplppaappa) OLLR/X(ABpraaapapa) SMDDL(ABplpapaaaa) 

AIAR(ABprppaappa)  DB5(ABplpapappp) 

RMDDL(ABalpapapaa)  DD1(ABplppappap) 

RMDDR(ABarappapaa) DB6(ABplppaappp) 

   M(MSapaapp) 

    mu bod(MSappapp) 

 
Pefn-2-mCherry expression is overall in more left-hand members of bilaterally symmetric pairs than in right-hand 

members, including several amphid sensory neurons and amphid interneurons, or their parents (bold). A full list of 

efn-2-expressing cells from 305 to 345 minutes of development is available on request. 


