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p130“*° Is Required for Netrin Signaling and Commissural
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Netrins are an important family of axon guidance cues. Here, we report that netrin-1 induces tyrosine phosphorylation of p130“*®
(Crk-associated substrate). Our biochemical studies indicate that p130 “*® is downstream of the Src family kinases and upstream of the
small GTPase Racl and Cdc42. Inhibition of p130“*® signaling blocks both the neurite outgrowth-promoting activity and the axon
attraction activity of netrin-1. p130 “*® RNA interference inhibits the attraction of commissural axons in the spinal cord by netrin-1 and
causes defects in commissural axon projection in the embryo. These results demonstrate that p130 “*® is a key component in the netrin

signal transduction pathway and plays an important role in guiding commissural axons in vivo.
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Introduction

Netrins are a family of secreted proteins that can both promote
axon outgrowth and guide growth cone navigation in species
ranging from Caenorhabditis elegans to mammals (Tessier-
Lavigne et al., 1988; Hedgecock et al., 1990; Ishii et al., 1992;
Kennedy et al., 1994; Serafini et al., 1994; Kolodziej et al., 1996;
Mitchell et al., 1996). The receptors for uncoordinated protein 6
(UNC-6)/netrin were uncovered in C. elegans as UNC-40 and
UNC-5 (Leung-Hagesteijn et al., 1992; Chan et al., 1996). The
mammalian homologs of UNC-40 are deleted in colorectal can-
cer (DCC) and neogenin (Keino-Masu et al., 1996; Fazeli et al.,
1997). DCC contains a large extracellular domain, a single trans-
membrane domain, and a cytoplasmic region with three con-
served domains, P1, P2, and P3 (Chan et al., 1996; Keino-Masu et
al., 1996). Our studies of signal transduction mechanisms medi-
ating netrin attraction have focused on events downstream
of DCC.

We and others have shown recently that the P3 domain of
DCC interacts with the Src family tyrosine kinase Fyn and the
focal adhesion kinase (FAK) and that these kinases are essential
for attractive signaling by netrin (Li et al., 2004; Liu et al., 2004;
Ren etal., 2004). Previous studies have found that netrin activates
the small GTPases Racl and Cdc42 (Li et al., 2002; Shekarabi and
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Kennedy, 2002). However, the small GTPases can be downstream
of a number of molecules, whereas FAK can regulate a fair
number of molecules, including the phospholipase C
(PLC)-7v, phosphoinositol-3 (PI3)-kinase, Akt, mitogen-
activated protein (MAP) kinases, paxillin, p130 4%, Crk, and
Graf (Parsons et al., 2000; Schaller, 2001; Hanks et al., 2003).
Therefore, what functions downstream of FAK in netrin sig-
naling is not clear.

p130“* [Crk-associated substrate (Cas)] was first identified
as a highly phosphorylated protein in cells transformed by v-crk
(Matsuda et al., 1990; Birge et al., 1992; Sakai et al., 1994) and
v-src (Reynolds et al., 1989; Kanner et al., 1991; Sakai et al., 1994)
oncogenes. It binds to multiple cellular proteins and is involved
in a variety of biological processes, including cell adhesion, cell
migration, growth factor stimulation, cytokine receptor engage-
ment, bacterial infection, cell proliferation, and survival (for re-
view, see O’Neill et al., 2000; Bouton et al., 2001). p130 “** knock-
out mice are embryonically lethal with cardiovascular defects
(Honda et al., 1998). p130“*® has multiple protein—protein in-
teraction motifs, including an Src-homology 3 (SH3) domain, a
proline-rich segment, a YXXP domain (substrate-binding do-
main) containing 15 repeats of a four amino acid sequence
(tyrosine-X-X-proline), a serine-rich region, and a C-terminal
domain (for review, see O’Neill et al., 2000; Bouton et al., 2001).
Tyrosine residues in p130 “** are functionally important for cell
migration and biochemically phosphorylated by Src (Manie et
al., 1997; Ruest et al., 2001; Brabek et al., 2005).

We report here that p130 ““* is a key component in the netrin
attraction pathway, functioning downstream of Fyn and FAK and
upstream of Racl, providing a link from the tyrosine kinases to
one of the small GTPases.
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Materials and Methods

We used the following antibodies: anti-Fyn,
anti-actin, anti-p130“®, and anti-phospho-
FAK (Santa Cruz Biotechnology, Santa Cruz,
CA); CAS phosphotyrosines 165, 249, and 410
antibodies (Cell Signaling Technology, Beverly,
MA); anti-FAK (Santa Cruz Biotechnology;
Transduction Laboratories, Lexington, KY);
anti-Cdc42, anti-Racl, and anti-DCC (BD Bio-
sciences, Franklin Lakes, NJ); anti-phospho-
tyrosine antibody 4G10 (Upstate Biotechnol-
ogy, Lake Placid, NY); anti-phospho-Src
(Y418) (Cell Signaling Technology, Beverly,
MA); anti-hemagglutinin (HA) (Covance,
Princeton, NJ); anti-axonin-1 (gift from E. T.
Stoeckli, University of Zurich, Zurich, Switzer-
land); and anti-p130 Cas for immunohisto-
chemistry (gift from R. Sakai, National Cancer
Research Institute, Tokyo, Japan). PP2 [4-ami-
no-5-(4-chlorophenyl)-7-(t-butyl)pyra-zolo
[3,4-d]pyrimidine] and 4-amino-7-phenylpyra-
zol[3,4-d]pyrimidine (PP3) were obtained from
Calbiochem (La Jolla, CA).

Plasmids encoding DCC-AP1 (A1147-1170),
AP2 (A1335-1356), AP3 (A1412-1447), 1/2 AP3
(A1426-1447); Y1420F; and 4Y/F (Y1261F,
Y1272F, Y1363F, Y1420F) have been described
previously (Li et al., 2004). plZ'OCas (F15) is a
mouse p130“*S mutant, in which all 15 YXXP
tyrosines in the substrate domain have been mu-
tated to phenylalanines (Shin et al., 2004).

The targeted sequence of short hairpin-
based RNA (shRNA) construct of p130“4S is:
GACATCTACCAAGTTCCTC. The human
U6 promoter in pAVU6 + 27 was replaced by
the mouse U6 promoter from mouse genomic
DNA by PCR. The target sequence was inserted
between the Sall site and the Xbal site. The
mouse U6 promoter is known to function in
chickens (Bron et al., 2004; Dai et al., 2005).
The targeted sequence of small interfering RNA
(siRNA) is: GAUGUGCUGUGGAUGGA-
CACGAAC AAA.

Netrin-1 protein was purified with anti-myc
tag affinity matrix from the conditioned media

of human embryonic kidney 293 (HEK293) Figure 1.
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in primary culture neurons. a—f, Expression of DCC (a, d) and p130 ** (b, e) in primary cortical

cells stably secreting netrin-1. The control was
made by sham purification from the condi-
tioned media from HEK293 cells that had not
be transfected with a ¢cDNA expressing the
myc-tagged netrin-1.

Dissociated primary neuron cultures. The dis-
sociated culture procedure was done as de-
scribed previously (Liu et al., 2004) with some

neurons from E15 mice. ¢is the merged image of @ and b. fis the merged image of d and e. d, e, and f are higher-magnification
images of the boxed regions in a, b, and c, respectively. Neurons from E15 mice cortex were cultured overnight and immuno-
stained with anti-DCC (G97— 449) and anti-p130 S (SC-860). Scale bar, 10 um. g—m, Expression of DCC (g, §) and p130 ** (h, k)
in E13 primary spinal cord neurons. iis the superimposed images of g and h. s the superimposed image of jand k. mis the phase
image of j, k, and . j—m are higher-magnification images showing DCC and p130 “*° expression in the growth cone of embryonic
spinal cord neurons. Scale bar, 10 wm. n—o, Expression of p130 % in E13 mice spinal cord. o is the higher-magnification image
of the boxed region of image n. p130 ** is strongly expressed in the commissural axons as they project toward the floor plate
(white arrow), the ventral commissural region (VC; arrowhead), and lateral fasciculus (LF; green arrow). Scale bar, 100 um.

modifications. Briefly, embryos were removed

from freshly killed pregnant mice of the appropriate stage. The brain or
the spinal cord was dissected in cold HBSS medium (Invitrogen, San
Diego, CA), and meninges were removed. The cortices or spinal cords
were cut into small pieces with scissors and trypsinized at 37°C for 15
min. After triturating several times, cells were resuspended in DMEM
supplemented with heat-inactivated fetal calf serum (Invitrogen) and 20
U/ml of penicillin/streptomycin. Cells were grown on the poly-p-lysine
(PDL; 100 pg/ml)-coated dishes at 37°C in a 5% CO, incubator
overnight.

For immunocytochemistry of p130“*® and DCC in dissociated pri-
mary neurons, cells were fixed for 10 min in 4% prewarmed paraformal-
dehyde solution (127 mm NaCl, 5 mm KCl, 1.1 mm NaH,PO,, 0.4 mm
KH,PO, 2 mm MgCl,, 5.5 mm glucose, 1 mm EGTA, 10 mm PIPES) and

permeabilized in 0.5% Triton X-100 for 15 min after washed three times
with PBS. Cells were blocked in the blocking buffer (PBS containing 3%
BSA and 0.1% Triton X-100) at room temperature for 1 h and incubated
with the anti-p130“AS antibody (rabbit, 1:200) and the anti-DCC anti-
body (mouse, 1:1000) at 37°C for 1 h. After being washed on coverslips in
1 X PBS three times, cells were incubated with the second antibodies
(anti-rabbit-Cy3, 1:200; anti-mouse-Cy2, 1:200) at 37°C for 1 h. Images
were taken under a confocal microscope.

For analysis of neurite outgrowth, cortical neurons were isolated from
E15 mouse embryos and dissociated. Neurons (4 X 10°/group) were
mixed with Venus yellow fluorescent protein (YFP) (1 ug) plus control
vector (4 ug) or p130““S sShRNA construct (4 ug) and immediately
placed in Nucleofector (Amaxa Biosystems, Gaithersburg, MD). The
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Figure 2. Increase of p130 ™ tyrosine phosphorylation by netrin-1. a— ¢, Induction of p130 “*® tyrosine phosphorylation in

dissociated cortical neurons by netrin-1. The anti-p130 “* antibody (@) or the anti-phosphotyrosine (pY) antibody (b) was used to
immunoprecipitate proteins from cortical neurons treated with the sham-purified control (left lane) or netrin-1 (right lane), and
the blot was analyzed with the anti-phosphotyrosine antibody (a) or the anti-p130 ** antibody (b). Tyrosine phosphorylation of
p130 ° tyrosine residues 165 and 249 was increased in dissociated cortical neurons by netrin-1 (c). d, e. Netrin-1 increased
tyrosine phosphorylation of p130 “° at tyrosine residues 165 and 249 in dissociated E13 dorsal spinal cord neurons (d, e), which
was blocked by the anti-DCC antibody (d). £, Interaction of endogenous p130 “*and FAK in E15 cortical neurons. Cortical neurons
were treated with the 250 ng/ml purified netrin-1 for 5 or 10 min. Extracts from 2.5 X 107 cortical cells were immunoprecipitated
with an anti-p130 “* antibody and analyzed with an anti-FAK antibody. g, Interaction of endogenous p130 “* and Fyn in cortical
neurons. Left lane, Inmunoprecipitation (IP) with IgG; middle lane, IP with an anti-Fyn antibody; right lane, IP with an anti-Fyn
antibody. h, P3 domain in DCC is required for induction of p130*® tyrosine phosphorylation by netrin-1. HEK 293 cells were
transfected with a DCC construct and a construct encoding p130 ** tagged by HA (HA-CAS) and treated with netrin-1 or the
sham-purified control for 20 min. Tyrosine phosphorylation of p130*® was determined by IP with the anti-HA antibody and
analyzed by probing the blots (IB) with the anti-phosphotyrosine antibody. DCC-AP1, AP2, AP3, and A1/2P3 correspond to
deletion of residues of DCC intracellular domains 11471171, 1335-1356, 14121447, and 1426 —1447, respectively. i, The
C-terminal half of P3 domain of DCC is essential for netrin induction of tyrosine phosphorylation of p130 %, 1420Y/F and 4Y/F
indicate mutationsin the tyrosine(s) of the intracellular domain of DCC, Y1420, and Y1261, Y1272, Y1363 and Y1420, respectively.

cells were moved into warm media (containing 10% FCS) after electro-
poration using O-005 program and plated on laminin (5 pg/ml) and
poly-L-lysine (50 ug/ml)-coated coverslips and cultured in DMEM, 10%
FCS, and penicillin/streptomycin at 37°C with 5% CO, for 2 h. After
settling on the coverslips, cells were cultured in DMEM with B27 (In-
vitrogen) and penicillin/streptomycin at 37°C with 5% CO, for 20 or40 h
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within purified netrin-1 (250 ng/ml) or with
the sham-purified control. Cells were then
fixed with 4% PFA for 20 min and stained with
phalloidin (Invitrogen, Eugene, OR). Nuclei
were visualized with Hoechst dye.

Immunoprecipitation and Western blot anal-
ysis. Cortical cells were lysed with a modified
radioimmunoprecipitation assay buffer [50
mwm Tris-HCI, pH 7.4, 150 mm NaCl, 0.5% de-
oxycholic acid, 0.5% Triton X-100, 1 mm
PMSF, 1 mm sodium orthovanadate, 1X pro-
tease inhibitor mixture (Roche Molecular Bio-
chemicals)] as described previously (Liu et al.,
2004). Lysates were immunoprecipitated with
specific antibodies and protein A/G agarose beads
for 3 h or overnight at 4°C. For the immunoblot-
ting, the washed immunoprecipitates were boiled
in 1X SDS sample buffer for 5 min.

For immunoprecipitation of HEK cell lines,
HEK293 cells were transfected with the Lipo-
fectamine (Invitrogen) method. Cells were
lysed 48 h after transfection in mild lysis buffer
(MLB) (20 mm Tris-Cl, pH 7.4, 100 mm NaCl,
1% NP-40, 0.1 mm phenylmethylsulfonyl fluo-
ride, 5 ug/mlaprotinin, and 5 ug/mlleupeptin)
and followed by incubation with specific anti-
bodies for 2 h before protein A/G-agarose
beads were added at 4°C.

For Western blot analysis, protein extracts
were separated with 7.5% SDS-PAGE. Western
blots were visualized with the enhanced chemi-
luminescence kit (GE Healthcare, Arlington
Heights, IL).

Racl and Cdc42 activity assays. Two X 10°
HEK293 cells stably expressing DCC were
transfected with the wild-type p130°*% or
p130“AS (F15) constructs (5 pg/group) by the
calcium phosphate method. Forty-eight hours
after transfection, cells were stimulated with
purified netrin-1 (500 ng/ml) or the sham-
purified control for 5 min. After being washed
with 1X PBS once, cells were lysed with MLB
lysis buffer (25 mm HEPES, pH 7.5, 1% NP-40,
150 mm NaCl, 10% glycerol, 1 mm EDTA, and
10 mm MgCI2 containing protease inhibitor
mixture) and centrifuged at 15,000 X g at 4°C
for 15 min. The levels of active GTP-bound
GTPase (Racl, Cdc42) were measured as fol-
lows: 30 ug of the GST-Cdc42/Rac-interactive
binding domain of p2l-activated kinases
(PAK) (CRIB) of PAK was coupled to
glutathione-Sepharose beads (GE Healthcare) at
4°C for 30 min. These beads were used to pull
down GTP-bound forms of Rac1 and Cdc42. The
resulting supernatants after centrifugation were
incubated with Sepharose bead-associated GST-
PAK for 45 min at 4°C. The beads were washed
three times with the lysis buffer, and the bound
small GTPase proteins were separated by 15%
SDS-PAGE. Western blot analysis was performed
with anti-Racl and anti-Cdc42 antibodies (Wong
etal, 2001).

Commissural axon turning assay. White leg-
horn chicken embryos were collected and

staged according to Hamburger and Hamilton (1951). The electropora-
tion procedure was essentially done as described previously (Liu et al.,
2004). DNA solution was injected into the central canal of the neural tube
of chick embryos in ovo at stages 12—15. The electroporation program
was 25 V, 5 ms, 5 pulses (ECM830; BTX Instrument Division of
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Genetronics, San Diego, CA). Embryos were iso-
lated at stages 2021 and examined for YFP fluo-
rescence under the microscope. The half of the
spinal cord showing fluorescence was isolated as
an open-book preparation and cocultured with
an aggregate of control or netrin-1 secreting HEK
cells for 24 h. Axon turning was counted when the
angle of turning toward the HEK aggregate was
>5°. The percentage of turning axons was calcu-
lated from the numbers of fluorescent axons
turning toward the HEK cell aggregate divided by
the total numbers of fluorescent axons within 300
pum of the HEK cell aggregates. Images were col-
lected by a confocal microscope.

Analysis of commissural axon projection in
vivo. Collection of chick embryos and electro-
poration procedures were described above.
Chick embryos were killed between stages 22
and 23 after electroporation. This stage was
chosen for analysis, because it is the time when
the commissural axons in the lumbosacral re-
gion cross the midline (Stoeckli et al., 1997;
Bourikas et al., 2005). The lumbosacral region
of the spinal cord was isolated and the fluores-
cence examined under a microscope. Samples
expressing green fluorescent protein (GFP)
were chosen for opening at the roof plate
(open-book preparation). Whole-mount im-
munostaining of the spinal cord was performed
after fixation. Briefly, samples were permeabil-
ized in 0.5% Triton for 15 min and blocked for
30 min in the blocking buffer (PBS containing
5% goat serum and 0.1% Triton X-100) at
room temperature. Tissues were incubated
with the first antibody (rabbit, anti-axonin-1,
1:1000) in the blocking buffer at 37°C for 2 h.
After being rinsed with 1X PBS, tissues were
incubated with the second antibody (anti-
rabbit-Cy3 antibody, 1:200) at 37°C for 2 h.
After being washed with PBS three times, the
spinal cord in the open-book preparation was
mounted in Gel/Mount (Biomeda, Foster City,
CA). Images were taken under the confocal mi-
croscope. The percentage of axons reaching the
floor plate was quantified from the numbers of
fluorescently labeled commissural axons arriv-
ing at or crossing over the floor plate divided by
the total numbers of fluorescent axons within
100 wm from the floor plate.

The lumbosacral region of the spinal cord
expressing GFP at stage 23 was collected.
Transverse sections of 200 wm were cut and
mounted in Gel/Mount. Images were also
taken under the confocal microscope.

In vivo electroporation of pregnant mice was
performed as described previously (Saba et al.,
2003) with minor modifications. The embry-
onic day 10.5 (E10.5) pregnant mice were anes-
thetized by intraperitoneal injection of 10%
Nembutal solution. The abdominal skin and
wall were cut and the uterus was carefully taken
out. The DNA solution was injected into the
central canal of the spinal cord. The electropo-

ration program was 22 V, 5 ms, 5 pulses (BTX, ECM830). The uteri were
carefully put back into the abdominal cavity, and the abdominal wall and
skin were sewn up. The mice were killed 2 d later at stage E12.5 and fixed
in 4% paraformaldehyde solution. Sections of embryos spinal cord (200
pm) were transversely cut and mounted in Gel/Mount. The fluorescent
images were also taken under the confocal microscope.
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Figure 3.  Induction of p130** tyrosine phosphorylation by netrin-1 required FAK and Fyn. a, The C-terminal domain of FAK

(FRNK) and Src family kinase-specific inhibitor P2 inhibited netrin-induced p130 ** tyrosine phosphorylation in HEK cells.
HEK293 cells were transfected with DCC, HA-CAS, and Myc-FRNK. Tyrosine phosphorylation of p130 “* was determined by immu-
noprecipitation with an anti-HA antibody and immunoblotting with the anti-phosphotyrosine antibody. b, PP2, but not PP3,
blocked netrin-stimulated tyrosine phosphorylation of endogenous p130 “ in primary neurons. Cortical cells (6 < 10° plate/
well) were stimulated with netrin-1. The anti-p130“* antibody was used to immunoprecipitate proteins, and the blot was
analyzed with the anti-phosphotyrosine antibody (top) or anti-p130 ** antibody (bottom). ¢, A p130 “*° mutant, myc-p130 4
(F15), could not block netrin-induced FAK phosphorylation. HEK cells were transfected with DCC, HA-FAK, and myc-p130 A5 (F15).
The anti-HA antibody was used toimmunoprecipitate the extracts, and anti-phosphotyrosine was used to probe the immunoblots.
The bottom panel showed Western blot analysis with the anti-FAK antibody to control foramount ofinput proteins. d, The p130
mutant, CAS-SH3 tagged by HA, also could not inhibit netrin-stimulated FAK phosphorylation. HEK cells were transfected with
DCC, myc-FAK, and HA-CAS-SH3. FAK phosphorylation was detected by immunoprecipitation with anti-myc antibody immuno-
precipitate and immunoblot with the anti-phosphotyrosine antibody. e, p130* (F15) could not block Fyn tyrosine phosphory-
lation. HEK293 cells were transfected with DCC, Fyn, and myc-p130A° (F15). Fyn tyrosine phosphorylation was analyzed by
immunoprecipitation with an anti-Fyn antibody and immunoblotting with an anti-phospho-Src antibody. f, Netrin-1 increased
FAK phosphorylation at tyrosine residue 576 in the p130 >/~ mouse embryonic fibroblasts, which were blocked by PP2 .

Results

Netrin-1 stimulates tyrosine phosphorylation of p130 “4® and
its association with FAK and Fyn

We used antibodies for p130““* and DCC to examine whether
p130 4% is expressed in axons and growth cones containing DCC.
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We found coexpression of p130“*® with DCC in the soma and
cytoplasmic membrane as well as the axons, axonal branches, and
the growth cones of primary neurons from the neocortex of E15
mice (Fig. 1a—f). Confocal analysis indicates partial colocaliza-
tion of p130 <" with DCC (Fig. 1c,f). Similar observations were
made when anti-p130 “*® and anti-DCC antibodies were used to
examine their localization in primary neurons from the dorsal
spinal cord of E13 mouse embryos (Fig. 1g—m). Immunohisto-
chemistry staining showed that p130“*S was strongly expressed
in commissural axons of E13 embryonic spinal cord (Fig. 1n—0).

We observed that netrin-1 increased the phosphorylation of
proteins of ~130 kDa, one of which was FAK (Liu et al., 2004).
Antibody depletion experiments showed that FAK was not the
only protein in that band (Liu et al., 2004). To determine whether
p130°4% is among them, we examined the p130“** tyrosine
phosphorylation after netrin-1 stimulation of dissociated E15
primary cortical neurons. We either immunoprecipitated ex-
tracts with the anti-p130“** antibody and probed the Western
blots with the anti-phosphotyrosine antibody or reversely immu-
noprecipitated with the anti-phosphotyrosine antibody and
probed the Western blots with the anti-p130“** antibody. Re-
sults from both procedures showed that tyrosine phosphoryla-
tion of p130 “*% was induced by netrin-1 within 5 min (Fig. 2a,b).
To directly detect the tyrosine phosphorylation of p130 <43, we
used antibodies recognizing phosphotyrosines at residues 165
and 249 of p130 “*%, Netrin-1 increased tyrosine phosphorylation
at both sites of p130 “*® in E15 primary cortical neurons (Fig. 2c)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material) and in dissociated E13 dorsal spinal cord neu-
rons (Fig. 2d,e). Induction of tyrosine phosphorylation in
p130°*® was inhibited by a function-blocking antibody against
DCC (Fig. 2d).

p130 <48 is known to form a protein—protein interaction com-
plex with the Src family kinases and FAK. Because netrin-1 acti-
vates Fyn and FAK (Li et al., 2004; Liu et al., 2004; Ren et al.,
2004), we performed immunoprecipitation experiments to test
whether netrin-1 regulated the interaction of p130“*® with Fyn
and FAK. Netrin-1 increased the interaction of p130“*® with
FAK (Fig. 2f) and Fyn (Fig. 2¢) in E15 primary cortical neurons.

There are three conserved intracellular domains (P1, P2, and
P3 in DCC), among which P3 is required for netrin-induced Fyn
and FAK phosphorylation (Li et al., 2004; Ren et al., 2004). We
investigated the domains of DCC involved in p130“*® tyrosine
phosphorylation after netrin-1 stimulation. Deletion of P1 (resi-
dues 1147-1171) or P2 (residues 1335—-1356) did not inhibit the
induction of p130“*® phosphorylation by netrin-1 (Fig. 2h).
However, deletion of P3 domain (residues 1412-1447) (Fig. 2h)
or half of the P3 domain (residues 1426—-1447) blocked the effect
of netrin-1 on p130“*® phosphorylation (Fig. 2i). Furthermore,
mutation of one tyrosine phosphorylation site (1420Y/F) or all of
sites (1261Y/F, 1272 Y/F, 1363 Y/F, Y 1420 Y/F) of DCC intracel-
lular domains had no effect on the induction of p130 “ tyrosine
phosphorylation by netrin-1 (Fig. 27). The domain in DCC re-
quired for p130“** phosphorylation is similar to that for Src and
FAK phosphorylation (Li et al., 2004).

p1304S is downstream of FAK and Src but upstream of Racl
and Cdc42

FAK and Src family kinases can be activated by netrin-1 (Li et al.,
2004; Liu et al., 2004; Ren et al., 2004). To determine their rela-
tionship with p130 "%, we tested the effect of FAK and Src inhi-
bition on p130“*® phosphorylation, as well as the effect of inhi-
bition on FAK and Fyn phosphorylation.
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To examine the role of FAK in netrin-induced p130“** ty-
rosine phosphorylation, HEK293 cells were cotransfected with
DCC, pl30““® tagged with the hemagglutinin epitope
(HA-CAS), and a myc epitope tagged form of FRNK (FAK-
related nonkinase), a dominant-negative FAK mutant containing
the C-terminal noncatalytic region of FAK that can bind to FAK-
interacting proteins but cannot function as an active kinase.
p130“4S phosphorylation was assayed by immunoprecipitation
with the anti-HA antibody and probed with the anti-
phosphotyrosine antibody. Netrin-1 induced tyrosine phosphor-
ylation of p130<*% in a DCC-dependent manner (Fig. 3a). The
induction of p130*® tyrosine phosphorylation by netrin-1 was
inhibited by expression of FRNK (Fig. 3a), indicating that FAK is
required for p130 “*$ phosphorylation. Netrin-induced p130 <4
tyrosine phosphorylation was also inhibited by PP2, a pharma-
cological inhibitor of the Src family kinases, but not PP3, an
inactive control for PP2 (Fig. 3a). Netrin induction of tyrosine
phosphorylation of endogenous p130 “*° in E15 neurons was also
inhibited by PP2 (Fig. 3b). These findings indicate that netrin-
induced tyrosine phosphorylation of p130“*® requires FAK and
Src family kinases.

To determine whether netrin-induced FAK phosphorylation
depends on p130“*S, we used two p130“*S mutants: p130“*®
(F15), in which all of 15 tyrosine residues in the substrate binding
domain were mutated to phenylalanine; and HA-CAS-SH3,
which contains only the SH3 domain of p130 4%, p130“4S (F15)

a
Netrin = o+ - F = i+
DCC + o+ o+ o+ o+ +
HA-CAS - - + + - -
Myc-CAS (F15) - - - -  +  +
2 »
Racl % | <& 4}
Cdc42
H
DCC |
b c
ONET: ONET-
it . g 4 BNET+
Z 3 33
g2 § 2
é 1 1
£ :
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Control CASWT CAS(F15) Control CASWT CAS(F15)
Figure4. Involvement of p130 “* in netrin-induced activation of Rac1 and Cdc42. HEK293

cells were transfected with DCC and either the full-length p130 S (HA-CAS) or the dominant-
negative p130 “** mutant myc-p130 ° (F15). Cell lysates were incubated with GST-PAK1-CRIB
fusion protein and GTP-bounded Rac1, or GTP-bounded Cdc42 was detected by Western blot
analysis with the anti-Rac1 and anti-Cdc42 antibodies, respectively. a shows an example when
Rac1 and Cdc42 activation by netrin-1was completely inhibited by p130 “** (F15). band ¢ show
statistics of RacT and Cdc42 activation from three independent experiments. In b, netrin could
not induce Rac1 activation in the presence of p130 S (F15): the difference between the netrin
(4)andnetrin (—) groups in the presence of p130 ** (F15) is not statistically significant ( p >
0.1). In¢, p130“ (F15) blocked netrin-induced Cdc42 activation; the difference between the
netrin (+) and netrin (—) groups in the presence of p130 S (F15)is not statistically significant
(p = 0.06). Error bars are SEM from three independent experiments.
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acts as a dominant-negative mutant, be-
cause the tyrosine residues in the substrate
binding domain are required for down-
stream signaling (Manie et al., 1997; Shin
et al., 2004; Brabek et al., 2005). HA-CAS-
SH3 acts as a dominant-negative, because
it can bind to proteins interacting with
SH3 but lacks domains that interact with
downstream signals (Shin et al., 2004; Bra-
bek et al., 2005). These mutants were indi-
vidually transfected into HEK293 cells ex-
pressing DCC and FAK. Neither could
block netrin-induced tyrosine phosphor-
ylation of FAK (Fig. 3¢,d). Similarly, Fyn
phosphorylation after netrin-1 stimula-
tion could not be inhibited by p130<**
(F15) (Fig. 3e). To rule out the possibility
that the failure of the CAS dominant-
negative mutants to block netrin-1 in-
duced FAK phosphorylation could be at-
tributable to the presence of endogenous
p130°4% in HEK cells, we used mouse em-
bryonic fibroblasts lacking p130<*®
(CAS™/~ MEF). After DCC was trans-
fected into CAS '~ MEFs, netrin-1 in-
creased FAK phosphorylation in these
cells (Fig. 3f), indicating that the absence
of endogenous p130** could not block
FAK phosphorylation. Netrin induction
of FAK phosphorylation in CAS ~/~ MEFs
could be reduced by PP2, the Src family
kinase inhibitor (Fig. 3f). Together, these
results indicate that p130°*% is down-
stream of FAK and the Src family kinases
in netrin-1 signaling.

Netrin is known to activate the small
GTPase of Rho family: Racl and Cdc42 (Li
etal., 2002; Shekarabi and Kennedy, 2002;
Shekarabi et al., 2005). To study whether
p130°4% is involved in Racl and Cdc42
activation, we introduced the p130<*®
(F15) mutant into HEK293 cells express-
ing DCC and HA-CAS. As described pre-
viously (Wong et al., 2001), the GTP-
bound active forms of Racl and Cdc42
were pull-down by GST fusion protein of
the CRIB domain of PAK1 and detected by
specific antibodies to Racl and Cdc42
(Miyamoto et al., 2006). As shown in
other studies (Li et al., 2002; Shekarabi
and Kennedy, 2002; Shekarabi et al.,
2005), netrin-1 activated both Racl and
Cdc42 (Fig. 4). p130 “*® (F15) blocked ne-
trin activation of Racl and Cdc42 (Fig. 4).
These results indicate that p130 <"

p130©4S is essential for netrin-1-induced neurite outgrowth

of cortical neurons

is required in the signaling
pathway from netrin-DCC to Racl and Cdc42.
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Figure5. Theinduction of neurite outgrowth of dissociated cortical neurons by netrin-1was blocked by p130 “° RNAi. Cortical
neurons from E15 mouse embryos were cotransfected with Venus YFP and the p130 ““* shRNA (c, d, g, h) or the control shRNA
vector (a, b, e, f) and plated on coverslips coated with PDL and laminin. Neurons were stained with rhodamine-phalloidin (red)
and Hoechst. Only the neurites of YFP-positive neurons not in contact with other cells were measured and used in the statistical
analyses. Data are mean == SEM from three separate experiments. Scale bar, 20 rm. a—d, Neurite outgrowth from YFP-positive
E15 cortical neurons transfected with control vectors (a, b) or p130 “A* shRNA (¢, d) in the presence of purified netrin-1 (b, d) or in
the sham-purified control (a, ¢) after culturing for 20 h. Transfected neurons were labeled by YFP, and filamentous actin was
visualized by staining with thodamine-coupled phalloidin (red). p130 “* shRNA inhibited the promotion of neurite outgrowth by
netrin (b, d, i, j). e~ h, Similar to a—d except that neurons were cultured for 40 h. Scale bar, 20 wm. i, j, Quantification of
netrin-1-induced neurite outgrowth of cortical neurons cultured for 20 h. Both the length of the longest neurite from each neuron
(i) and the total length of all neurites from each neuron (f) were inhibited by p130 “* ShRNA. The p values are <<0.0001 between
RNAi-treated neurons and control neurons. The length on the y-axis is in micrometers. k, Quantification of the length of the longest
neurite from each cortical neuron cultured for 40 h. Group I, 53.26 == 4.15 um; Group II, 113.08 == 5.44 pum; Group Il 56.67 ==
4.46 m; Group IV, 53.31 == 4.53 um. The difference between Groups | and Il is very significant ( pvalue <<0.0001); the difference
between Groups Il and IV is very significant ( p << 0.0001); the difference between Groups Il and IV is not significant ( p = 0.577).
These results indicate that netrin promoted neurite outgrowth (compare Groups | and I1) and that p130 ** shRNA significantly
inhibited the effect of netrin (compare Groups Il and IV). /, Quantification of the total length of all neurites from each cortical neuron
cultured for 40 h. Group |, 73.55 == 4.45 wm; Group I, 173.00 == 6.58 um; Group Ill, 78.15 = 4.66 wm; Group IV, 91.6 = 5.53
um. m, p130 S shRNA significantly reduced p130 “*° protein level in E15 primary cortical neurons (left) 3 d after shRNA trans-
fection (left). p130 “* protein level is reduced in dissociated cortical neurons 3 d after siRNA transfection (right).

One shRNA construct and one siRNA significantly reduced the
level of endogenous p130“*S protein in E15 cortical neurons
(Fig. 5m), and these RNAI reagents were used in subsequent
experiments.

Neurite outgrowth promotion activity of netrin-1 was assayed

Netrin can promote neurite outgrowth and axon turning. To
study the function of p130“*%, we designed short hairpin based
RNA interference (RNAI) constructs and small interfering RNA
targeting a sequence common to mouse and chicken p130 <43,

in primary cortical neurons from E15 mice. They were trans-
fected with a construct expressing Venus YFP together with the
control shRNA vector or the p130“*S shRNA. These neurons
were stimulated with netrin-1 and cultured for 20 h. In neurons
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Figure 6.  Inhibition of netrin-induced turning of spinal cord axons by the p130%* (F15)

mutant. Electroporation of Venus GFP into the neural tube of chick embryos allowed visualiza-
tion of axons. Netrin attraction was indicated by the turning of axons toward aggregates of
netrin-1 secreting HEK cells (Liu et al., 2004). In a, ¢, e, and g, neural tube explants were
cocultured with control HEK cells, and axons do not turn toward these cells. In b, d, f, and h,
neural tube explants were cocultured with aggregates of HEK cells secreting netrin-1. Inaand b,
Venus GFP alone was electroporated into the neural tube. In cand d, Venus GFP was electropo-
rated into the neural tube together with the control vector. In e and f, Venus GFP was electro-
porated into the neural tube together with the wild-type p130*“. In g and h, Venus GFP was
coelectroporated with the p130*® (F15) mutant. Only the p130*® (F15) mutant inhibited
axon turning toward the netrin source. Scale bar, 100 wm. i, Quantification of axon turning.
Turning percentage was calculated from the number of axons extended toward the netrin
source divided by the total number of axons within 300 wm from the edge of the HEK cell
aggregates. Only axons that had an angle of turning >5° were counted. Data are mean == SEM.
Group | (example shownin a), 5.7 = 1.7%; Group Il (exemplified in b), 90.6 == 2.1%; Group Ill
(exemplified in ¢), 5.8 == 2.0; Group IV (asin d), 91.3 = 1.7%; Group V (asin e), 6.2% = 2.0%;
Group VI (asin f), 88.7 == 4.1%; Group VIl (as in g), 4.1 == 1.6%; Group VIl (asin h), 12.4 =
3.6%. The numbers on the top (n) indicate the numbers of explants tested. Net, Netrin-1-
secreting HEK cell aggregates. p values are as follows (Student’s ¢ test): <<0.0001 between
Groups | and II; <<0.0001 between Groups Il and IV; <<0.0001 between Groups V and VI;
<20.0001 between Groups Vil and II, IV, or V. Error bars are SEM.
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Figure7. Requirementof p130 °*for netrin-induced attractive turning of spinal cord axons.

Venus YFP was electroporated into the chick neural tube with the control vector or p130 A
shRNA or wild-type p130 “** plus shRNA or siRNA. a, ¢, g, Aqgregates of control HEK cells could
not attract the commissural axons. b, e, An aggregate of netrin-secreting HEK cells attracted the
commissural axons transfected with Venus YFP only (e) or with Venus YFP and the control vector
(b). d, p130* shRNA blocked the attraction of the commissural axons by netrin-1. f, The
attractive effect on the commissural axons by netrin-1was also blocked by p130 *° siRNA. h,
Cotransfected p130 “A° shRNA with wild-type p130 ° rescued the attraction of netrin-1. Scale
bar, 100 wm. i. Quantification of axon turning. The turning percentages were as follows: 5.4 =
1.0% (Group |, not shown); 90.1 = 2.0% (Group Il as exemplified in e); 6.1 = 1.3% (Group lll,
example shown in a); 90.3 = 2.1% (Group IV, as exemplified in b); 5.0 == 1.4% (Group V, not
shown); 28.5 == 3.9% (Group VI, f); 6.3 == 1.6 (Group VII, as exemplified in c); 16.8 = 3.4%
(Group VIII, as exemplified in d); 6.0 == 1.5% (Group X, g); 67.3 == 5.2% (Group X, h). WT, Wild
type of p130 S, p values are as follows (Student’s ¢ test): <<0.0001 between Groups | and II,
Group IIl, and IV; <€0.0001 between Groups Il and VI, Group IV and VIII; <0.0001 between
Group VIl and X. Error bars are SEM.

transfected with the control vector (Fig. 5a,b), neurite outgrowth
was stimulated by netrin-1: without netrin treatment, the length
of the longest neurite of each neuron is 25.15 * 1.26 wm, and the
total length of all neurites from each neuron is 52.62 = 2.27 um;
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with netrin treatment, the length of the
longest neurite of each neuron is 56.91 *
2.72 pm, and the total length of all neu-
rites from each neuron is 90.04 = 3.03 wm
(Fig. 51,).

p130“* shRNA inhibited netrin-
induced neurite outgrowth: the length of
the longest neurite per neuron was in-
creased from 24.51 *= 1.52 um without
netrin to 34.13 = 2.58 wm with netrin,
and the total length of all neurites per neu-
ron was increased from 54.06 * 2.18 wm
without netrin to 64.00 £ 2.98 um with
netrin (Fig. 5¢,d,i,j). Comparing netrin-
induced outgrowth from  vector-
transfected neurons (Fig. 51,j, group II) to
netrin-induced outgrowth from p130<**
shRNA-transfected neurons (Fig. 5i,j,
group 1V), the difference is statistically
significant [p < 0.0001 between groups II
and IV (Fig. 5ij)]. Similar effects of
p130°45 shRNA on netrin-induced neu-
rite outgrowth were observed after 40 h of
RNAi transfection (Fig. 5e—h,k,l). The
neurite outgrowth promotion activity of
netrin-1 was not blocked by the control
shRNA (supplemental Fig. 2, available at
www.jneurosci.org as supplemental ma-
terial). Together, these results indicate
that p130°* is required for netrin-
induced neurite outgrowth from pri-
mary neurons.

p130“AS is required for axon attraction
by netrin-1

The commissural axons in the neural tube
are a model for studying netrin attraction
(Tessier-Lavigne et al., 1988; Kennedy et
al., 1994; Serafini et al., 1994). To deter-
mine whether p130 “*is required for axon
turning toward netrin-1, we used the
open-book assay with commissural axons
from the neural tube of chick embryos. As
described previously (Liu et al., 2004), the
Venus YFP construct was electroporated
into the chick neural tube at stages 12—-15.
An explant of the neural tube was isolated
and the dorsal midline was cut open and
laid out as an “open book” (for detailed
diagram, see Liu et al., 2004). An aggregate
of HEK cells was placed to one side of the
open book. Projecting axons were visual-
ized by Venus YFP expression. More than
90% of axons projecting from the dorsal
spinal cord of chick embryos electropo-
rated at these stages were commissural ax-
ons as confirmed by immunostaining with
the anti-axonin-1 antibody (Figs. 8, 9)
(supplemental Fig. S1, available at www.j-
neurosci.org as supplemental material).

Commissural axons projected straight toward the floor plate
when the neural tube explants were cocultured with control
HEK?293 cells (Fig. 6a). Axons turned toward HEK cells secreting
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Figure 8.  Inhibition of commissural axon projection in vivo by p130“* (F15) mutant. a, Schematic diagram showing the
experimental design. DNA was injected into chick neural tube in ovo at stage 12, and samples were isolated and fixed at stage 23.
Anti-axonin-1 immunostaining shows the commissural axons (Stoeckli and Landmesser, 1995; Stoeckli et al., 1997). b—d show
neurons electroporated with Venus YFP only. e- g are neurons electroporated with Venus YFP and the control vector. h—j are
neurons electroporated with Venus YFP and p130 S (F15). b, e, and h show YFP images. ¢, f, and i show anti-axonin-1 antibody
immunostaining. d, g, and jare merged images. Scale bar, 100 wm. k, Quantification of the percentage of axons reaching the floor
plate. Group | (Venus YFP alone), 79.6 = 2.0%; Group Il (YFP coelectroporated with the vector), 76.5 = 3.0%; Group IIl (YFP
coelectroporated the wild-type p130 %), 75.4 = 2.0%; Group IV (YFP coelectroporated with p130 “*° F15 mutant), 26.8 = 3.0%.
Group IVissignificantly different from any other group ( p values <<0.0001; Student's t test). Numbers of chick embryos examined
areshown as nin each column. WT, Wild-type p130 4% F15, p130 * (F15)./, Quantification of the average distance of axons away
fromthe floor plate. Group |, 7.2 = 1.1 wm; Group 1, 7.1 = 2.0 wm; Group lll, 7.4 == 1.0 wm; Group IV, 45.1 = 5.76 um. pvalue
<0.0001 between group IV and group |, II, or II1. Error bars are SEM.

netrin-1 (Fig. 6b). Cotransfection of Venus YFP with either the
vector or the wild-type p130 % did not affect netrin attraction
(Fig. 6d,f). However, when the dominant-negative mutant
p130CAS (F15) was cotransfected into the commissural axons
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Figure9.  Inhibition of spinal cord commissural axon projection in vivo by p130 “** RNAi. a— c, Venus YFP was coelectroporated
with the control shRNA vectorinto the chick neural tube. d—f, Venus YFP was coelectroporated with p130 ° shRNA. g—i, p130 °
SiRNA was coelectroporated with Venus YFP.j—I, p130 S shRNA was coelectroporated with wild-type p130 * and Venus YFP. a,
d, g,andjare YFP images; b, e, h, and k are images of anti-axonin-1 antibody immunostaining; ¢, f, i, and / are merged images.
g, Quantification of the percentage of axons reaching the floor plate: 79.6 == 2.0% for commissural axons expressing Venus YFP
only; 54.5 = 4.1% for siRNA group; 80.8 == 2.6% for commissural axons expressing Venus YFP and the control vector; 29.9 ==
4.1% for commissural axons expressing Venus YFP and p130 “° shRNA; 71.6 = 4.0% for shRNA and wild-type group ( p < 0.001
between Venus YFP and siRNA group; p << 0.0001 between vector and shRNA group; p << 0.0001 between shRNA and shRNA plus
wild-type group. Student’s t test). h, Quantification of the average distance of axons away from the floor plate: 7.2 = 0.9 for Venus
YFP;20.9 = 3.3 forsiRNA; 7.6 = 1.5 um for the control vector; 44.3 = 5.4 um for p130 ““* shRNA; 11.4 = 2.3 for shRNA plus wild
type ( p <<0.01 between Venus YFP and siRNA group; p << 0.0001 between vector and shRNA group; p << 0.0001 between shRNA
and shRNA plus wild-type group). The numbers on the top (n) indicate the number of embryos tested. Scale bar, 100 um. Error bars
are SEM.

together with Venus YFP, attraction by netrin was significantly
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(Fig. 7d,i). Axon turning toward netrin
was also inhibited by p130 “*S siRNA (Fig.
7e,f;i). The effect of p130°*S siRNA on
commissural axon turning could be res-
cued by the overexpression of wild-type
p130°*S (Fig. 7g,h,i), indicating that the
effect was specifically a result of p130“*®
knockdown. Immunohistochemistry with
the anti-axonin-1 antibody recognizing
commissural axons revealed that only com-
missural axons transfected with p130<A®
RNAI did not turn toward netrin, whereas
untransfected axons were still attracted
by netrin-1 (supplemental Fig. 3, available
at www.jneurosci.org as supplemental
material).

To test whether p130“*% knockdown
by shRNA and siRNA caused the commis-
sural axons to lose the turning ability,
rather than only losing netrin responsive-
ness, we used the open-book preparation
to assay for axon turning by the roof plate
(supplemental Fig. 44, available at www.j-
neurosci.org as supplemental material).
As reported previously (Augsburger et al.,
1999), the roof plate repelled the commis-
sural axons (supplemental Fig. 4b,c, avail-
able at www.jneurosci.org as supplemen-
tal material). The repulsive response of
commissural axons was not inhibited by
p130“*S ShRNA or siRNA (supplemental
Fig. 4, available at www.jneurosci.org as
supplemental material). Thus, results from
both the p130°*® (F15) mutant and the
p130*5 RNAi demonstrate a requirement
of p130“*® in axon attraction by netrin-1.

p130 4% is involved in commissural
axon projection in vivo

Experiments discussed above have shown
that p130“S plays an important role in
netrin signaling and netrin function in
vitro. To determine the in vivo functional
role of p130“**, we examined the pheno-
type of pl130“"S (F15) mutant and
p130°45 RNAi on commissural axon pro-
jection in the chick embryos.

Venus YFP was introduced by electro-
poration together with a control vector, or
with the p130“*® (F15) mutant into the
neural tube of stage 12 chick embryos.
Embryos were allowed to develop until
stage 23 when they were killed and the
lumbosacral segments of the spinal cord
were isolated. The open-book preparation
was made and immunostained with the

inhibited (Fig. 6h,i).

To confirm the role of p130“*, we introduced p130°4S
shRNA or the vector shRNA into the neural tube by electropora-
tion. When the vector shRNA was electroporated into the neural
tube together with Venus YFP, commissural axons turned toward
netrin-1 (Fig. 7b,i), whereas p130(“As shRNA cotransfected with
Venus YFP significantly inhibited axon turning toward netrin

anti-axonin-1 antibody, which recognized the commissural ax-
ons (Stoeckli et al., 1997). More than 90% of axons expressing
Venus YFP were marked commissural axons (Fig. 8b—j). By stage
23, most commissural axons expressing Venus YFP had reached
the floor plate (see Fig. 8b—d for an example and Fig. 8k for
statistics). Although the vector alone did not affect projection of
commissural axons (Fig. 8e—-g), p130“*® (F15) significantly in-
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hibited the projection of commissural ax-
ons (see Fig. 8h,i,j, for an example and Fig.
8k,1, for statistical analysis).

The effect of p130 “** (F15) was further
confirmed with the p130“** sShRNA and
siRNA (Fig. 9). Although the majority of
the commissural axons in the spinal cord
transfected with the control vector or Ve-
nus YFP reached the floor plate (Figs.
8b—d, 9a—c,m,n), only a small number of
axons in p130 “*S shRNA or siRNA trans-
fected group reached the floor plate (Fig.
9d-1,m,n). Although the open-book prep-
aration showed obvious defects of com-
missural axon projection in vivo, it was
difficult to evaluate the axon turning. To
examine whether the knock-down of
p130“*S disrupts the commissural axon
turning in addition to inhibiting axon ex-
tension in vivo, we cut the transverse sec-
tion of chick spinal cord (stage 23) after
electroporation (Fig. 10). In addition to
the inhibition of axon extension, some
commissural axons transfected with
p130°*5 ShRNA or siRNA were misguided
(Fig. 10c¢,c’), compared with control
groups (Fig. 10a,a’,b,b’). Overexpression
of wild-type p130 “*S rescued the effects of
p130°*5 RNAi knock-down on commis-
sural axon extension and turning (Figs.
9j—n, 10d,d’). The p130CAS knock-out
mice are currently not available, and in-
stead we introduced the Venus YFP con-
structand p130 “** shRNA into mice neu-
ral tube at E10.5 and did electroporation
in vivo. The embryos were killed at stage
12.5, and the transverse sections of spinal
cords were obtained. The projection of
some commissural axons was decreased
and misguided in RNAi group (Fig. 10g,¢’)
compared with the Venus YFP group (Fig.
10e,e’) and vector group (Fig. 10ff).
These results indicate p130 “* is involved
in the projection and pathfinding of com-
missural axons in vivo.

Discussion

Our results indicate p130 “** is an important component in the
netrin signaling pathway acting between tyrosine kinases and the
small GTPase, and plSOCAS is essential for commissural axon
guidance.

Previous studies have shown the involvement of multiple
molecules in netrin signaling, but it was not clear whether they
represent different pathways or whether they converge. For ex-
ample, although the cytoplasmic tyrosine kinases Fyn and FAK
(Li et al., 2004; Liu et al., 2004; Meriane et al., 2004; Ren et al.,
2004) and the small GTPases Racl and Cdc42 (Li et al., 2002;
Shekarabi and Kennedy, 2002; Shekarabi et al., 2005) are the most
extensively studied molecules in netrin signaling, their relation-
ship was unknown. Results shown here demonstrate that
p130°*® is downstream of Fyn and FAK and upstream of Racl
and Cdc42.

Our results show that p130“*S is expressed in the commis-
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Figure 10.  Wild-type p130 * rescue of commissural defects caused by p130 ° RNAi. The chick neural tube was electropo-
rated with Venus YFP only (a, @’), Venus YFP plus shRNA vector (b, b*), Venus YFP plus shRNA (¢, ), or Venus YFP plus shRNA plus
wild-type p130 " (d, d). "~ d” are the monochrome images of a—d. p130 S ShRNA not only inhibited the commissural axon
extension but also caused aberrant pathfinding (c, ¢). Overexpression of wild-type p130 ** rescued the defect of p130 A° shRNA
on commissural axon projection and turning (d, d). The effect of p130 “* shRNA on the spinal cord commissural axon projection
was also observed in embryonic mice. E10.5 mouse neural tube was electroporated with Venus YFP only (e, e’), Venus YFP plus
shRNA vector (£, £), or Venus YFP plus shRNA (g, g'). €', f, and g”are images of e, f, and g. The arrow shows a misquiding axon, and
the arrowhead indicates the short commissural axon. Scale bar, 100 pem.

sural axons in the embryonic spinal cord and colocalized with
DCC. We have several pieces of biochemical evidence that place
p130“** in the netrin signal transduction pathway. In both pri-
mary neurons and HEK cells, netrin can stimulate tyrosine phos-
phorylation of p130“** (Figs. 2, 3). Netrin also stimulates the
formation of a protein—protein interaction complex with Fyn and
FAK (Fig. 2f,d). Netrin stimulation of p130“*® phosphorylation
requires DCC (Fig. 2d,h,i). p130® is downstream of FAK and
Src family kinases, because the inhibition of FAK and Src kinases
decreases netrin-induced p130“*® phosphorylation (Fig. 3a,b),
which is consistent with the finding that the same domains in
DCCrequired for FAK phosphorylation (Li et al., 2004; Ren et al.,
2004) are required for netrin-induced phosphorylation of
p130°*® (Fig. 2h,i). Unlike the relationship between the Src ki-
nases and FAK, which are mutually dependent on each other (Li
et al,, 2004; Liu et al., 2004; Ren et al., 2004), p130“*S is not
required for netrin-induced phosphorylation of FAK and Fyn,
because dominant-negative mutants of p130“*S could not in-
hibit the phosphorylation of FAK and Fyn (Fig. 3¢—e), and netrin-
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induced phosphorylation of FAK could not be blocked by elimi-
nating pl30*S (Fig. 3f). Therefore, pl130°*° is clearly
downstream of FAK and Src kinases in the netrin pathway.

The Rho family of small GTPases plays important roles in
growth cone motility and axon guidance. Netrin can stimulate
both Racl and Cdc42, and netrin function requires both of them
(Li et al., 2002; Shekarabi and Kennedy, 2002; Shekarabi et al.,
2005). Our results show that inhibition of p130 “*® blocks netrin-
1-induced activation of Racl and Cdc42 (Fig. 4), indicating that
p130 45 acts upstream of Racl and Cdc42 in netrin-1 signaling.
Because p130 “** cannot directly activate Racl and Cdc42, it will
be interesting to identify the molecule that links p130 “** to Racl
and Cdc42. Similarly, there are no studies linking any of the other
components previously implicated in netrin signaling such as
cyclic nucleotides, PLC, PI3K, MAP kinases, or calcium.

The functional roles of p130 ““* were studied by both in vitro
and in vivo experiments. Netrin-1 can stimulate the growth of
neurites from cortical neurons. The p130°*% RNAi inhibited
neurite outgrowth induced by netrin-1 (Fig. 5). Using the turning
assay, we also show that both the dominant-negative p130 <4
mutant F15 and p130“*® RNAi inhibited axon attraction by
netrin-1 (Figs. 6, 7). These results indicate that p130°*S is re-
quired for netrin function. In vivo studies with chick and mouse
spinal cords show that F15 and p130“*® RNAi cause failure of
commissural axons to reach the floor plate (Figs. 8, 9). When
either netrin or DCC is defective in mice (Serafini et al., 1996;
Fazeli et al., 1997), the projection of commissural axons is also
defective. However, other cues have also been implicated in com-
missural axon guidance. Bone morphogenetic proteins contrib-
ute as a repellent to the initial guidance of commissural axons in
a ventral direction (Augsburger et al., 1999). Sonic hedgehog has
been thought to be an attractant made in the floor plate for the
commissural axons. Our result from the open-book turning assay
suggests that p130 “** is not involved in mediating the repulsive
response of commissural axons to the roof plate (supplemental
Fig. 4, available at www.jneurosci.org as supplemental material).
However, it remains to be determined whether p130CAS is in-
volved in the downstream signaling pathway(s) of other guidance
cues.

References

Augsburger A, Schuchardt A, Hoskins S, Dodd J, Butler S (1999) BMPs as
mediators of roof plate repulsion of commissural neurons. Neuron
24:127-141.

Birge RB, Fajardo JE, Mayer BJ, Hanafusa H (1992) Tyrosine-
phosphorylated epidermal growth factor receptor and cellular p130 pro-
vide high affinity binding substrates to analyze Crk-phosphotyrosine-
dependent interactions in vitro. ] Biol Chem 267:10588-10595.

Bourikas D, Pekarik V, Baeriswyl T, Grunditz A, Sadhu R, Nardo M, Stoeckli
ET (2005) Sonic hedgehog guides commissural axons along the longitu-
dinal axis of the spinal cord. Nat Neurosci 8:297-304.

Bouton AH, Riggins RB, Bruce-Staskal PJ (2001) Functions of the adapter
protein Cas: signal convergence and the determination of cellular re-
sponses. Oncogene 20:6448 —6458.

Brabek J, Constancio SS, Siesser PF, Shin NY, Pozzi A, Hanks SK (2005)
Crk-associated substrate tyrosine phosphorylation sites are critical for
invasion and metastasis of SRC-transformed cells. Mol Cancer Res
3:307-315.

Bron R, Eickholt BJ, Vermeren M, Fragale N, Cohen J (2004) Functional
knockdown of neuropilin-1 in the developing chick nervous system by
siRNA hairpins phenocopies genetic ablation in the mouse. Dev Dyn
230:299-308.

Chan SS, Zheng H, Su MW, Wilk R, Killeen MT, Hedgecock EM, Culotti JG
(1996) UNC-40, a C. elegans homolog of DCC (deleted in colorectal
cancer), is required in motile cells responding to UNC-6 netrin cues. Cell
87:187-195.

J. Neurosci., January 24, 2007 - 27(4):957-968 « 967

Dai F, Yusuf F, Farjah GH, Brand-Saberi B (2005) RNAi-induced targeted
silencing of developmental control genes during chicken embryogenesis.
Dev Biol 285:80-90.

Fazeli A, Dickinson SL, Hermiston ML, Tighe RV, Steen RG, Small CG,
Stoeckli ET, Keino-Masu K, Masu M, Rayburn H, Simons J, Bronson RT,
Gordon JI, Tessier-Lavigne M, Weinberg RA (1997) Phenotype of mice
lacking functional deleted in colorectal cancer (Dcc) gene. Nature
386:796—-804.

Hamburger V, Hamilton HL (1951) A series of normal stages in the devel-
opment of the chick embryo. ] Morphol 88:49-92.

Hanks SK, Ryzhova L, Shin NY, Brabek J (2003) Focal adhesion kinase sig-
naling activities and their implications in the control of cell survival and
motility. Front Biosci 8:d982—d996.

Hedgecock EM, Culotti JG, Hall DH (1990) The unc-5, unc-6, and unc-40
genes guide circumferential migrations of pioneer axons and mesodermal
cells on the epidermis in C. elegans. Neuron 4:61-85.

Honda H, Oda H, Nakamoto T, Honda Z, Sakai R, Suzuki T, Saito T, Naka-
mura K, Nakao K, Ishikawa T, Katsuki M, Yazaki Y, Hirai H (1998)
Cardiovascular anomaly, impaired actin bundling and resistance to Src-
induced transformation in mice lacking p130Cas. Nat Genet 19:361-365.

Ishii N, Wadsworth WG, Stern BD, Culotti JG, Hedgecock EM (1992)
UNC-6, a laminin-related protein, guides cell and pioneer axon migra-
tions in C. elegans. Neuron 9:873—881.

Kanner SB, Reynolds AB, Wang HC, Vines RR, Parsons JT (1991) The SH2
and SH3 domains of pp60src direct stable association with tyrosine phos-
phorylated proteins p130 and p110. EMBO J 10:1689-1698.

Keino-Masu K, Masu M, Hinck L, Leonardo ED, Chan SS, Culotti JG, Tessier-
Lavigne M (1996) Deleted in colorectal cancer (DCC) encodes a netrin
receptor. Cell 87:175-185.

Kennedy TE, Serafini T, de la Torre JR, Tessier-Lavigne M (1994) Netrins
are diffusible chemotropic factors for commissural axons in the embry-
onic spinal cord. Cell 78:425-435.

Kolodziej PA, Timpe LC, Mitchell KJ, Fried SR, Goodman CS, Jan LY, Jan YN
(1996) frazzled encodes a Drosophila member of the DCC immunoglob-
ulin subfamily and is required for CNS and motor axon guidance. Cell
87:197-204.

Leung-Hagesteijn C, Spence AM, Stern BD, Zhou Y, Su MW, Hedgecock EM,
CulottiJG (1992) UNC-5,a transmembrane protein with immunoglob-
ulin and thrombospondin type 1 domains, guides cell and pioneer axon
migrations in C. elegans. Cell 71:289-299.

LiW, Lee], Vikis HG, Lee SH, Liu G, AurandtJ, Shen TL, Fearon ER, Guan JL,
Han M, Rao Y, Hong K, Guan KL (2004) Activation of FAK and Src are
receptor-proximal events required for netrin signaling. Nat Neurosci
7:1213-1221.

Li X, Saint-Cyr-Proulx E, Aktories K, Lamarche-Vane N (2002) Racl and
Cdc42 but not RhoA or Rho kinase activities are required for neurite
outgrowth induced by the Netrin-1 receptor DCC (deleted in colorectal
cancer) in N1E-115 neuroblastoma cells. ] Biol Chem 277:15207-15214.

Liu G, Beggs H, Jurgensen C, Park HT, Tang H, Gorski J, Jones KR, Reichardt
LF, Wu J, Rao Y (2004) Netrin requires focal adhesion kinase and Src
family kinases for axon outgrowth and attraction. Nat Neurosci
7:1222-1232.

Manie SN, Astier A, Haghayeghi N, Canty T, Druker BJ, Hirai H, Freedman
AS (1997) Regulation of integrin-mediated p130(Cas) tyrosine phos-
phorylation in human B cells. A role for p59(Fyn) and SHP2. ] Biol Chem
272:15636-15641.

Matsuda M, Mayer BJ, Fukui Y, Hanafusa H (1990) Binding of transform-
ing protein, P47gag-crk, to a broad range of phosphotyrosine-containing
proteins. Science 248:1537-1539.

Meriane M, Tcherkezian J, Webber CA, Danek EI, Triki I, McFarlane S,
Bloch-Gallego E, Lamarche-Vane N (2004) Phosphorylation of DCC by
Fyn mediates Netrin-1 signaling in growth cone guidance. J Cell Biol
167:687—-698.

Mitchell KJ, Doyle JL, Serafini T, Kennedy TE, Tessier-Lavigne M, Goodman
CS, Dickson BJ (1996) Genetic analysis of Netrin genes in Drosophila:
netrins guide CNS commissural axons and peripheral motor axons. Neu-
ron 17:203-215.

Miyamoto Y, Yamauchi J, Tanoue A, Wu C, Mobley WC (2006) TrkB binds
and tyrosine-phosphorylates Tiam1, leading to activation of Racl and
induction of changes in cellular morphology. Proc Natl Acad Sci USA
103:10444 -10449.



968 - J. Neurosci., January 24, 2007 - 27(4):957-968

O’Neill GM, Fashena SJ, Golemis EA (2000) Integrin signalling: a new
Cas(t) of characters enters the stage. Trends Cell Biol 10:111-119.

Parsons JT, Martin KH, Slack JK, Taylor JM, Weed SA (2000) Focal adhe-
sion kinase: a regulator of focal adhesion dynamics and cell movement.
Oncogene 19:5606-5613.

Ren XR, Ming GL, Xie Y, Hong Y, Sun DM, Zhao ZQ, Feng Z, Wang Q, Shim
S, Chen ZF, Song HJ, Mei L, Xiong WC (2004) Focal adhesion kinase in
netrin-1 signaling. Nat Neurosci 7:1204-1212.

Reynolds AB, Kanner SB, Wang HC, Parsons JT (1989) Stable association of
activated pp60src with two tyrosine-phosphorylated cellular proteins.
Mol Cell Biol 9:3951-3958.

Ruest PJ, Shin NY, Polte TR, Zhang X, Hanks SK (2001) Mechanisms of
CAS substrate domain tyrosine phosphorylation by FAK and Src. Mol
Cell Biol 21:7641-7652.

Saba R, Nakatsuji N, Saito T (2003) Mammalian BarH1 confers commissural
neuron identity on dorsal cells in the spinal cord. ] Neurosci 23:1987-1991.

Sakai R, Iwamatsu A, Hirano N, Ogawa S, Tanaka T, Mano H, Yazaki Y, Hirai
H (1994) A novel signaling molecule, p130, forms stable complexes in
vivo with v-Crk and v-Src in a tyrosine phosphorylation-dependent man-
ner. EMBO ] 13:3748-3756.

Schaller MD (2001) Biochemical signals and biological responses elicited by
the focal adhesion kinase. Biochim Biophys Acta 1540:1-21.

Serafini T, Kennedy TE, Galko MJ, Mirzayan C, Jessell TM, Tessier-Lavigne
M (1994) The netrins define a family of axon outgrowth-promoting
proteins homologous to C. elegans UNC-6. Cell 78:409—424.

Serafini T, Colamarino SA, Leonardo ED, Wang H, Beddington R, Skarnes
WC, Tessier-Lavigne M (1996) Netrin-1 is required for commissural

Liu et al. @ Axonal Guidance: Signal Transduction Mechanism

axon guidance in the developing vertebrate nervous system. Cell
87:1001-1014.

Shekarabi M, Kennedy TE (2002) The netrin-1 receptor DCC promotes
filopodia formation and cell spreading by activating Cdc42 and Rac1. Mol
Cell Neurosci 19:1-17.

Shekarabi M, Moore SW, Tritsch NX, Morris SJ, Bouchard JF, Kennedy TE
(2005) Deleted in colorectal cancer binding netrin-1 mediates cell sub-
strate adhesion and recruits Cdc42, Racl, Pakl, and N-WASP into an
intracellular signaling complex that promotes growth cone expansion.
J Neurosci 25:3132-3141.

Shin NY, Dise RS, Schneider-Mergener J, Ritchie MD, Kilkenny DM, Hanks
SK (2004) Subsets of the major tyrosine phosphorylation sites in Crk-
associated substrate (CAS) are sufficient to promote cell migration. J Biol
Chem 279:38331-38337.

Stoeckli ET, Landmesser LT (1995) Axonin-1, Nr-CAM, and Ng-CAM play
different roles in the in vivo guidance of chick commissural neurons.
Neuron 14:1165-1179.

Stoeckli ET, Sonderegger P, Pollerberg GE, Landmesser LT (1997) Interfer-
ence with axonin-1 and NrCAM interactions unmasks a floor-plate activ-
ity inhibitory for commissural axons. Neuron 18:209-221.

Tessier-Lavigne M, Placzek M, Lumsden AG, Dodd J, Jessell TM (1988)
Chemotropic guidance of developing axons in the mammalian central
nervous system. Nature 336:775-778.

Wong K, Ren XR, Huang YZ, Xie Y, Liu G, Saito H, Tang H, Wen L, Brady-
Kalnay SM, Mei L, WuJY, Xiong WC, Rao Y (2001) Signal transduction
in neuronal migration: roles of GTPase activating proteins and the small
GTPase Cdc42 in the Slit-Robo pathway. Cell 107:209-221.



