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The secreted molecule unc-6/netrin is important for guiding axon projections and cell migrations. unc-5 and
unc-40/DCC are identified as receptors for unc-6/netrin. The downstream factors of unc-6 receptors are begin-
ning to be elucidated, and some key factors have been identified in various organisms. Here, we showed that
SRC-1 interacts with the cytosolic domain of UNC-5 through its SH2 domain. This interaction also requires
the intact kinase activity of SRC-1. Downregulation of src-1 by RNA interference decreases the biological
processes initiated by the UNC-5 protein and decreases UNC-5 tyrosine phosphorylation. We also generated
a chimeric protein consisting of the extracellular domain and transmembrane domain of UNC-5 and an
intracellular domain of SRC-1. This fusion protein is able to partially rescue mutant phenotypes caused by
unc-5 but not unc-6, unc-40, and unc-34. Our results support a model in which SRC-1 is required for
UNC-5-induced axon repulsion and gonad migration signaling pathways and in which localizing SRC-1 activity
to UNC-5 is crucial for proper signal transduction in response to unc-6/netrin.

Cell guidance processes are very important biological phe-
nomena and are required for many developmental processes.
So far, many axon guidance molecules have been identified.
Those can be grouped into four major categories: netrin, sema-
phorin, slit, and ephrin (12). These molecules guide axons by
providing either a chemo-attractive signal, which attracts the
growing axon to the targeted area, or a chemo-repellant signal,
which keeps the axon away from the improper area. In addition
to their role in neuronal function, these molecules play impor-
tant roles in many other developmental processes.

Netrin is a laminin-like secreted molecule capable of con-
veying both attractive and repulsive signals depending on the
expression of its receptors, UNC-5 and UNC-40/DCC (deleted
in colorectal cancer). Axons expressing UNC-40/DCC are at-
tracted toward netrin, and axons expressing both UNC-40/
DCC and UNC-5 are repelled by it (9).

Netrin has been studied in many different model systems.
Caenorhabditis elegans was the first organism in which unc-6/
netrin was identified (13). Later, unc-6/netrin homologues were
found in fly (8), zebrafish (17), and mammals (14, 26). These
studies confirm that netrin signaling is conserved throughout
evolution. In addition to axon guidance, unc-6/netrin homo-
logues participate in various biological processes outside neu-
ronal tissues. In mammals, netrin plays important roles in
various types of organ morphogenesis. For example, it controls
the shape of branched tubes during lung development (20). It
also controls blood vessel branching (21) and stimulates angio-
genesis (24). In C. elegans, unc-6/netrin not only directs the
formation of neuromuscular junctions, but also controls the
migration of distal tip cells (DTCs), which are nonneuronal
tissue. A DTC migration defect leads to a misguided gonad
shape.

Although many cellular processes have been identified re-

quiring netrin signaling, understanding of netrin-induced in-
tracellular signal transduction is fragmented at best. Also, the
fact that netrin has two opposite effects makes netrin attrac-
tion/repulsion harder to understand. Both attraction and re-
pulsion should be regulated by unique sets of factors; however,
they may share some common effector proteins. For example,
unc-34, the Drosophila-enabled homologue in C. elegans, is a
common effector for both attraction and repulsion processes
(4, 6).

Upon ligand binding, UNC-40/DCC and UNC-5 receptors
are tyrosine phosphorylated, and this tyrosine phosphorylation
may serve an important role for the downstream events. Mu-
tation of certain tyrosine phosphorylation sites on UNC-5 se-
verely affects axon guidance and DTC migration (15). It has
been reported that clr-1, a receptor protein tyrosine phospha-
tase (RPTP), is able to modulate netrin signaling (3). These
data support the importance of tyrosine phosphorylation in
netrin signaling. Recent studies also show that DCC and netrin
signaling require focal adhesion kinase and SRC. SRC-1 func-
tions immediately downstream of DCC and plays an important
role in netrin-induced axon attraction (18, 19, 25). Since both
attraction and repulsion processes require DCC, SRC-1 may
also be involved in both processes. In this paper, we show that
SRC-1 is important for the UNC-5-mediated netrin repulsion
signal in C. elegans.

MATERIALS AND METHODS

Cells, transfection procedures, and immunoprecipitation. Transient transfec-
tions of HEK 293 cells were performed using Lipofectamine (Invitrogen). For
immunoprecipitation, cells were lysed 36 h posttransfection in NP-40 buffer (20
mM Tris-HCl, pH 7.4, 100 mM NaCl, 1% NP-40, 0.1 mM phenylmethylsulfonyl
fluoride, 5 �g/ml aprotinin, 5 �g/ml leupeptin, 1 �M dithiothreitol, 100 �M
sodium meta-vanadate) and the lysates were subsequently incubated with 1 �g of
anti-myc antibody (9E10) at 4°C for 3 hours. Protein G-Sepharose beads (Am-
ersham Biosciences) were added and incubated at 4°C for 2 more hours and then
washed three times with NP-40 buffer. The beads were added with 1� sodium
dodecyl sulfate sample buffer and run on a 12% sodium dodecyl sulfate–poly-
acrylamide gel. The samples were then subjected to Western blotting and probed
with the appropriate antibodies. In order to inhibit Src family kinase activity,
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cells were starved for 3 h in the serum-free medium and then the inhibitor PP2
(Calbiochem) was treated at the concentrations indicated in Fig. 1 for 30 min (7).

Plasmid constructs and site-directed mutagenesis. Standard molecular biol-
ogy techniques were used. src-1 cDNA (5� ATGGGTTGCCTGTTTTCA. . .AC
AAATATATATATATAA 3�) and the cytosolic domain of unc-5 cDNAs (5�
AAACGTGGCAATTCAAAA. . .CAAATTGTGTCCCCATAA 3�) were ob-
tained by PCR from a worm cDNA library and were subcloned into pcDNA3myc
or pcDNA3HA (Invitrogen). The pU5HA construct (unc-5::unc-5HA) was a
generous gift from J. G. Culotti (University of Toronto). The promoter region of
unc-5 (4.6 kb; 5� CCTGATTGTTTGAGTAAG. . .ATAATTTCTATTCCAGTA
3�) was obtained by PCR and was used for the transcriptional fusion construct
with SRC-1(K290M). For UNC-5–SRC-1 fusion protein, a site-directed mu-
tagenesis kit (Stratagene) was used to generated a SmaI site (5�TGCTGTAAA
CGTGGCAATTCAAAAAAGTCGGGAATTTCCGGTGGTGGTGGTGGA
CCCGGGTAATCAGCTTTTCCACAAATTGTGTCCCCATAA 3�). The SmaI
site is underlined. Later, either src-1 wild-type or src-1(K290M) cDNA was
subcloned into this SmaI site. The various src-1 mutants were generated with a
site-directed mutagenesis kit (Stratagene).

C. elegans strain and generation of stable lines. Nematodes were cultured by
standard techniques (2). All C. elegans strains were grown at 20°C. Bristol N2 was
a standard strain. The following mutations were used for experiments: for LGI,
unc-40(e271), src-1(cj293)/hT2 I, and �/hT2V; for LGIV, unc-5(e53); for LGV,
unc-34(e315); and for LGX, unc-6(ev400). Germ line transformation was per-
formed using standard techniques (22). unc-5::src-1(K290M), unc-5::
unc-5–src-1, and unc-5::unc-5–src-1(K290M) constructs were injected at 10 ng/�l.
sur-5::gfp (100 ng/�l) or plx-2::gfp (100 ng/�l) was used as a coinjection marker.
For each clone, at least two independent lines were obtained. The data were
obtained from one representative line of each clone. Mating was used for trans-
ferring the extrachromosomal array between different genetic backgrounds. Only
the worms with a decent green fluorescent protein (GFP) expression pattern
were used in our analyses.

RNA interference (RNAi) procedures. In brief, the HT115(DE3) strain was
transformed with L4440 plasmid (Fire Lab vector kit) containing 600 bp of src-1
cDNA (5�ATGGGTTGCCTGTTTTCAAAA. . .AATTGGGAAATTCCACGC
AAT 3�). A construct containing the src-2 cDNA sequence (F49B2.5) was used
as a negative control. The transformed HT115(DE3) strains were induced with
1 �M IPTG (isopropyl-�-D-thiogalactopyranoside) for 6 h and used as a food
source. Five young adults worms were transferred onto the plates, and their
progenies were observed.

Detection of tyrosine phosphorylation in UNC-5. A worm line integrated with
pU5-HA (a hemagglutinin [HA]-tagged version of the UNC-5 construct from
J. G. Culotti) was used. The integrated line was grown in liquid culture. After a
week, we evenly distributed them into separate liquid cultures with HT115(DE3)
E. coli strains producing either src-1 or src-2 double-stranded RNA (dsRNA).
After 3 days, we harvested the worms. Subsequently, the worms were sonicated

three times in PLC buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol,
1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM NaPPi, 10 mM NaF, 100
�M sodium vanadate, and protease inhibitors). The lysates were immunopre-
cipitated with anti-HA antibody and subjected to Western blotting with anti-
phosphotyrosine antibody (4G10; Signal Transduction Laboratory).

Worm tracker system. L4 worms were collected onto new plates and incubated
for 16 h at 20°C. Worms with a complete GFP pattern were selected for further
analysis. Each worm was tracked for 5 min under the tracker system (5). The
tracker system automatically monitors animal movement by controlling the vi-
sion and motion hardware and integrates images of the animal and motion data
into behavioral/morphological features such as speed, reversal, and body bend-
ing. At least five individual worms for each genotype were tracked, and data were
collected.

Gonad migration defects and commissural axon defects. L4 or young adult
animals were mounted on a 2% agarose pad in M9 buffer containing 5 mM
sodium azide. Their gonad shapes were observed under a Leica microscope.
More than 50 animals were observed for each data point for each strain. Data
from three independent countings were subsequently analyzed with SPSS statis-
tical software. Images were taken with a Sony DKC 5000 digital photo camera.
Commissural axons were visualized using a GFP marker for motor neurons
(plx-2::GFP). More than 15 animals were observed for each data point for each
strain.

RESULTS

UNC-5 interacts with SRC-1 in vitro. To test the possible
role of SRC-1 kinase in the unc-5 signaling pathway, we per-
formed in vitro binding experiments between SRC-1 and the
cytosolic domain of UNC-5 in HEK 293 cells. SRC-1 is myc
epitope tagged at the C terminus, and the UNC-5 cytosolic
domain is HA epitope tagged at the N terminus. Cells were
transfected with wild-type SRC-1–myc constructs, along with
HA–UNC-5. SRC-1–myc was immunoprecipitated, and the
presence of HA–UNC-5 in the complex was detected by West-
ern blot analysis. SRC-1 specifically interacts with the cytosolic
domain of UNC-5 (Fig. 1A).

Since SRC-1 can bind its interacting proteins through its
SH2 and SH3 domains, we mutated either the SH2 or SH3
domain and tested the UNC-5 and SRC-1 interaction. The
interaction between UNC-5 and SRC-1 proteins is mediated
mainly through the SRC-1 SH2 domain, since mutation of the

FIG. 1. The UNC-5 cytosolic domain interacts with SRC-1 in vitro. (A) SRC-1 binds the UNC-5 cytosolic domain. HEK293 cells were
transfected with the indicated expression vectors. SRC-1–myc was immunoprecipitated (IP) with anti-myc antibody (9E10) and subjected to
Western blot analysis (WB) with the indicated antibodies. (B) The SH2 domain of SRC-1 is important for its interaction with UNC-5. Lysates were
subjected to immunoprecipitation with an anti-myc antibody (9E10) and probed for the indicated Western blot analysis. SH2M and SH3M denote
SRC-1 mutations in the SH2 domain (R165A) and SH3 domain (W108R W109R), respectively. WT, wild type. (C) PP2 inhibits the interaction
between SRC-1 and UNC-5. Transfected HEK293 cells were treated with PP2, an inhibitor of Src family kinases, for 30 min at the indicated
concentrations (�M). Lysates were immunoprecipitated with anti-myc antibody (9E10) and probed for the indicated Western blot analysis.
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SH2 domain of SRC-1 severely reduced binding (Fig. 1B).
However, the SH3 domain also contributes to binding, because
mutation of the SH3 domain partially reduced the overall
binding between UNC-5 and SRC-1 (Fig. 1B). We also tested
whether SRC-1 kinase activity is important for the interaction.
Treatment of SRC-1 kinase inhibitor PP2 (7) dramatically de-
creased the interaction in a dose-dependent manner (Fig. 1C);
therefore, the kinase activity of SRC-1 is important for the
binding between SRC-1 and UNC-5. In order to identify the
UNC-5 tyrosine phosphorylation sites responsible for the in-
teraction, we generated six UNC-5 mutants in which putative
SRC-1 SH2 binding tyrosine residues had been mutated to
phenylalanine. Unfortunately, we were unable to detect any
difference in the interactions of SRC-1 and UNC-5 mutants
from that of the UNC-5 wild type (data not shown). This may
imply that multiple tyrosine sites contribute to the interaction
or that other tyrosine residues are involved. Together, our data
indicate that SRC-1 may phosphorylate UNC-5 and create its
own binding sites on UNC-5 molecules.

src-1 knockdown causes gonad migration defects. A reduc-
tion of unc-6/netrin signaling in C. elegans shows many pheno-
types; movement defects (Unc) and gonad migration defects
are the two major phenotypes studied so far. Gonad develop-
ment is guided by DTCs and results in two symmetrical U-
shaped gonad arms. DTCs migrate along the body wall and
make two 90-degree turns (Fig. 2A). The first turn, which
results in ventral-to-dorsal migration, requires UNC-6/netrin
secretion from the ventral side and the functions of UNC-5 and
UNC-40. Two receptors, UNC-5 and UNC-40, act together in
pushing DTCs away from the UNC-6/netrin source at the ven-
tral side. As a result, unc-6, unc-5, and unc-40 mutants show
gonad migration defects defined by lack of the first 90-degree
turn (Fig. 2B).

To test whether src-1 functions downstream of the unc-5
pathway, we first performed src-1 RNAi experiments to phe-
nocopy the unc-5 gonad defects. Healthy worms were fed with
Escherichia coli expressing src-1 dsRNA. The majority of their
progeny displayed a lethal phenotype consistent with that de-
scribed in a previous report (1). However, a small percentage
of worms escaped the lethal effect of src-1 RNAi and survived
to adulthood. These escapees show the Unc (uncoordinated)
phenotype. Although neurons are known to be resistant to
RNAi treatment, the Unc phenotype may indicate the axon
guidance defects caused by src-1 RNAi in neurons. However,
we cannot exclude the possibility that the Unc phenotype may
be a secondary effect caused by more global defects. We also
observed that these escapees tend to have a high percentage of
gonadal defects (Fig. 2E). These worms showed a defect in
their first gonad turn, implying that the unc-6/netrin signaling
pathway has been compromised. However src-1 RNAi also
affects the second turn, resulting in a gonad with a straight
shape (Fig. 2C). We also used a dominant negative construct of
src-1 under the control of the unc-5 promoter [unc-5::src-1
(KM)]. The resulting phenotype of the stable line is very similar
to that of src-1 RNAi (Fig. 2D). Although src-1(cj293) homozy-
gotes are lethal, they can be maternally rescued when homozy-
gous worms are produced from an src-1(cj293)/hT2 mother.
The resulting src-1(cj293) mutants show gonad defects similar
to that of src-1 RNAi treatment. The percentage of defects is
low compared to that of src-1 RNAi treatment (Fig. 2E), sug-

gesting that the same percentage of gonad defects may be
rescued maternally. Therefore, we conclude that the straight
gonad shape is a direct result of compromised src-1 activity;
also, src-1 is involved in many cellular processes, possibly in-
cluding the unc-5-mediated repulsion process.

src-1 RNAi antagonizes the rescue of unc-5::unc-5HA con-
structs on an unc-5 background. Since the effect of src-1 RNAi
is multiple defects in addition to the first gonad turn defect, it
was hard to evaluate the importance of src-1 in unc-5 signaling.
Because src-1 is involved in a wide variety of cellular processes,
one can imagine that the reduction of src-1 function could have
pleiotropic effects on various developmental processes. unc-5
worms usually have a high percentage of gonad defects and can
be rescued by the injection of the pU5HA (unc-5::unc-5HA)
plasmid (15). We observed that injection of pU5HA signifi-
cantly rescued the gonad migration defects of unc-5 mutants
(Fig. 3A). Both the anterior and posterior migration abnor-
malities observed in unc-5 mutants were rescued. We also
detected that the worm’s movement was greatly increased to
the wild-type level. However, pU5HA did not completely res-
cue the defects in the unc-5 mutant. The incomplete rescue of
unc-5 mutants by pU5HA suggests that the level of unc-5
signaling in animals is lower than that of the wild type. There-
fore, the pU5HA-rescued worms may be more sensitive to the
downregulation of src-1. The src-1 dsRNA-containing bacteria
were diluted fivefold with control bacteria as a feeding food for
worms in order to avoid the high percentage of lethality caused
by src-1 dsRNA. Under the suboptimal treatment of src-1
RNAi, wild-type N2 worms showed a much milder phenotype;
only 16% of the worm displayed the straight-gonad defects
(Fig. 3A). We applied this src-1 RNAi condition to the rescued
unc-5 worms. After a 56-h feeding, we counted the gonad
defects of their progeny. The defects on the rescued unc-5
worms increased about fourfold compared to those without
RNAi treatment (Fig. 3A). Although src-1 RNAi treatment
also generates the straight-gonad phenotype with the unc-5-
rescued worms, the percentage of cells with the straight-gonad
phenotype is not much different from the percentage treated
on wild-type worms. These observations support an interpre-
tation that the second turn of the gonad is not dependent on
unc-5 signaling and should be regulated by yet-unidentified
signaling molecules. src-1 may also be involved in this unknown
signaling mechanism. Together, our experiments support the
notion that src-1 mediates unc-5 signaling.

src-1 RNAi suppresses the defects caused by unc-5 overex-
pression. To confirm the src-1 RNAi effect of antagonizing the
pU5HA construct, we devised another sensitized experiment.
We injected a 10-fold-higher concentration of the pU5HA
construct into wild-type worms in order to generate a worm
with hyperactive unc-5 signaling. Consistent with a previous
report (16), high expression of unc-5 under the wild-type back-
ground resulted in a club-shaped gonad phenotype (Fig. 3B).
When overexpressed, UNC-5 is thought to be auto-activated
independently of the UNC-6 ligand. It has been widely ob-
served that high expression of a transmembrane receptor could
result in the formation of a receptor complex on the cell sur-
face without ligand binding. These auto-activated receptors do
not have the directional information normally provided by the
localized ligand available. Therefore, the club-like gonad shape
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at the site of first gonad turn is generated and may be a
representation of UNC-5 hyperactivity.

We treated these unc-5-overexpressing worms with the sub-
optimal src-1 RNAi and determined the percentage of club-
shaped gonads. After being treated with src-1 RNAi, the unc-
5-overexpressing worms tend to have a variety of gonad shapes,
as expected from observations of src-1 RNAi in wild-type
worms. However, the percentage of club-shaped gonads de-
creased significantly after the treatments (Fig. 3B). These ex-
periments also support the notion that src-1 mediates unc-5

signaling, and a decrease of src-1 activity is able to suppress
hyperactive unc-5 signaling in vivo.

src-1 RNAi reduces UNC-5 tyrosine phosphorylation in vivo.
Upon ligand binding, UNC-5 receptors are tyrosine phosphor-
ylated, and this tyrosine phosphorylation seems to be impor-
tant for the downstream events (15). In order to test whether
src-1 regulates the tyrosine phosphorylation in unc-5 in vivo,
we cultured the UNC-5HA-expressing worms with src-1 RNAi.
After 3 days, the worms were lysed with sonication and immu-
noprecipitated with anti-HA antibody. The level of UNC-5

FIG. 2. src-1 function is important for proper gonad migration. (A to D) The gonad migration defect is caused by low src-1 activity. N2 (A),
unc-5 (B), src-1 RNAi (C), and unc-5::src-1(K290M) stable-line (D) gonad phenotypes are shown. Schematic illustrations of gonad morphology are
shown on the left. White arrows show the gonad migration paths. Black arrows indicate the position of the anus. Anterior is to the left, and dorsal
is on top. (E) Anterior and posterior gonad defects in src-1 RNAi-treated worms and unc-5::src-1(K290M) stable lines. Percentages of defects are
shown along with standard deviations. Total numbers of worms observed are also shown. src-1(cj293) represents maternally rescued src-1 mutant
worms. Wild-type N2 worms (WT) have no detectable gonad defect.
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FIG. 3. Downregulation of src-1 by RNAi affects unc-5 signaling. (A) A rescue of an unc-5 null mutant by Ex[unc-5::unc-5HA] is reversed by
src-1 RNAi. Gonad defects were counted for the respective strains. Two distinct gonad defects, a defect on first gonadal turn and a defect on the
first and second gonadal turns, were counted separately and subsequently analyzed with SPSS statistical software. The defect on the first gonadal
turn was shown on the upper half of the panel, and the defect on first and second gonadal turn was shown in the lower half of the panel. The defects
in the anterior and posterior arms of the gonad were counted separately. Schematic illustrations of the gonad morphologies are shown on the right.
The total number of worms counted for each strain was more than 50, and error bars represent standard errors (SE). (B) The occurrence of
club-shaped gonads by UNC-5 overexpression is reduced by src-1 RNAi. The club-shaped gonads for the respective strains were counted and
subsequently analyzed with SPSS statistical software. A schematic illustration of the club-shaped gonad morphology is shown on the right. A
club-shaped gonad of the Ex[unc-5::unc-5HA] stable line is also shown. Triangles denote the abnormal gonad shape. The total number of worms
counted for each strain was more than 50, and error bars represent SE. (C) The tyrosine phosphorylation in UNC-5 protein is reduced by src-1
RNAi. The indicated worm strains were treated with src-1 or src-2 RNAi. After lysis, the samples were immunoprecipitated (IP) with anti-HA
antibody and subjected to Western blotting (WB) with the antiphosphotyrosine antibody (pY).
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tyrosine phosphorylation was detected by Western blotting.
Consistent with our model in which src-1 regulates UNC-5
phosphorylation, the level of UNC-5 tyrosine phosphorylation
decreased significantly upon src-1 RNAi treatment (Fig. 3C). It
is worth noting that src-1 RNAi did not completely eliminate

UNC-5 tyrosine phosphorylation. This could be explained by
the possibility that another kinase, such as src-2 (F49B2.5), is
also involved in UNC-5 tyrosine phosphorylation. However, we
prefer an alternative explanation, namely, that src-1 RNAi is
not effective in neurons that also express UNC-5. Consistent

FIG. 4. Rescue of the unc-5 null phenotype by the UNC-5–SRC-1 fusion construct. (A) Schematic diagram of UNC-5 and the UNC-5–SRC-1
fusion protein. UNC-5 is composed of two immunoglobulin domains (Ig), two thrombospondin domains (TSP), a transmembrane domain, a
ZO-1/Unc-5 domain (ZU-5), a DCC binding domain (DB), and the death domain (DD). UNC-5–SRC-1 fusion protein contains the extracellular
and transmembrane domain of UNC-5, a glycine linker region, and SRC-1 protein. (B) The UNC-5–SRC-1 fusion construct is able to rescue the
unc-5 null mutant. For each of the indicated genetic backgrounds, two pictures were taken at the 0- and 4-s time points. Subsequently, the Adobe
Photoshop program was used to combine two images. (C to E) The unc-5 null defect is rescued by the UNC-5–SRC-1 fusion construct. Average
speeds (C), numbers of reversals (D), and numbers of looping (E) of the respective strains were monitored for 5 min. An individual worm was
tracked with Tracker System, and the collected data were subsequently processed with SPSS statistical software. For the indicated strains, at least
five individual worms are analyzed under the tracker system. The total number of worms counted for each strain was more than 5, and error bars
represent SE. Asterisks on each panel indicate that two data points have a significant difference based on the Student t test.
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with this explanation, src-2 RNAi, which does not produce any
noticeable defect in worms (data not shown), had a minor
effect on UNC-5 tyrosine phosphorylation. Together, our data
provide strong evidence for a role for src-1 in unc-5 tyrosine
phosphorylation.

The unc-5 null phenotype is rescued by a UNC-5–SRC-1
fusion construct. So far, we reduced src-1 activity and tested its
effect in unc-5 signaling. In an effort to test an effect of in-
creased src-1 activity, we tried to generate stable worm lines
containing unc-5::src-1 transcriptional fusion constructs. De-
spite various concentrations of the unc-5::src-1 tested, we were
unable to obtain a stable line. We conclude that expression of
this construct may interfere with essential developmental pro-
cesses and result in a lethal phenotype.

In another effort to have an src-1 construct that can be
localized at the unc-5 signaling sites, we generated unc-5 and
src-1 fusion constructs under the control of the unc-5 promoter
(Fig. 4A). This construct is composed of the unc-5 extracellular
domain, the transmembrane domain, and the UNC-5 intracel-
lular domain replaced by SRC-1. A polyglycine linker is added
between the UNC-5 portion and SRC-1, giving src-1 kinase
free access to its target substrates. Expression of this UNC-5–
SRC-1 fusion protein produced little effect in the wild-type N2
worms. However, it rescued a variety of defects in unc-5 null
worms. For Fig. 4B, two pictures were taken separately at a
4-second interval and then combined using image-processing
software. The unc-5 null mutant was almost paralyzed com-
pared to the wild-type worm. However, unc-5 null mutant
worms containing the unc-5–src-1 fusion construct became as

mobile as the wild type. We also examined the commissural
axon structure for each genotype. A commissural axon projec-
tion from the ventral to dorsal side is visualized with a GFP
marker for motor neurons. Axon structure is defective in unc-5
(Fig. 5A), and its defects can be rescued by the UNC-5–SRC-1
fusion construct (Fig. 5B).

We used a behavior analysis system (tracker system [5])
trying to quantify the worm movement in a more precise way.
After being collected with the tracker system, data were pro-
cessed with statistical software (Fig. 4C to E). The average
speed, frequency of reversal movement, and frequency of loop-
ing were recovered almost to the wild-type level with the UNC-
5–SRC-1 fusion protein. Student t tests were used to confirm
that differences between gonads with and without the fusion
proteins are significant. We also looked at gonad rescue in
unc-5. The unc-5 defects in both the anterior and posterior
gonad decreased dramatically in the presence of the UNC-5–
SRC-1 fusion protein (Fig. 7).

To determine whether the kinase activity of src-1 is required
for its ability to rescue the unc-5 mutant, we constructed an
unc-5–src-1(KM) mutant fusion construct. This mutant fusion
construct was unable to rescue the unc-5 mutant defect (Fig.
6). Therefore, src-1 kinase activity is important for the proper
signaling downstream of unc-5. This result supports the idea
that the UNC-5–SRC-1 fusion proteins can replace UNC-5 in
vivo. It also indicates that one of the in vivo roles of UNC-5 is
to recruit SRC-1 to the site of UNC-6 ligand action.

The UNC-5–SRC-1 fusion protein behaves differently in dif-
ferent genetic backgrounds. To further investigate the mech-

FIG. 5. The UNC-5–SRC-1 fusion protein is able to rescue the motor neuron defect caused by the unc-5 mutation. (A and B) Commissural
axon structure for unc-5(e53) (A) and the unc-5(e53) line with the fusion construct (B) are shown. The axon structure is visualized with the
plx-2::GFP construct. The plx-2 promoter expresses GFP protein on B-type motor neurons. White arrows denote commissural axons for motor
neurons. The anterior side is to the left, and the dorsal side is on top. The dotted line indicates the dorsal edge of worms. (C) Percentages of proper
commissural axon crossing for the respective genotypes were shown along with standard deviations. Total numbers of worms observed are also shown.
wt, wild type.
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anism of UNC-5–SRC-1 fusion protein, we investigated how it
behaves under different genetic backgrounds, including the
unc-6, unc-40, and unc-34 backgrounds. In order to have the
same extrachromosomal array on different genetic back-
grounds, we used mating to generate the necessary strains.
First, a wild-type transgenic worm line was established with the
fusion construct. The transgenic worms were mated with dif-

ferent genetic backgrounds. Subsequently, the desired geno-
types with the fusion construct were selected. Finally, two ma-
jor categories were observed: movement defects (Fig. 6) and
gonad defects (Fig. 7).

We found that unc-6 could not be rescued by the UNC-5–
SRC-1 fusion construct. UNC-6 is the ligand for UNC-5 and
provides the directionality to UNC-5. The lack of UNC-6

FIG. 6. The UNC-5–SRC-1 fusion construct rescues the movement defect caused by unc-5 but not unc-6, unc-40, or unc-34 mutants. (A to E)
The movement path of each individual worm was followed for 5 min. The respective genetic backgrounds were denoted at the top of each panel.
Worms were tracked with the tracker system and subsequently analyzed with SPSS statistical software. (F) Statistical representation of the effects
of the UNC-5–SRC-1 fusion or UNC-5–SRC-1(K290M) fusion on different Unc mutants. At least five individual worms from the respective genetic
backgrounds were tracked and subsequently analyzed with SPSS statistical software. The total number of worms counted for each strain was more
than 5, and error bars represent SE. The asterisk indicates that two data points have a significant difference based on the Student t test.
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would have a significant effect on targeting the UNC-5–SRC-1
fusion protein at the site of repulsion. The fusion proteins
would be evenly distributed in the unc-6 mutant worms be-
cause of the lack of signaling molecules. Although SRC-1 ac-
tivity is intact, the even distribution of the fusion proteins could
not execute its directional information, which is lacking in the
unc-6 mutant.

Mutation of unc-40, which forms a complex with unc-5 as the
functional repulsive netrin receptor, was not rescued by the

UNC-5–SRC-1 fusion protein. This is consistent with observa-
tions made in mammalian netrin signaling. Src family kinases
are involved in UNC-40/DCC tyrosine phosphorylation.
Therefore, it is likely that tyrosine phosphorylation of UNC-40
is involved in unc-6/netrin signaling. Without UNC-40 protein,
the unc-6 signaling pathway cannot be rescued even if UNC-
5–SRC-1 fusion proteins were recruited to the right place,
because one of the key downstream targets of SRC-1, UNC-40,
is absent. Furthermore, UNC-40 itself may recruit other pro-

FIG. 7. The UNC-5–SRC-1 fusion construct rescues the gonad migration defect caused by unc-5 but not unc-6 or unc-40 mutants. Anterior
(A) and posterior (B) gonad defects of the respective strains are counted. The total number of worms counted for each strain was more than 150,
and error bars represent SE. The asterisk indicates that two data points have a significant difference based on the Student t test.
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teins, and this function cannot be replaced by UNC-5–SRC-1
fusion proteins.

unc-34 is an Enabled homologue in worms (27) and thought
to be a link between the receptors and actin filaments. The
UNC-5–SRC-1 fusion construct did not rescue the defects in
unc-34. This is consistent with the model that unc-34 is a
further downstream component from the receptor in unc-5
axon repulsion signaling. Activation of src-1 cannot rescue the
defects caused by mutation of downstream genes. These data
support the idea that src-1 is a receptor-proximal component of
unc-5 signaling, and localization of src-1 activity is a key event
in controlling signal transduction.

DISCUSSION

Netrin is a well-characterized axon guidance molecule. A
growth cone can be either attracted toward or pushed away
from the netrin source depending on the expression of recep-
tors (9). This process must be reversible and well balanced,
because a mild change of cyclic AMP or Ca2� concentration at
the growth cone can reverse the effect of netrin (10, 23). Ex-
isting evidence suggests that netrin is also involved in nonneu-
ronal tissue development. Extensive efforts have been made to
identify components of the netrin signaling pathway and also to
comprehend how these components achieve proper signal
transduction. Some of the downstream effectors for attraction
(6, 18, 19, 25) and repulsion (4) have been recently elucidated.
However, the whole picture is far from complete. Here, we
provide evidence that the unc-5-mediated axon repulsion pro-
cess requires SRC-1 activity.

We have shown that SRC-1 and the cytosolic domain of
UNC-5 physically interact. This interaction requires SRC-1
kinase activity, the intact SRC-1 SH2 domain, and UNC-5
tyrosine phosphorylations. We have also shown that tyrosine
phosphorylations on UNC-5 are mediated by SRC-1 kinase
both in vivo and in vitro.

Not only do SRC-1 and UNC-5 interact physically, they also
interact functionally. An UNC-5–SRC-1 fusion protein is able
to rescue an unc-5 mutation in C. elegans. In wild-type animals,
UNC-5 is activated asymmetrically along the UNC-6 gradient
on the cell surface. This asymmetric activation of UNC-5 en-
sures the growth cone turning or directionality of DTC migra-
tion. Since the proper targeting of SRC-1 activity is enough to
rescue unc-5 mutant animals, it is tempting to speculate that a
major role of UNC-5 could be to concentrate SRC-1 at the
growth cone turning site. The UNC-5–SRC-1 fusion protein
may require UNC-6 for proper directionality in vivo. The in-
ability of the UNC-5–SRC-1 fusion protein to rescue unc-6 is
also consistent with this idea. These results suggest that the
asymmetric activation of the UNC-5 receptor is very important
for the proper guidance process, and evenly distributed SRC-1
activity cannot direct the proper turning response.

It has been reported recently that DCC, the mammalian
homolog of UNC-40, interacts with FAK and SRC, and this
interaction is crucial to the netrin-mediated attraction re-
sponse (18, 19, 25). Therefore, SRC-1 is not only important for
repulsion but also important for attraction. Activation of
SRC-1 may result in the opposite effect on growth cone turn-
ing, depending on what downstream factors/substrates are

available. UNC-5 and UNC-40 receptors may recruit other
downstream molecules in addition to SRC-1. Even though
SRC-1 is the common activator, the differences in recruited
molecules may decide the final effect of repulsion or attraction.

Currently, there is no direct evidence to speculate what
might be the targets of SRC-1 kinase other than the netrin
receptors. However, the importance of tyrosine phosphoryla-
tion in netrin signaling is further supported by a recent report
that clr-1, a receptor protein tyrosine phosphatase, is involved
in netrin signaling (3). A loss-of-function mutation in clr-1
enhances netrin-dependent attraction. These studies further
support the importance of tyrosine phosphorylation in netrin
signaling. UNC-34 is reported to be a downstream of CLR-1
and also involved in both repulsion and attraction (4, 6).

UNC-34 may be regulated by phosphorylation, possibly
phosphorylated by SRC-1, and dephosphorylated by CLR-1.
This hypothesis is consistent with the idea that UNC-5–SRC-1
fusion protein cannot rescue the unc-34 mutant. UNC-40 may
also facilitate SRC-1 recruitment to the UNC-5/UNC-40 re-
ceptor complex and enhance the increased tyrosine phospho-
rylations on UNC-5. These phosphorylation sites generate the
binding sites for SRC-1 itself. Hence, the initial interaction of
SRC-1 with the UNC-5/UNC-40 complex can increase the
SRC-1 concentration near the receptor complex and may re-
sult in signal amplification. Subsequently, SRC-1 can phos-
phorylate the other proteins recruited by the receptors, possi-
bly including UNC-34.

SRC-1 is involved in many other signaling pathways; there-
fore, it is interesting to consider the possible cross talk between
signaling pathways. Among many signaling pathways, integrin
signaling is particularly intriguing. In one recent study, lami-
nin-1, a major component of basement membrane assembly, is
shown to convert netrin-mediated attraction into repulsion
(11). Those authors demonstrated that extracellular matrix
molecules can modify the growth cone response toward diffus-
ible guidance cues. Our data showed that localized activation
of SRC-1 can replace the need for UNC-5 on axon repulsion.
Therefore, it is tempting to speculate that the effect of lami-
nin-1 on axon repulsion may be mediated through the integrin
receptor and the subsequent activation of SRC-1. The integrin
receptor can activate the SRC-1 subpopulation locally, and
activated SRC-1 may convert UNC-40 into a repulsive recep-
tor. Since netrin associates with the laminin network (29), the
two ligands may work together in vivo. Studies of Drosophila
melanogaster also indicated that integrin regulates the respon-
siveness of axons to another guidance molecule, Slit (28). The
shared downstream effectors of integrin and UNC-5 signaling
and potential regulation of netrin signaling by integrin suggest
that integrin and UNC-5 signaling may be convergent and
cooperative.
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