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SUMMARY
The Caenorhabditis elegans genome contains three rac-like
genes, ced-10, mig-2, and rac-2. We report that ced-10, mig2 and rac-2 act redundantly in axon pathfinding:
inactivating one gene had little effect, but inactivating two
or more genes perturbed both axon outgrowth and
guidance. mig-2 and ced-10 also have redundant functions
in some cell migrations. By contrast, ced-10 is uniquely
required for cell-corpse phagocytosis, and mig-2 and rac-2
have only subtle roles in this process. Rac activators are
also used differentially. The UNC-73 Trio Rac GTP

INTRODUCTION
Small GTPases of the Rho family (Rho, Rac, and Cdc42) are
key regulators of the actin cytoskeleton and cell-shape changes
(Hall, 1998; Zigmond, 1996). Like other small GTPases, Rhofamily GTPases cycle between a GTP-bound signaling state
and a GDP-bound inactive state. GTPase activating proteins
(GAPs) facilitate GTPase activity leading to the inactive state,
and GTP exchange factors (GEFs) stimulate the exchange of
GTP for GDP, leading to the active state (Kaibuchi et al., 1999).
Both in cultured cells and in developing animals, Rho-family
GTPase activity is regulated by extracellular signals,
presumably via altered GAP and GEF activity.
During axon pathfinding in the developing nervous system,
growth cones, sensory-motile structures at the distal tips of
extending axons, respond to extracellular guidance cues by
modulating their cytoskeletons and altering their directions of
outgrowth (Letourneau, 1996; Tessier-Lavigne and Goodman,
1996). Several guidance receptors and their ligands have been
identified (Chisholm and Tessier-Lavigne, 1999), but the
pathways that integrate multiple guidance cues and couple
receptors to the cytoskeleton remain mysterious. Genetic
evidence suggests that Rac GTPases are important in axon
growth and guidance. Dominant-negative forms of Rac
proteins perturb axon and dendrite development in Drosophila
melanogaster and mouse (Luo et al., 1994; Luo et al., 1996).

exchange factor affected all Rac pathways in axon
pathfinding and cell migration but did not affect cell-corpse
phagocytosis. CED-5 DOCK180, which acts with CED-10
Rac in cell-corpse phagocytosis, acted with MIG-2 but not
CED-10 in axon pathfinding. Thus, distinct regulatory
proteins modulate Rac activation and function in different
developmental processes.
Key words: C. elegans, Rac, ced-10, mig-2, rac-2, Axon pathfinding,
Cell migration, Phagocytosis

Gain-of-function (GF) Rac proteins also perturb axon guidance
in Drosophila (Luo et al., 1994), and a GF form of the
Caenorhabditis elegans Rac-related protein MIG-2 disrupts
both cell migration and axon guidance (Zipkin et al., 1997).
Although GF Rac mutants can have powerful effects on axon
guidance, it is unclear how Racs normally contribute to axon
pathfinding in vivo. Loss-of-function (LF) of individual Rac
genes has been analyzed in C. elegans, which has three rac
genes: mig-2 (a divergent Rac) (Zipkin et al., 1997), ced-10
(Reddien and Horvitz, 2000) and rac-2. mig-2(lf) alleles cause
defects in the migrations of the Q neuroblast cells (Zipkin et
al., 1997) but cause no apparent axon defects, whereas mig2(gf) alleles cause striking HSN axon defects. Thus, it is
unclear whether MIG-2, another Rac, or some other GTPase is
normally used in HSN axon guidance. ced-10(lf) alleles cause
defective engulfment of cell corpses after programmed cell
death and defective migration of the distal tip cells (DTCs)
(Reddien and Horvitz, 2000). Apoptotic cell phagocytosis, like
growth cone outgrowth, requires modulation of the actin
cytoskeleton in response to extracellular cues to produce
cellular extensions used for engulfment (Platt et al., 1998). rac2 has not been studied.
Genetic analyses have also identified several regulatory
pathways affecting Rho GTPases. C. elegans UNC-73, a Dbl
homology Rac-GEF (DH-GEF) protein related to mammalian
Trio, is required for normal cell migration, axon outgrowth, and
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axon guidance (Steven et al., 1998). Genetic interactions
between unc-73 and mig-2 suggest related functions for these
genes in cell and nuclear migration (Zipkin et al., 1997).
Drosophila Trio also affects axon pathfinding and acts as a
GEF for Racs and MIG-2-related proteins (Awasaki et al.,
2000; Bateman et al., 2000; Liebl et al., 2000; Newsome et al.,
2000). Genetic interactions between Drosophila trio and Rac1
suggest that Trio and Rac1 might act together in axon guidance
(Newsome et al., 2000).
During apoptotic cell phagocytosis in C. elegans, CED-10
Rac cooperates with CED-2 CrkII, an SH2-SH3-SH3 adaptor
protein, and CED-5 DOCK180 (Reddien and Horvitz, 2000;
Wu and Horvitz, 1998). CED-5 DOCK180 functions upstream
of CED-10 Rac for phagocytosis (Reddien and Horvitz, 2000),
and mammalian DOCK180 can increase the amount of GTPbound Rac1 in cell culture (Kiyokawa et al., 1998; Nolan et
al., 1998); DOCK180 probably functions as a Rac activator.
Myoblast city, a DOCK180-like molecule, acts in myoblast
fusion in Drosophila, a process that is sensitive to gain-offunction and dominant-negative Rac activity (Luo et al., 1994;
Nolan et al., 1998).
How metazoa use multiple Racs and Rac regulators to
control specific developmental processes is unknown. In this
study we use loss-of-function analysis of the three C. elegans
Rac genes to analyze the roles of Rac proteins in axon
pathfinding, cell migration and apoptotic cell phagocytosis in
vivo.
MATERIALS AND METHODS
General genetic methods
Nematodes were cultured by standard techniques (Brenner, 1974;
Sulston and Hodgkin, 1988). All experiments were performed at
20°C. The following mutations were used: LGI, unc-73(e936, gm40,
rh40), kyIs8[ceh-23::gfp, lin-15(+)]; LGIII, juIs73[unc-25::gfp];
LGIV, dpy-9(e12), ced-2(n1994, e1752), ced-5(n1812, n2098, n2002),
ced-10(n1993, n3246, n3417), dpy-13(e184), kyIs5[ceh-23::gfp, lin15(+)]; LGV, unc-76(e911); LGX, mig-2(mu28, rh17, gm38 mu133),
lin-15(n765), kyIs4[ceh-23::gfp, lin-15(+)]. ced-10(n3417) was
isolated by screening a library of ethyl methanesulfonate-induced
deletions with PCR as described previously (Jansen et al., 1997). ced10(n3417) lacks exons two and three (from 666 bp 3′ of the ced-10
ATG, within intron two, to 1637 bp 3′ of the ced-10 ATG, within
intron three) of the ced-10 locus, and is predicted to result in the
expression of only the first 35 amino acids of CED-10. Germline
transformation of nematodes was performed by standard techniques
(Mello and Fire, 1995), using lin-15(n765) mutants and lin-15(+)
DNA (Clark et al., 1994) as a marker for co-transformation unless
otherwise noted. Extrachromosomal arrays were integrated into the
genome using trimethylpsoralen/UV mutagenesis (Anderson, 1995)
and standard techniques (Mello and Fire, 1995). RNAi was performed
by dsRNA injection (1 µg/µl) into the body cavity or gonad as
described (Fire et al., 1998).
Analysis of CAN and D class motor axon pathfinding and
CAN cell migration
Axons and cell bodies were scored using fluorescence microscopy in
living young adult animals that harbored transgenes driving the
expression of the green fluorescent protein (GFP) (Chalfie et al.,
1994). The ceh-23::gfp transgene (Forrester et al., 1998) was used to
score the CAN neuron. A posterior CAN axon was scored as mutant
if, because of premature termination or misguidance, the axon failed
to extend further than half the distance between the vulva and the

phasmid neurons in the tail (approximately to the region of the
postdeirid ganglion). CAN cell migration was scored as mutant if the
CAN cell body was greater than two CAN cell body-widths from the
vulva. Animals harboring a ceh-10::gfp transgene (lqEx44, kindly
provided by X. Lu) (injected at 1 ng/µl) were used to obtain the
images of CAN axons and cell bodies in Fig. 2. An unc-25::gfp
integrated transgene (juIs73, kindly provided by Y. Jin) was used to
score the VD and DD motoneurons. Independence of CAN cell
migration and CAN axon pathfinding defects was determined by Chisquare (χ2) analysis. Four genotypes were analyzed with one degree
of freedom: mig-2(mu28); ced-10(n1993M+), χ2=0.34, P=0.56; unc73(rh40M+), χ2=0.44, P=0.51; mig-2(mu28); rac-2(RNAi), χ2=0.84,
P=0.36; and ced-5(n1812); ced-10(n1993), χ2=0.60, P=0.44. These P
values indicate that CAN cell migration and posterior CAN axon
pathfinding are independent events.
Molecular biology
Standard molecular biological techniques were used (Ausubel et al.,
1987; Sambrook, 1989). Oligonucleotide primer sequences used for
PCR are available upon request. The sequences of all coding regions
of clones derived using PCR in this work were determined to ensure
that no errors were introduced. The full-length mig-2 cDNA was
derived from the clone yk344c5 (kindly provided by Y. Kohara). The
ced-10 cDNA has been previously described (Reddien and Horvitz,
2000). gfp expression vectors were kindly provided by A. Fire. The
ceh-10::gfp construct (kindly provided by X. Lu) consists of the ceh10 promoter (base pairs 7,343-11,461 of cosmid W03A3) fused to gfp.
The G12V mutation was introduced into the ced-10 cDNA coding
region using the Quikchange Site-Directed Mutagenesis System
(Stratagene, La Jolla, CA). Plasmids were injected in germline
transformation experiments at 5 ng/µl. Five independent array-bearing
lines were scored with similar results. Fig. 3 shows data from one
representative line (lqEx27).
Cell autonomy of ced-10 and mig-2
A fragment of the ceh-10 promoter (base pairs 10,342-11,461 of
cosmid W03A3) caused CAN neuron-specific expression at low levels
and was used to drive the expression of the wild-type mig-2 and ced10 cDNAs in the CAN cell. Transgenes consisting of the wild-type
mig-2 and ced-10 cDNAs under the control of the ceh-10 promoter
fragment were used in germline transformation experiments (5 ng/µl)
with str-1::gfp (30 ng/µl) as a co-transformation marker (Troemel et
al., 1997). Two independent array-bearing lines of each construct were
tested. CAN defects were scored in both array-bearing animals and in
non-array-bearing siblings of the same brood.

ced-10 expression pattern
The ced-10::gfp::ced-10 construct consists of 7335 bp of DNA 5′ to
the start codon of the ced-10 start codon (3309 bp 5′ to the start codon
of C09G12.9, a gene immediately 5′ to ced-10 and likely an upstream
gene that shares the promoter with ced-10 (Reddien and Horvitz,
2000) fused to the gfp-coding region). The ced-10 genomic coding
region was fused in-frame with and downstream of the gfp open
reading frame. The construct expressing an NLS-GFP under control
of the ced-10 promoter was generated by replacing the ced-10::gfpcoding region with an nls-gfp-coding region. Lines expressing
GFP::CED-10 were generated by injection of ced-10::gfp::ced-10
with an unc-76-rescuing construct, P76-16B (Bloom and Horvitz,
1997), both at 75 ng/µl, into unc-76(e911) animals.
Electron microscopy
Young adult hermaphrodites were fixed in a mixture of 0.8%
glutaraldehyde and 0.8% OsO4 in 0.1 M cacodylate buffer (pH 7.2)
for 1 hour at 4°C in the dark. Worms were cut in this fixative with a
razor blade, the head regions discarded and postfixed in 2% OsO4 in
0.1 M cacodylate buffer overnight at 4°C. Approximately four
posterior regions were then aligned in an agar block, and the agar
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blocks were dehydrated and infiltrated into an Epon-Araldite mixture.
Serial sections (~30 nm) were collected on Pioloform-coated slotted
grids. Sections were poststained with 1% uranyl acetate and Reynolds
lead citrate. Sections were viewed using a JEOL 1200EX electron
microscope at 80 kV. Sections at two levels, 30 µm apart in the region
between the gonadal reflex and the vulva, from at least eight worms
of each genotype were examined. Only sections from animals with
tissue integrity and with clear structures were analyzed.

RESULTS
The C. elegans Rac gene family
The genome of C. elegans contains three predicted rac-like
genes and an apparent rac-like pseudogene (Fig. 1) (The C.
elegans Genome Sequencing Consortium, 1998). At the amino
acid level, CED-10 and RAC-2 (K03D3.10) share 83% identity
with human Rac1. MIG-2, a divergent Rac-like protein, is
about 65% identical to CED-10, RAC-2 and human Rac1, and
has a unique domain between residues 124 and 144 (Zipkin et
al., 1997). MIG-2 also contains a possible N-terminal
myristylation/palmitoylation site not found in other Rac
GTPases. An apparent Rac-like pseudogene resides
immediately 3′ of rac-2. This locus, K03D3.7, which we will
refer to as rac-3, is split in the middle of its third exon by
sequences resembling a retrotransposon; the predicted RAC-3
polypeptide, which is 98% identical to RAC-2, lacks five
highly-conserved residues found in all Rac molecules (PASFE,
amino acids 87-91 in CED-10). We suspect that rac-3 is a nonfunctional locus.
To analyze the in vivo functions of the C. elegans Rac-like
genes, we studied the phenotypes of animals deficient in the
activities of these genes. The mig-2(mu28) mutation is a
nonsense allele predicted to be null (Zipkin et al., 1997). mig-

Fig. 1. The C. elegans Rac gene family.
Alignment of the C. elegans Rac-like
proteins CED-10 (Genbank Accession,
AAF33846), RAC-2 (CAB05247), RAC-3
(CAB05244) and MIG-2 (AAC47729) with
human (Hs) Rac1 (NP008839). Gray
shading indicates residues that are identical
in at least three out of five sequences. The
myristylation signal (myr) of MIG-2 and
motifs conserved in all five molecules are
underlined. The P-loop region interacts with
phosphoryl groups of GDP and GTP, the
switch regions change conformation upon
GDP/GTP exchange, and the C-terminal
membrane targeting signal typically results
in prenylation (Bourne et al., 1991; Zhang
and Casey 1996). The glycine 12 (G12)
residue (G16 in MIG-2) that is altered to a
valine in constitutively-active alleles of
Rho-family GTPases including mig-2(rh17)
is indicated by a V above the alignment.
The G12 residue was altered to a valine in
the ced-10(G12V) cDNA construct. A
diagram illustrating the identity
relationships among the molecules is shown
below the alignment.

2(mu28) mutants were healthy, viable and fertile. Two existing
alleles of ced-10, n1993 and n3246, are both missense
mutations (Reddien and Horvitz, 2000). We isolated a deletion
allele of ced-10 (see Materials and Methods) and found that
animals homozygous for this allele, n3417, generated from
ced-10(n3417)/+ parents were healthy, viable and fertile.
However, we could not obtain ced-10(n3417) homozygotes
that lacked a maternal wild-type contribution of ced-10,
because a maternal-effect lethal phenotype was associated with
the ced-10(n3417) strain. We were unable to separate this
lethality from the ced-10 mutation. To eliminate wild-type
maternal ced-10 function, we crossed ced-10(n1993) males
with ced-10(n3417) hermaphrodites and studied the ced10(n3417)/ced-10(n1993) progeny, which were viable. We also
used RNA-mediated gene interference (RNAi) (Fire et al.,
1998) (see Materials and Methods) to perturb both maternal
and zygotic ced-10 function. Both ced-10(n3417)/ced10(n1993) animals and ced-10(RNAi) animals were defective
in apoptotic cell phagocytosis and DTC migration and
pathfinding and generally resembled ced-10(n1993) animals
(Fig. 2, Fig. 3, Fig. 4; and data not shown). However, ced10(n1993)/ced-10(n3417) animals displayed subtle defects in
CAN axon pathfinding (Fig. 3), indicating that ced-10(n1993)
might not be a null allele and that ced-10 might be slightly
required for axon pathfinding.
There are no mutations in the rac-2/3 locus, so we perturbed
its function using RNAi. We used exon 4 of rac-2 for RNAi,
because this exon is the least similar at the nucleotide level to
mig-2 (55% identical) and ced-10 (83% identical). rac-2 and
rac-3 are 99% identical in this region, so rac-2(RNAi) could
also perturb any rac-3 function. We refer to this treatment as
rac-2/3(RNAi). rac-2/3(RNAi) animals were healthy, viable and
fertile. They did not display Q neuroblast migration defects
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Fig. 2. CAN axon defects in
ced-10(M+); mig-2 double
mutants. (A) A ced10(n1993)/dpy-13(e184);
mig-2(mu28) animal. This
animal was non-Unc, nonWit, non-Egl and non-pVul.
(B) A ced-10(n1993M+);
mig-2(mu28) homozygote.
This animal was Unc, Dpy,
Wit, Egl and pVul.
(C-G) Fluorescence
micrographs of GFP
expression from a ceh-10::gfp
transgene expressed in the
CAN neurons of living
animals. (C) The CAN neuron
of a wild-type animal is
shown. The out-of-focus
bright spot near the vulva is
the CAN cell body on the
other side of the animal. Some
head neurons also express
ceh-10::gfp. (D) A ced10(n1993M+); mig-2(mu28)
double mutant. The posterior
CAN axon terminated
prematurely. CAN cell
position was normal in this
animal. (E) The posterior
CAN axon of a ced-10(M+);
mig-2 double mutant
displayed an ectopic axon
branch. (F) A posterior CAN
axon of a ced-10(n1993M+);
mig-2(mu28) double mutant
was misguided, turned 180°
and extended anteriorly
before terminating. Arrowheads trace the trajectory of the axon. The background fluorescence is autofluorescence of the gut. (G) A ced10(n1993M+); mig-2(mu28) double mutant. The CAN cell body failed in its posterior migration. The posterior CAN axon of this animal
extended to its normal position in the tail of the animal. The trajectory of the main axon is traced by arrowheads. Anterior, left; dorsal, top. The
location of the vulva is indicated by a V. Scale bars: 50 µm in A-D,G; 10 µm in E,F.

like mig-2(lf) mutants (Zipkin et al., 1997), cell-corpse
phagocytosis defects like ced-10(lf) mutants (Reddien and
Horvitz, 2000), or DTC-migration defects like mig-2(lf)
and ced-10(lf) mutants. Furthermore, rac-2/3(RNAi) animals
carrying a gfp::ced-10 reporter had no detectable reduction of
GFP::CED-10 expression (data not shown). These results
indicate that rac-2/3 RNAi did not significantly interfere with
the activities of mig-2 and ced-10. Table 1 summarizes the
results described below detailing the roles of ced-10, mig-2 and
rac-2/3 in CAN axon pathfinding, CAN and distal tip cell
migration, and cell-corpse phagocytosis.

ced-10, mig-2 and rac-2/3 function redundantly in
CAN axon pathfinding
We examined mig-2(lf), ced-10(lf), and rac-2/3(RNAi) animals
to determine whether these Rac genes are essential for axon
pathfinding during development. mig-2, ced-10 and rac2/3(RNAi) animals displayed no apparent defects in the
morphologies or positions of the CAN, VD and DD neurons
(Fig. 2, Fig. 3, Fig. 4). ced-10(n3417)/ced-10(n1993) animals
displayed weak CAN, VD and DD defects in axon

morphology, suggesting that a complete lack of ced-10
function might lead to subtle axon pathfinding defects (Fig. 3,
Fig. 4).
To investigate the possibility that ced-10 and mig-2
redundantly regulate axon development, we analyzed double
loss-of-function ced-10(n1993M+); mig-2(mu28) mutants.
(M+ indicates that these animals were homozygous for
n1993, but were derived from mothers heterozygous for
n1993, therefore retaining maternal ced-10 activity.) ced10(n1993M+); mig-2 double mutants displayed a dumpy
(Dpy) body shape, were uncoordinated (Unc), were egglaying defective (Egl), displayed protruding vulvae (pVul)
and had a withered tail (Wit), defects not seen in mig-2 or
ced-10 single mutants (Fig. 2A,B, and data not shown). These
defects suggest that there is considerable redundancy in the
functions of ced-10 and mig-2. ced-10(n1993M+); mig-2
double mutants were nearly sterile and generated few
progeny, which typically died as embryos or early larvae.
Similar results were observed with ced-10(n1993); mig2(mu28M+) mutants and with other allelic combinations of
ced-10 and mig-2, such as ced-10(n3246M+); mig-2(mu28)
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Table 1. Summary of defects conferred by Rac gene perturbations
Axon pathfinding*
Genotype
Wild type
ced-10(lf)
mig-2(lf)
rac-2/3(RNAi)
ced-10(lf); mig-2(lf)
ced-10(lf); rac-2/3(RNAi)
mig-2(lf); rac-2/3(RNAi)

Cell migration‡

CAN

DD/VD

CAN

DTC

Phagocytosis§

+
+
+
+
Severe
Moderate
Moderate

+
+
+
+
Severe
Weak
Weak

+
+
+
+
Severe
Strong
Severe

+
Moderate
Strong
+
Severe
Moderate
Severe

+
Strong
+
+
Strong
Severe
+

‘+’ indicates no defect. ‘weak’, ‘moderate’, ‘strong’ and ‘severe’ indicate the degrees of defects, where ‘severe’ indicates the strongest defect observed for a
given process.
*CAN axon pathfinding, % animals defective: ‘moderate’, more than 20%; ‘severe’, more than 60%. DD/VD axon pathfinding, % commissures that failed to
reach the dorsal cord: ‘weak’, approximately 10%; ‘severe’, approximately 80%.
‡CAN cell migration, % misplaced cell bodies: ‘strong’, more than 40%; ‘severe’, more than 60%. DTC migration, % abnormal posterior gonad arms:
‘moderate’, approximately 20%; ‘strong’, approximately 30%; ‘severe’, approximately 40%.
§Phagocytosis of cell corpses, number of persistent corpses in L1 heads: ‘strong’, 15-20; ‘severe’, 25-30.

or ced-10(n1993M+); mig-2(gm38 mu133) mutants (data not
shown).
A Wit defect is indicative of abnormalities in CAN neuron
development (Forrester et al., 1998). We examined CAN
neuron morphology in ced-10(M+); mig-2 mutants harboring
an integrated ceh-23::gfp transgene, a CAN reporter (Zallen,
1998). The bilateral CAN neurons are generated in the anterior
of the embryo and migrate posteriorly to the central region near
where the vulva will form (Sulston et al., 1983). The CAN
axons extend anteriorly to the head and posteriorly to the
tail (White et al., 1986). In contrast to mig-2(mu28), ced10(n1993) and ced-10(n3417)/ced-10(n1993) mutants, ced-

10(n1993M+); mig-2 double mutants displayed severe defects
in CAN axon pathfinding: CAN axons displayed premature
termination, misguidance, and branching (Fig. 2D-F, Fig. 3).
We quantitated these defects for the posterior axons, which
were more severely affected (Fig. 3). Defective axons
terminated prematurely (71%) or became misguided (29%),
often turning 180° and extending anteriorly. In addition, 16%
of CAN axons displayed ectopic branching.
Using RNAi, we perturbed rac-2/3 function in mig-2(mu28)
and ced-10(n1993) mutants. In both cases, a weak
Wit/Unc/Dpy phenotype as well as CAN axon pathfinding
defects were observed (Fig. 3). The penetrance of axon defects

Fig. 3. mig-2, ced-10, and rac-2/3 redundantly and cell-autonomously control CAN axon pathfinding and cell migration. CAN axon pathfinding
and cell migration were scored in living animals using ceh-23::gfp integrated transgenes (see Materials and Methods). The percentages of
animals displaying defective posterior CAN axon pathfinding and defective CAN cell migration for each genotype are shown. The M+
designation in the genotypes indicates that animals had a wild-type maternal contribution of gene function. ‘+’ animals carried the kyIs8
integrated ceh-23::gfp transgene. lqEx27 is an extrachromosomal array bearing the unc-115 promoter::ced-10(G12V) cDNA transgene. lqEx53
is an array bearing the ceh-10 promoter::mig-2(+) cDNA transgene. lqEx56 is an array bearing the ceh-10 promoter::ced-10(+) cDNA
transgene. Genotypes described as ‘sib’ represent the non-array-bearing siblings from the same brood as array-bearing animals. Error bars
define 95% confidence intervals of the standard error of the proportion.
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in mig-2(mu28); rac-2/3(RNAi) or ced-10(n1993); rac2/3(RNAi) animals was lower than that of ced-10(M+); mig-2
double mutants. Elimination of all three rac functions by rac2/3 RNAi of ced-10(n1993M+); mig-2(mu28) animals led to
embryonic and early larval lethality with severe morphological
defects, including the Unc, Dpy, Wit phenotype and lumpy
body shape (data not shown). We were unable to reliably score
CAN axons in these animals. These results suggest that ced10, mig-2 and rac-2/3 have redundant activities in axon
pathfinding and viability, and these roles are only apparent
when at least two Rac genes are inactivated.
Gain-of-function alleles of mig-2 and ced-10 disrupt
CAN axon guidance and cell migration
How do defects in axon guidance caused by Rac gain-offunction mutations compare with those caused by Rac lossof-function mutations? The dominant activating allele mig2(rh17) caused defects in CAN axon pathfinding similar
to the ced-10(M+); mig-2 double loss-of-function mutant
(Zipkin et al., 1997). The mig-2(rh17) mutation might
interfere with both mig-2 and ced-10 function in axon
pathfinding. To compare the functions of activated mig-2 and
activated ced-10, a ced-10 cDNA with a glycine 12 to valine
mutation (G12V; the residue equivalent to that affected in
mig-2(rh17)), which should constitutively activate CED-10
(Fig. 1A) (Bourne, 1991; Seeburg et al., 1984), was expressed
under the control of the neuron-specific unc-115 promoter
(Lundquist et al., 1998). The unc-115 promoter is expressed
in most if not all neurons during embryogenesis at a time
when axon outgrowth is occurring. Animals harboring this
transgene were Unc and Wit, and displayed premature CAN
axon termination, misguidance and ectopic branching similar
to ced-10(M+); mig-2 double mutants and mig-2(rh17)
mutants (Fig. 3). Furthermore, both mig-2(gf) (Forrester and
Garriga, 1997) and ced-10(gf) mutations perturbed the
migration of the CAN cell body, a defect also seen in ced10(M+); mig-2 double mutants. Expression of the unc-115
promoter alone and expression of the wild-type ced-10 cDNA
did not cause CAN axon guidance and cell migration defects
(data not shown), indicating that the axon guidance and
migration errors were caused by the G12V mutation. These
results suggest that dominant-activating mig-2 and ced-10
mutations interfere with multiple rac pathways.

ced-10 and mig-2 function redundantly in VD and DD
motor axon pathfinding and fasciculation
We examined the morphology of other axons in ced10(n1993M+); mig-2 double mutants. The 13 VD and six DD
GABAergic motoneurons (McIntire et al., 1993) have axons
that extend anteriorly in the ventral cord, branch, extend a
circumferential commissure to the dorsal nerve cord, branch
again and extend longitudinally in the dorsal cord (White et al.,
1986). We examined VD and DD axon morphologies using an
unc-25::gfp transgene (Jin et al., 1999). ced-10(n1993), ced10(n3417)/ced-10(n1993) and mig-2(mu28) mutants were
normal for VD and DD motor axon extension, pathfinding and
fasciculation (Fig. 4C, and data not shown). By contrast, ced10(n1993M+); mig-2(mu28) double mutants had severe
defects in axon pathfinding (Fig. 4B,C). In wild-type animals,
as well as in mig-2 and ced-10 single mutants, an average of
approximately 17 commissures reached the dorsal cord. In ced10(n1993M+); mig-2(mu28) double mutants, an average of 3.1
commissures reached the dorsal cord (Fig. 4C). The mutant
axons either stopped, were misrouted, or did not leave the
ventral nerve cord. Thus, VD/DD guidance and outgrowth both
are defective in ced-10(n1993M+); mig-2 double mutants.
In wild-type animals, the GABAergic axons are tightly
fasciculated (McIntire et al., 1992). In ced-10(M+); mig-2
double mutants, 27% of the ventral cord regions between
GABAergic cell bodies had defasciculated axons (n=155) (Fig.
4B), suggesting that Rac GTPase activity is also important for
axon fasciculation.
ced-10 and mig-2 act redundantly to affect the gross
structure of the C. elegans nerve cords
To examine the ultrastructure of axons and to assess the overall
development of the nerve cords, we analyzed single and double
mutants by serial section electron microscopy (White et al.,
1986). Two fascicles are present in the C. elegans ventral nerve
cord (VNC): the right fascicle contains approximately 55 axons
and the left fascicle four to five axons. The dorsal nerve
cord (DNC) consists of a single axon fascicle containing
approximately 15 axons. The ventral and dorsal nerve cords of
mig-2, ced-2, ced-5 and ced-10 single mutants were essentially
indistinguishable from those of the wild type (Table 2). By
contrast, the total axon numbers in the ventral and dorsal nerve
cords were significantly reduced in ced-10(n1993M+); mig-2

Table 2. ced-10 and mig-2 act redundantly to control development of the ventral and dorsal nerve cords

Genotype
Wild type
ced-2(n1994)
ced-5(n1812)
ced-10(n1993)
ced-10(n1993)/ced-10(n3417)
mig-2(mu28)
ced-2(n1994); mig-2(mu28)
ced-5(n1812); mig-2(mu28)
ced-10(n1993M+); mig-2(mu28)

Average % of
defasciculating axons‡

Ventral right bundle
axons±s.d. (range)*

Ventral left bundle
axons±s.d. (range)*

Dorsal
axons±s.d. (range)*

Dorsal

Ventral

52.8±3.4 (48-62) n=23
49.8±4.5 (44-61) n=19
50.5±3.2 (44-55) n=18
50.0±4.4 (42-58) n=35
52.6±2.6 (48-56) n=7
49.1±3.3 (45-56) n=14
51.9±3.4 (44-59) n=17
51.9±3.7 (46-58) n=18
32.7±7.7 (19-46) n=20

4.8±0.8 (4-7) n=22
4.3±1.6 (0-6) n=20
5.2±1.5 (2-8) n=17
4.2±2.0 (1-9) n=35
2.6±1.0 (1-4) n=7
4.4±1.2 (2-6) n=14
5.0±1.6 (3-9) n=16
4.5±1.0 (2-6) n=17
2.3±2.3 (0-8) n=20

15.6±2.4 (11-20)n=24
13.9±1.6 (10-17) n=20
16.1±2.2 (11-20) n=17
13.1±3.2 (0-19) n=35
12.8±3.7 (9-19) n=8
14.2±2.0 (12-18) n=14
12.9±2.0 (10-19) n=17
15.2±2.3 (11-20) n=19
4.4±3.6 (0-14) n=22

4.2%
0.7%
1.5%
5.8%
12.7%
1.0%
3.2%
3.1%
25.8%

0.6%
0.8%
0.9%
0.5%
5.4%
0.3%
0.0%
0.3%
6.3%

We cut and examined ultrastructurally two different positions in each worm at a distance of 30 µm apart (within a region between the gonadal relex and the
vulva). At least eight worms of each genotype were studied.
*Data are average numbers of total axons observed from the total number of positions analyzed (n=total number of positions).
‡Data are percentages of the total number of axons/position that were separate from the main fascicles.
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Fig. 4. mig-2 and ced-10 redundantly control the development of the dorsal and ventral nerve cords and D-class motor axon pathfinding.
(A,B) Ventral neurons expressing an unc-25::gfp reporter. Anterior is left; the left side of each animal is upwards. Scale bars: 10 µm. (A) The D
class neurons in the ventral cord of a wild-type animal displayed normal fasciculation, cell body positions and commissure extensions. Arrow,
cell bodies; arrowheads, ventral cord fascicle; c, commissure. (B) D class neurons in a ced-10(n1993M+); mig-2(mu28) animal. Black
arrowheads, terminated and branched axons attempting to form commissures; white arrowheads, defasciculated ventral cord; arrows, D class
motoneuron cell bodies. Thick arrow, cell body displaced from the ventral cord. (C) The average number of commissures that reached the
dorsal cord was determined from 20 animals for wild type and mutant. Error bars represent standard errors of the mean. (D) An electron
micrograph of a wild-type ventral cord. There are 52 axons in the right fascicle and four axons in the left fascicle. Scale bar: 500 nm. (F) An
electron micrograph of the ventral cord of a ced-10(n1993M+); mig-2(mu28) double mutant. There are 32 axons in the right fascicle and three
axons in the left fascicle. The arrow indicates three axons separated from the main fascicles. Scale bar: 500 nm. (E,G) Tracings of electron
micrographs in D,F, respectively. N, nucleus. M, muscle. Red asterisks, axons.
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double mutants, suggesting either guidance defects or
premature termination of multiple classes of axons; in addition,
one or more axons frequently defasciculated from the main
bundles (Fig. 4D-G and Table 2). The ultrastructure of the
individual axons was superficially normal. These results
demonstrate that CED-10 and MIG-2 Rac-like GTPases are
important for the development of many classes of axons.
In summary, axons growing dorsally (VD/DD), anteriorly
(CAN), or posteriorly (CAN) were abnormal in ced10(n1993M+); mig-2 double mutants and, to a lesser degree,
in ced-10(n1993); rac-2/3(RNAi) and mig-2(mu28); rac2/3(RNAi) animals. We conclude that redundant functions of
ced-10 and mig-2 are central for axon outgrowth, guidance and
fasciculation in C. elegans, and that rac-2/3 also plays a role
in axon guidance.

ced-10 and mig-2 act redundantly in CAN cell
migration but are separately required for distal tip
cell migration
Cell migration and axon pathfinding are regulated by many of
the same guidance cues and cytoskeletal proteins (Branda and
Stern, 1999). As mig-2(gf) (Forrester and Garriga, 1997) and
ced-10(gf) mutations cause CAN cell migration defects, we
asked whether loss-of-function rac mutations affect this
migration. mig-2(lf) and ced-10(lf) single mutants showed no
CAN cell migration defects, whereas the ced-10(M+); mig-2
double mutants displayed a strong defect in CAN cell
migration (Fig. 2G, Fig. 3). CAN cell bodies were located
anterior to the vulva in about 70% of ced-10(n1993M+); mig2 mutants. If misplaced CAN cell bodies caused CAN axon
pathfinding defects, then mutations affecting CAN cell
migration might indirectly affect CAN axons. We found the
CAN axon pathfinding and cell migration defects were
phenotypically and statistically independent of one another
(Fig. 2D,G; Materials and Methods). Thus, mig-2 and ced-10
act redundantly in both CAN cell migration and CAN axon
pathfinding. We also observed CAN cell migration defects
when rac-2/3 activity was reduced in either a mig-2 or a ced10 mutant (Fig. 3). The CAN cell migration defect was much
more severe in mig-2(mu28); rac-2/3(RNAi) animals than in
ced-10(n1993); rac-2/3(RNAi) animals. These results indicate
that mig-2, ced-10 and rac-2/3 can all act in CAN cell
migration.
12% of GABAergic cell bodies were laterally displaced
along the body wall in ced-10(n1993M+); mig-2(mu28)
animals (Fig. 4), a defect not seen in either single mutant (data
not shown). This observation suggests a defect in the ventral
migrations of the nuclei of the P ectoblasts, the progenitors of
the VD motoneurons (Sulston and Horvitz, 1977).
The bilobed gonad of an adult C. elegans hermaphrodite is
formed by the migrations of the two distal tip cells (DTCs)
during larval development (Kimble and Hirsh, 1979). One
DTC migrates anteriorly and one migrates posteriorly from
the ventral gonadal primordium near the midzone of the
animal; both turn dorsally, reverse their direction, and migrate
back towards the animal midzone. Whereas the DTCs
typically migrate to the midbody in wild type, they frequently
reverse their direction of migration in ced-2, ced-5 and ced10 mutants, creating an extra turn in the gonad arms (Reddien
and Horvitz, 2000). We found that mig-2(lf) mutants but
not rac-2/3(RNAi) animals have a DTC migration-defective

Table 3. ced-2, ced-5, ced-10, mig-2 and unc-73 control the
migrations of the gonadal distal tip cells

Wild type*

Movement defect‡

Genotype
Wild type
mig-2(mu28)
mig-2(rh17)
ced-10(n1993)
rac-2/3(RNAi)
ced-10(n1993M+); mig-2(mu28)
ced-10(n1993); rac-2/3(RNAi)
mig-2(mu28); rac-2/3(RNAi)
ced-2(e1752)
ced-2(n1994)
ced-5(n1812)
unc-73(rh40)
ced-2(e1752); mig-2(mu28)
ced-5(n1812); mig-2(mu28)
ced-10(n1993) ced-5(n1812)
dpy-9 ced-2(n1994) ced-5(n1812)
unc-73(rh40); ced-2(n1994)
unc-73(rh40M+); ced-5(1812)
unc-73(rh40); ced-10(n1993)
unc-73(rh40M+); mig-2(mu28)

Pathfinding defect§

Movement‡

Pathfinding§

0.0% (n=50)
2.6% (n=151)
1.7% (n=116)
5.7% (n=265)
0.8% (n=128)
23.5% (n=243)
4.2% (n=190)
13.0% (n=338)
0.3% (n=302)
1.5% (n=135)
4.8% (n=249)
0.0% (n=260)
6.5% (n=214)
8.1% (n=259)
9.4% (n=363)
0.5% (n=189)
6.2% (n=113)
4.7% (n=127)
7.2% (n=209)
7.8% (n=64)

0.0% (n=50)
24.5% (n=147)
3.5% (n=114)
13.2% (n=257)
0.0% (n=128)
18.6% (n=199)
13. 2% (n=182)
30.3% (n=294)
21.0% (n=295)
34.6% (n=133)
31.6% (n=237)
11.1% (n=260)
33.0% (n=214)
37.8% (n=238)
20.9% (n=340)¶
30.9% (n=188)
33.8% (n=106)
34.7% (n=121)
12.9% (n=194)
20.3% (n=59)

Posterior gonadal arms were scored in young adults using Nomarski
microscopy. Similar results were obtained scoring anterior arms (not shown).
*Diagram of a wild-type posterior gonad arm. Anterior is left, dorsal is
upwards. The distal tip cell is shown in black.
‡Gonadal arms in which the distal tip cell failed to migrate or stopped
migrating or in which loose germ cells were found in place of an intact
structure were categorized as abnormal in distal tip cell movement. Loose
germ cells could result from germ cell proliferation in a ‘short’ gonad or
could reflect defects in gonadal structure.
§Gonadal arms with extra turns or that split were categorized as abnormal
in DTC pathfinding. Only those gonad arms that were normal in the extent of
DTC movement were scored.
¶ced-10(n1993) slightly suppresses the DTC pathfinding defects of ced5(n1812).

phenotype similar to that of ced-2, ced-5 and ced-10 mutants
(Table 3). mig-2(gf) mutants have only very subtle DTC
defects. ced-10(n1993M+); mig-2 double mutants exhibited
a more severe defect in DTC movement compared with the
single mutants but did not have a significant increase in the
frequency of DTC-pathfinding defects, i.e. in ced-10(M+);
mig-2 animals with gonads normal in length, the DTCs had
pathfinding defects (extra turns) at a frequency similar to that
of the single mutants. Thus, ced-10 and mig-2 are separately
required for normal DTC guidance, but might have partially
redundant functions in DTC movement. Interestingly, in DTC
migration, mig-2(gf) was less severe than mig-2(lf) or ced10(lf) mutations, suggesting that precise regulation of Rac
function is not essential for DTC migration.

ced-10 is the primary rac that acts in the
phagocytosis of apoptotic cells
To determine if mig-2 and rac-2/3 function similarly to ced-10
in the phagocytosis of apoptotic cells, we examined mig-2
mutants and rac-2/3(RNAi) animals for the presence of
unengulfed cell corpses using Nomarski optics. No detectable
defects in cell-corpse engulfment were seen in mig-2(lf) or
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Table 4. Phagocytosis of apoptotic cells is primarily
controlled by ced-10 Rac and independently of unc-73
Genotype
Wild type
ced-10(n1993)
mig-2(mu28)
mig-2(rh17)
rac-2/3(RNAi)
ced-10(n1993); rac-2/3(RNAi)
mig-2(mu28); rac-2/3(RNAi)
ced-10(n1993)‡
ced-10(n1993); mig-2(mu28)‡
ced-2(n1994)
ced-2(n1994); mig-2(mu28)
ced-2(n1994); rac-2/3(RNAi)
ced-5(n2098)
ced-5(n2098); mig-2(mu28)
ced-5(n1812)
ced-5(n1812); mig-2(mu28)
ced-5(n1812); rac-2/3(RNAi)
ced-10(n1993) ced-5(n1812)
unc-73(rh40)
unc-73(rh40); mig-2(mu28)

Persistent corpses
(L1*) (n≥25)
0.0±0.0
18.2±3.8
0.0±0.0
0.0±0.0
0.1±0.3
26.2±4.6
0.1±0.4
25.1±4.0
28.0±4.8
20.3±3.3
32.0±3.7
31.3±3.7
15.4±4.9
26.7±4.8
31.0±3.6
30.5±5.1
38.5±5.6
31.6±4.2
0.0±0.2
0.1±0.3

The numbers of persistent corpses were determined using Nomarski optics.
*Newly hatched L1 larvae with four gonadal precursor cells were scored.
‡We determined the total numbers of persistent corpses in ced-10(n1993);
mig-2(mu28) 3.5-fold embryos rather than L1 larvae because these larvae
were often inviable or morphologically abnormal. Therefore, apparent L1
animals were often older than L1 animals of other genotypes.

mig-2(gf) mutants, rac-2/3(RNAi), or in mig-2(mu28); rac2/3(RNAi) animals (Table 4). However, rac-2/3(RNAi)
enhanced the engulfment defects of ced-2, ced-5 and ced-10
mutants (Table 4). mig-2(lf) enhanced loss-of-function
mutations in ced-2 (e1752 and n1994) and ced-5(n2098), but
it did not enhance the stronger loss-of-function allele, ced5(n1812). These results demonstrate that ced-10 has a primary
role in phagocytosis, that rac-2/3 has a weak redundant role
and that mig-2 has a minor role that was revealed only in
genetically sensitized backgrounds.

mig-2 and ced-10 can act cell-autonomously in the
CAN neurons
We investigated the expression of ced-10 by generating a
gfp::ced-10 fusion transgene that can express a full-length
CED-10 molecule with an N-terminal GFP tag from the ced10 promoter (see Materials and Methods) and that can rescue
the phagocytosis defect of ced-10(n1993) animals (data not
shown). GFP::CED-10 was expressed broadly, perhaps in all
cells, including neurons (CANs, VDs and DDs), engulfing cell
types (including the hypodermis, intestine and pharynx) and
the distal tip cells (Fig. 5). We detected strong fluorescence
within the axons of the nerve ring. The expression pattern of
mig-2 has been previously determined (Zipkin et al., 1997) and
is similar to that of ced-10, except that mig-2 expression was
not observed in the intestine. The GFP::CED-10 fusion protein
accumulated at the plasma membrane, demonstrating that,

Fig. 5. ced-10 is expressed
broadly. Anterior, left; dorsal,
top. Scale bars: 5 µm in A; 2.5
µm in B,C; 5 µm in D,E. (A) A
mid-L1-stage larva showing
GFP::CED-10 expression in all
cells examined, including the
pharynx, axons of the nerve
ring, and neurons along the
ventral nerve cord (vnc), where
the GABAergic D-class
motoneurons reside.
GFP::CED-10 localized to the
plasma membrane in vnc
neuron cell bodies. (B) A
different focal plane of the
animal in A showing
expression of GFP::CED-10 in
the hypodermis. The
hypodermal seam cells (V
cells) are noted with arrows.
GFP::CED-10 accumulated at
the plasma membrane in these
cells. (C) An L2 larva with
plasma membrane
accumulation of GFP::CED-10
in vnc motoneuron cell bodies.
Intestinal expression is also
shown. (D) GFP::CED-10
accumulation at the plasma
membrane of the CAN neuron
cell body in an adult animal.
The fused hypodermal seam
syncytium also showed plasma
membrane-localized GFP::CED-10. (E) An L4 larva with expression of GFP::CED-10 in the posterior distal tip cell of the developing gonad.
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similar to other Ras-family GTPases, CED-10 is localized to
the plasma membrane; this localization was presumably
mediated through prenylation at its C-terminal CAAX box
(Zhang and Casey, 1996). Expression was first seen in early
embryogenesis and continued throughout adulthood in all cell
types. Cell type identifications were confirmed by the
examination of a nuclear-localized GFP expressed from the
ced-10 promoter (data not shown).
mig-2 and ced-10 could redundantly control axon
development and cell migration by acting in the same cell, or
they might act in different cells, such as a migrating cell and
a neighboring cell that provided a substrate for migration. To
determine the cellular focus of mig-2 and ced-10 action, we
analyzed the abilities of transgenes that express the wild-type
mig-2 or ced-10 cDNA specifically in the CAN neurons to
rescue the CAN axon pathfinding and CAN cell migration
defects of ced-10(M+); mig-2 double mutants. The ceh-10
promoter is expressed in the CAN neurons and displays no
detectable expression in neurons or other cells in the vicinity
of the CANs or their axons (Svendsen and McGhee, 1995).
ceh-10::mig-2 cDNA and ceh-10::ced-10 cDNA transgenes
both partially rescued the CAN axon pathfinding and cell
migration defects of ced-10(M+); mig-2 double mutants,
whereas the non-transgene-bearing siblings of rescued

animals were not rescued (Fig. 3). These results indicate
that both mig-2 and ced-10 can function cell-autonomously
in the CAN cells to mediate axon pathfinding and cell
migration.

unc-73 acts with ced-10, mig-2 and rac-2/3 in axon
pathfinding and cell migration but does not affect
apoptotic cell phagocytosis
A likely modulator for Racs in axon guidance and cell
migration is the dual DH-GEF protein UNC-73/Trio. unc-73
mutants have strong axon outgrowth, axon guidance and cell
migration defects (Steven et al., 1998). unc-73 produces
multiple transcripts, and all known unc-73 mutations affect
only those transcripts that include the first DH-GEF1 domain,
a Rac-specific GEF domain. The DH-GEF2 domain, which is
spared by unc-73 mutations, might act on Rho (Bellanger et
al., 1998; Debant et al., 1996). The C. elegans DH-GEF1
domain acts specifically on Rac (Steven et al., 1998), and
Drosophila Trio DH GEF1 domain acts on Drosophila Rac1,
Rac2 and the Drosophila MIG-2 counterpart Mtl (MIG-2
like) but not on RhoA, RhoL or Cdc42 (Newsome et al.,
2000).
unc-73(rh40), unc-73(e936), and unc-73(gm40) LF
mutants displayed moderate posterior CAN axon defects and

Fig. 6. unc-73 and ced-5 but not ced-2 act with rac genes in CAN axon pathfinding and cell migration. Data are displayed as in Fig. 3. The
CAN axon pathfinding and cell migration defects of ced-5(n1812) ced-10(n1993) and ced-5(n2002) ced-10(RNAi) mutants (marked by
asterisks) were significantly more severe than those of ced-5 and ced-10 mutants alone (P<0.001).
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CAN cell migration defects (Fig. 6; data not shown). These
defects were enhanced by mig-2(mu28) and ced-10(n1993)
mutations, and by rac-2/3(RNAi) (Fig. 6A). These results and
the observation that the neuronal defects of unc-73 mutants
and rac gene double mutants were similar lead us to suggest
that UNC-73 regulates multiple Rac proteins for axon
guidance in vivo.
The CAN cell migration defects of unc-73 mutants were
partially rescued by maternally provided wild-type unc-73
(unc-73(M+)), whereas axon guidance and extension were
severely compromised in unc-73(M+) animals (Fig. 6). This
observation supports the hypothesis that CAN cell migration
and CAN axon guidance and outgrowth are separable
processes that involve shared molecules.
unc-73 had little effect on Rac functions in non-neuronal
cells. unc-73(rh40) mutants had a mild DTC-reversal
phenotype similar to that of ced-10 and mig-2 mutants (Table
3), essentially no defect in DTC movement (Table 3), and no
effect on cell-corpse phagocytosis (Table 4). Animals
homozygous for the stronger unc-73(gm40) allele (Forrester
and Garriga, 1997) with wild-type maternal unc-73 (gm40
causes maternal-effect lethality) also showed no defects in
cell-corpse phagocytosis (data not shown). In addition, we
observed no enhancement of defects in phagocytosis (data not
shown) or DTC migration (Table 3) in animals doubly mutant
for unc-73 and ced-2, ced-5, ced-10 or mig-2. Thus, Rac
effects on neuronal development can be explained by
signaling through unc-73, as the Rac double mutant neuronal
phenotype resembles the unc-73 neuronal phenotype. Rac
function in non-neuronal tissues is likely to be unc-73independent, as indicated by the observation that unc-73 has
no role in cell-corpse phagocytosis.

ced-5 but not ced-2 functions in CAN axon
pathfinding and CAN cell migration
Another candidate Rac regulator is CED-5/DOCK180, which
functions with the CED-2/CrkII adaptor and CED-10 in cell
corpse phagocytosis (Reddien and Horvitz, 2000). ced2(n1994), ced-5(n1812) and ced-5(n2002), all probably null
alleles, displayed no defects in CAN axon development or
CAN cell migration (Fig. 6). In contrast to ced-10(M+); mig2 double mutants, in ced-5(n1812); mig-2 and ced-2; mig-2
double mutants, the ventral and dorsal nerve cords were
phenotypically normal when examined by electron microscopy
(Table 2). Therefore, CED-10 is uncoupled from CED-2 and
CED-5 in axonal pathfinding.
Interestingly, ced-5(n1812) ced-10 and ced-5(n2002) ced10(RNAi) animals exhibited synthetic CAN cell migration
and CAN axon guidance defects (Fig. 6), and ced-5(n1812)
enhanced CAN axon and cell migration defects of unc73(M+). ced-5(n1812); mig-2 double mutants and ced5(n1812) rac-2/3(RNAi) animals did not have CAN cell
migration or axon defects (Fig. 6). These results suggest that
ced-5 acts redundantly with ced-10 in the mig-2 or rac-2/3
branch of the Rac pathway, as eliminating two components
of the same branch should have no greater effect than
eliminating each alone. No synthetic defects were observed
in double mutants of ced-2(n1994) with ced-10(n1993), mig2(mu28), ced-5(n2002) or unc-73(rh40), or rac-2/3(RNAi)
(Fig. 6), indicating that ced-2 is probably not involved in
CAN axon guidance and CAN cell migration.

DISCUSSION
Rac GTPases have been implicated in axon pathfinding
through the analysis of dominant constitutively active or
dominant-negative forms of these proteins (Van Aelst and
D’Souza-Schorey, 1997). Previous studies using loss-offunction mutations implicated the C. elegans Rac gene ced-10
in cell migration and apoptotic cell phagocytosis (Reddien and
Horvitz, 2000), the C. elegans Rac-like gene mig-2 in Q cell
migration (Zipkin et al., 1997), the mouse Rac1 in gastrulation
during embryonic development and cell migration (Sugihara et
al., 1998), and the mouse Rac2 gene in a number of neutrophil
functions, including cell migration (Roberts et al., 1999). We
have used loss-of-function analysis to show that the three C.
elegans Rac-like genes, ced-10, mig-2 and rac-2/3, have
redundant functions in axon guidance, outgrowth, and
fasciculation (Table 1).
Our results explain why loss-of-function Rac mutations are
not as severe as dominant constitutively-active or dominantnegative alleles. We found that the axon guidance and cell
migration defects caused by dominant constitutively active
alleles of either mig-2 or ced-10 resembled the phenotype of
the ced-10; mig-2 loss-of-function double mutant, suggesting
that regulated Rac activity is essential for axon pathfinding and
that the disregulation by constitutive activation of one Rac is
as disruptive as a loss of function of multiple Racs. Constitutive
activation of a single Rac protein might lock an entire pathway
into an active configuration, eliminating dynamic function; a
single activated Rac protein might trigger an inhibitory
feedback mechanism that attenuates all Rac signaling; or an
activated Rac might constitutively bind to and sequester
upstream or downstream effectors used by multiple Racs.
These results indicate that the effects of constitutively active
Rac molecules can be explained by their effects on redundant
Rac pathways.
Racs are used differently to control multiple
developmental processes
We present models for the functions of the three C. elegans Rac
genes in Fig. 7. In C. elegans, multiple and possibly all axons
use redundant Rac proteins to control their development (Table
1, Fig. 7). A central role for Racs in axon motility is consistent
with the severe outgrowth defects in unc-73/trio mutants of both
C. elegans and Drosophila (Awasaki et al., 2000; Bateman et
al., 2000; Liebl et al., 2000; Newsome et al., 2000) and with the
axon termination defects caused by dominant-negative Rac
mutations in Drosophila (Luo et al., 1994).
In cell migration, the roles of Rac proteins appear to be
different in different cell types. ced-10, mig-2 and rac-2/3 act
redundantly in CAN cell migration: two of these genes must
be inactivated for defects to occur. By contrast, inactivation of
either ced-10 or mig-2 led to defects in distal tip cell (DTC)
migration. It is possible that ced-10 and mig-2 control distinct
essential pathways in the DTCs, such that loss of either Rac
can lead to a defect in migration. Alternatively, ced-10 and
mig-2 could control a single pathway in the DTCs, with the
activities of both genes needed to drive this pathway
sufficiently for normal migration. Similarly, ced-10, mig-2 and
rac-2 could control a single pathway in CAN cells, with any
two of these Racs sufficient to allow normal cytoskeletal
rearrangements. Alternatively, Racs could regulate cell

4486 E. A. Lundquist and others

Fig. 7. Models for the redundancy of
Rac function in axon pathfinding, cell
migration, and cell-corpse
phagocytosis. Boxes indicate a required
gene and broken arrows indicate a
subtle function. (A) mig-2 Rac-like,
ced-10 Rac and rac-2/3 Rac act
redundantly in CAN axon pathfinding
and cell migration. unc-73 Trio acts in
all three pathways. ced-5 DOCK180,
which acts in parallel with ced-10 Rac,
might act with mig-2 Rac-like, rac-2/3
Rac or both (indicated by parentheses).
ced-2 CrkII is not involved in CAN
axon pathfinding. (B) mig-2 Rac-like,
ced-10 Rac and rac-2/3 Rac act
redundantly in CAN cell migration.
mig-2 Rac-like and ced-10 Rac are both
necessary for DTC migration and are
regulated by unc-73 Trio, ced-2 CrkII
and ced-5 DOCK180. rac-2/3 Rac is
not necessary for DTC migration and is
not shown here. rac-2/3 Rac is slightly
redundant for cell movement with mig2 but not ced-10. (C) ced-10 Rac is the
primary rac involved in phagocytosis,
whereas rac-2/3 Rac and mig-2 Raclike have subtle functions seen only in
genetically sensitized backgrounds.
unc-73 Trio is not involved in
phagocytosis.

migration via distinct and redundant pathways in the CAN
cells, an idea supported by the observation that ced-5 acts
redundantly with ced-10 but not mig-2 or rac-2/3.
Specific expression of either ced-10 or mig-2 in the CAN
cells rescued the ced-10(M+); mig-2 CAN cell migration and
axon defects. These results suggest that redundant Rac proteins
are required in the same cell for motility and axon pathfinding.
The increasing severity of defects in double and triple mutants
suggests that complete removal of Rac activity results in a
complete failure of axon outgrowth and cell migration.
Other developmental processes preferentially involve
individual Racs. Most strikingly, CED-10 is the primary Rac
controlling phagocytosis; RAC-2/3 and MIG-2 appear to have
only minor roles. ced-10 and mig-2 expression patterns are
broad and overlapping (Zipkin et al., 1997) (this work), so this
distinction might reflect a difference in the abilities of different
Racs to interact with particular regulators or targets.
Distinct regulatory proteins modulate Racs in
different developmental processes
We found that UNC-73 Trio acted with multiple Racs to
control axon guidance and cell migration but had no apparent
role in Rac-mediated phagocytosis. C. elegans UNC-73 and
Drosophila Trio modulate axon guidance and cell migration in
vivo and Rac and Mtl (MIG-2 like) activity in vitro (Steven et

al., 1998). Mice lacking Trio are inviable and have defects in
neural organization (O’Brien et al., 2000). In addition to a Rac
GEF domain there are other conserved domains in Trio/UNC73 proteins, including the DH GEF2 Rho GEF (Debant et al.,
1996), spectrin repeats, and SH3, Ig, FNIII and pleckstrin
homology domains. We found that axon guidance defects
conferred by unc-73(rh40), a point mutation in the Rac GEF
domain that severely attenuates Rac GEF activity in vitro
(Steven et al., 1998), were enhanced by ced-10, mig-2 and rac2. This result suggests either that regions of UNC-73 Trio
outside of the Rac GEF domain regulate Rac function or that
axon pathfinding involves Rac activators in addition to UNC73 Trio. The latter model is supported by the observation that
ced-5 DOCK180 mutation enhances unc-73(rh40) axon
pathfinding defects. Alternatively, unc-73(rh40) might not
completely eliminate DH-GEF1 activity.
Although CED-2 CrkII and CED-5 DOCK180 act in a
pathway with CED-10 Rac during phagocytosis (Reddien and
Horvitz, 2000), we found that CED-2 CrkII and CED-5
DOCK180 are uncoupled from CED-10 Rac in axon
pathfinding and CAN cell migration: eliminating ced-10 but
not ced-2 or ced-5 in a mig-2 mutant background caused CAN
defects. These observations demonstrate that CED-10 can be
activated differently in distinct developmental processes. If
ced-2 or ced-5 does act with ced-10 during axon pathfinding,
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then ced-2 or ced-5 must be redundant with other ced-10
upstream regulators during axon development but not during
phagocytosis.
Myoblast City, a Drosophila CED-5 DOCK180-like
molecule that regulates muscle cell fusion, has no known role
in axon pathfinding (Erickson et al., 1997). We found that
while ced-5 single mutants displayed no axon and cell
migration defects, synthetic interactions placed ced-5 function
parallel to, rather than in conjunction with, ced-10, possibly
in a pathway with mig-2 or rac-2/3, in axon pathfinding and
CAN migration. Furthermore, ced-2 did not interact with any
of these Rac genes in axon guidance. That ced-5 acts with ced10 in phagocytosis and parallel to ced-10 (in the mig-2 or rac2/3 pathways) in axon pathfinding and cell migration suggests
that Rac activators can differentially affect specific Racs.
Therefore, Rac proteins might be components of redundant
signaling pathways. This hypothesis is supported by the
observation that in phagocytosis rac-2/3 acts independently of
ced-2 CrkII and ced-5 DOCK180, indicating that RAC-2/3
and CED-10 might interact with different GEFs in
phagocytosis. In different cell types these putative Rac
pathways could differ. The expression of DOCK180 leads to
an increase in GTP-bound Rac in cell culture (Kiyokawa
et al., 1998). Our results suggest that DOCK180 might
preferentially activate different Racs in different cell types, as
CED-5 DOCK180 acts with CED-10 Rac in phagocytosis and
might act with MIG-2 Rac-like or RAC-2/3 Rac in axon
pathfinding.
We suggest that the use of alternative Rac activators such as
UNC-73 Trio and CED-5 DOCK180 might help differentiate
the cellular responses to extracellular stimuli, allowing a cell
to respond by engulfment, migration, or axon extension
depending on the set of activators present. Distinct cues may
lead to distinct cellular responses by activating specific Rac
activators, such as CED-2 CrkII and CED-5 DOCK180 for
phagocytosis and UNC-73 Trio for axon pathfinding.
Multiple Rac activators and Rac pathways might interpret
and integrate multiple extracellular signals that act on axon
growth cones, migrating cells, and phagocytes. Rho and Ras
GTPase signaling pathways can interact with Rac signaling
(Bar-Sagi and Hall, 2000). Signals from such non-Rac
GTPases could likewise be mediated by distinct Rac pathways.
Rac pathways have both shared and distinct
functions
Our results indicate that Rac proteins can be uniquely required
(CED-10 is the only Rac necessary for phagocytosis),
redundant (CED-10, MIG-2 and RAC-2/3 are redundantly
required for axon pathfinding and CAN cell migration), or
multiply required (both CED-10 and MIG-2 are required
for proper DTC pathfinding). Differences in expression,
localization, physical interactions and biochemical activities
could lead to the differences between the in vivo functions of
C. elegans Rac proteins. Drosophila has three Rac genes, Rac1
(Harden et al., 1995), Rac2 (Hariharan et al., 1995) and Mtl
(Mig-2-like) (Newsome et al., 2000), and humans have at least
three, RAC1, RAC2 and RAC3 (Didsbury et al., 1989; Haataja
et al., 1997). Thus, a multigene Rac family might be conserved
across species, suggesting that a similar logic in the functions
of Rac proteins in cell morphogenesis might also be conserved
among many organisms.
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