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The receptor deleted in colorectal cancer (DCC) mediates the
attraction of growing axons to netrin-1 during brain develop-
ment. In response to netrin-1 stimulation, DCC becomes a sig-
naling platform to recruit proteins that promote axon out-
growth and guidance. The Ras GTPase-activating protein (GAP)
p120RasGAP inhibits Ras activity and mediates neurite retrac-
tion and growth cone collapse in response to repulsive guidance
cues. Here we show an interaction between p120RasGAP and
DCC that positively regulates netrin-1-mediated axon out-
growth and guidance in embryonic cortical neurons. In re-
sponse to netrin-1, p120RasGAP is recruited to DCC in growth
cones and forms a multiprotein complex with focal adhesion
kinase and ERK. We found that Ras/ERK activities are elevated
aberrantly in p120RasGAP-deficient neurons. Moreover, the
expression of p120RasGAP Src homology 2 (SH2)-SH3-SH2
domains, which interact with the C-terminal tail of DCC, is suf-
ficient to restore netrin-1-dependent axon outgrowth in
p120RasGAP-deficient neurons. We provide a novel mecha-
nism that exploits the scaffolding properties of the N terminus
of p120RasGAP to tightly regulate netrin-1/DCC-dependent
axon outgrowth and guidance.

Netrin-1 is one of the many extracellular cues that guide
axons to their target during development of the CNS (1–3). It
has the ability to attract or repel axons via several transmem-
brane receptors (4). The netrin-1 receptor deleted in colorectal
cancer (DCC)4 is expressed in the spinal cord and forebrain of
vertebrates and mediates the netrin-1-dependent attraction of
neurons (5, 6). Deficiencies in netrin-1 or DCC expression

result in the loss of cerebral and spinal commissures (7, 8). In
humans, genetic variations within the dcc locus have been
linked to neurological disorders such as congenital mirror
movement (9, 10), schizophrenia (11), and Parkinson disease
(12). DCC is phosphorylated on threonine, serine, and tyrosine
residues in response to netrin-1 stimulation (13). Phosphoryla-
tion at C-terminal Tyr-1418 of DCC by Src family kinases is
essential for netrin-1 to mediate axon outgrowth and guidance
in vertebrates (13–16). The significance of Tyr-1418 phosphor-
ylation in the netrin-1/DCC signaling pathway is highlighted by
its position within the P3 motif, a highly conserved region of the
DCC C-terminal tail that regulates the recruitment of several
proteins, including focal adhesion kinase (FAK), Src, Fyn, ezrin,
and Myosin X (13–21).

The neuronal growth cone is found at the distal periphery of
an extending axon where the signals from guidance cues are
integrated. The signaling cascades initiated by the receptors
expressed on the surface of the growth cone produce a coordi-
nated cellular response by regulating cytoskeletal rearrange-
ments (22, 23). Rho GTPases are important mediators of the
classic axon guidance cues netrins, slits, ephrins, and sema-
phorins during cytoskeletal reorganization in growth cones
(1, 24). Netrin-1/DCC signal transduction activates Rac1 in
neurons, whereas RhoA is inhibited (25–28). Ras GTPases
are also regulated by ephrins, semaphorins, and neurotro-
phins during neuronal development, but their role in netrin-
1/DCC signaling has not been explored (24, 29). ERK is acti-
vated downstream of netrin-1 and DCC and is required for
netrin-1-dependent axon outgrowth and guidance (30 –32),
but it remains unclear whether Ras mediates ERK activation
downstream of netrin-1 and DCC. Until now, the Ras GTPase-
activating protein (GAP) p120RasGAP was considered only to
be an inhibitor of axon outgrowth and guidance because of the
activity of its C-terminal RasGAP domain (33–35). In addition
to its C-terminal GAP domain, the N terminus of p120RasGAP,
comprising one Src homology (SH) 3 and two SH2 domains,
interacts with a wide variety of proteins to regulate cell survival,
proliferation, and migration (36, 37). Here we identified
p120RasGAP in an SH2 domain screen for proteins that inter-
act with the phosphorylated Tyr-1418 residue of DCC. We
show that p120RasGAP forms a signaling complex with DCC in
netrin-1-stimulated cortical neurons. p120RasGAP is required
to control the basal levels of Ras and ERK activities in neurons.
Moreover, p120RasGAP is essential for the attractive response
of axons to netrin-1 in cortical neurons, and the N terminus of
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p120RasGAP is sufficient to mediate netrin-1-mediated axon
outgrowth. Together, these findings add another layer to the
intricacy of the multiple and essential signaling pathways regu-
lated by netrin-1 and DCC during axon extension and
attraction.

Experimental Procedures

Antibodies and Reagents—The following antibodies were
purchased: anti-GST, anti-RasGAP B4F8, and anti-DCC A-20
(Santa Cruz Biotechnology); anti-phosphotyrosine 4G10, anti-
tubulin, and anti-DCC AF5 (Millipore); anti-DCC G92-13 and
anti-FAK (BD Biosciences); anti-phospho-p44/42 MAPK (Erk1/
2) (Thr-202/Tyr-204) and anti-p44/42 MAPK (Erk1/2) (Cell
Signaling Technology); anti-FAK (Tyr(P)-861) and anti-FAK
(Tyr(P)-397) (Life Technologies, Novex); anti-active Ras (New-
East Biosciences); anti-ezrin (provided by M. Arpin (38)); anti-
DCC (Tyr(P)-1418) (polyclonal antibodies raised in rabbit
against the peptide KPTEDPASVpYEQDDL (DCC- Tyr(P)-
1418)); anti-mouse Alexa Fluor 488, anti-mouse and anti-rabbit
Cy3, anti-rabbit Alexa Fluor 555 (Life Technologies, Molecular
Probes); and anti-goat IgG Cy3 (Sigma). The following reagents
were used. Recombinant chick netrin-1 and netrin-1 VI-V were
produced and purified as described previously (39, 40). Gluta-
mate was provided by D. Bowie (McGill University), and NGF
was from Cedarlane.

Plasmids, Sequence Alignment, and siRNAs—The plasmids
pRK5, pRK5-DCC, pRK5-DCC-Y1418F, pRK5-DCC-Y1361F,
pRK5-DCC 1–1327, and pRK5-DCC 1–1421 have been de-
scribed previously (13, 25, 41). The pCDNA3-GAP and
pCDNA3-GAP-N (human) constructs were provided by T.
Pawson (42). The plasmids encoding GST and GST-human
p120RasGAP (N-SH2, C-SH2, and SH2-SH3-SH2) were pro-
vided by L. Larose. pmaxGFP was purchased from Lonza. The
following siRNAs were purchased: silencer negative control 1
siRNA (Life Technologies/Ambion) and 5�-GCAGGGAAAT-
CTGGAAGCTACCTTA-3� p120RasGAP siRNA as described
previously (Dharmacon) (34).

Purification of GST Fusion Proteins—Production of GST and
GST-p120RasGAP proteins was induced with 0.5 mM isopropyl
1-thio-�-D-galactopyranoside for 2 h at 37 °C. Bacterial pellets
were resuspended in �-mercaptoethanol phosphate buffer
(1:1000 �-mercaptoethanol, 1 mM PMSF, and 1 mM EDTA in
PBS) supplemented with 0.5 mg/ml lysozyme and incubated for
30 min at 4 °C. Resuspended pellets were frozen in an ethanol/
dry ice bath, thawed in warm water, sonicated, and incubated
with 1% Triton X-100 for 10 min at 4 °C. Protein lysates
obtained after centrifugation were incubated with glutathi-
one-agarose beads (Sigma) for 2 h at 4 °C. The beads were
washed three times in �-mercaptoethanol phosphate buffer
and stored at 4 °C, or proteins were eluted with 5 mM gluta-
thione buffer in 50 mM Tris-HCl (pH 8.0) and concentrated
with a Nanosep 10K Omega column (PALL) and stored at
4 °C. Purity and concentration were determined by Coomas-
sie Blue-stained SDS-PAGE.

Peptides, SH2 Domain Array, and Dot Blot Assays—The fol-
lowing peptides were purchased from the Keck mass spectrom-
etry and Proteomics Resource: biotinylated TEDPASVpYEQD-
DLSE (DCC- Tyr(P)-1418). The SH2 domain-based RTK

profiling kit (Signosis) was used according to the instructions of
the manufacturer with some modifications. Streptavidin-HRP
was added directly to samples of 50 or 100 nM of DCC- Tyr(P)-
1418 without any primary antibodies. Absorbance was read
spectrophotometrically at 450 nm. The absorbance -fold
increase was calculated by normalizing the absorbance of each
condition with the GST control absorbance. For the dot blots,
20 �g of DCC-Tyr-1418 and 300 �g of BSA were spotted onto
nitrocellulose membranes. The membranes were incubated
with freshly purified GST or GST-p120RasGAP proteins over-
night at 4 °C. The membranes were immunoblotted with anti-
GST and anti-DCC- Tyr(P)-1418 antibodies.

Cell Culture, Transfection, and Electroporation—The cell
culture was maintained in a humidified incubator at 37 °C with
5% CO2. HEK293 cells were cultured in DMEM (Wisent Bio-
products) supplemented with 10% FBS and antibiotics. Cells
were transfected overnight using PEI (PolySciences) according
to the instructions of the manufacturer (16, 43). Cortical neu-
rons from embryonic day (E) 18 rat embryos (Charles River
Laboratories) were dissociated mechanically and plated on
dishes treated with poly-D-lysine (0.1 mg/ml, Sigma-Aldrich) or
glass coverslips treated with poly-L-lysine (0.1 mg/ml, Sigma-
Aldrich). Neurons were cultured in 10% FBS DMEM for 4 h,
and the medium was replaced with Neurobasal-A medium sup-
plemented with 2% B27 and 1% L-glutamine (Invitrogen) (16).
The Amaxa rat neuron nucleofector kit (Lonza) was used
according to the instructions of the manufacturer to electropo-
rate siRNAs and plasmids. Neurons were treated with the fol-
lowing reagents: purified recombinant netrin-1 or netrin-1
VI-V (200 or 500 ng/ml), glutamate (50 �M), and NGF (100
ng/ml).

GST Pulldowns—Transfected HEK293 cells were lysed in 1%
Triton X-100 lysis buffer as described previously (28). Protein
lysates (1 mg) were precleared with 30 �l of glutathione-aga-
rose beads (Sigma-Aldrich) for 2 h at 4 °C and incubated with 10
or 20 �g of fresh GST or GST-p120RasGAP proteins coupled to
glutathione-agarose beads for 3 h at 4 °C. Beads were washed
three times in ice-cold lysis buffer and boiled in SDS sample
buffer.

Immunoprecipitation—Cortical neuron (2 days in vitro
(DIV)) lysates were prepared as described previously (16). Pro-
tein lysates (1 mg) were incubated with 4 �g of anti-
p120RasGAP with protein G-Sepharose beads (GE Healthcare)
for 3 h at 4 °C.

Immunoblotting and Quantitative Densitometry—Proteins
were resolved by SDS-PAGE and transferred onto nitrocellu-
lose membrane. Membranes were stained with Ponceau S
(Sigma-Aldrich), immunoblotted with the indicated anti-
bodies, and visualized using enhanced chemiluminescence
(Millipore). Optical density was measured using Quantity One
software (Bio-Rad). The following optical density ratios were
calculated: co-immunoprecipitated DCC and p120RasGAP
over immunoprecipitated p120RasGAP, Tyr(P) (p120RasGAP)
over p120RasGAP, and p120RasGAP over ezrin. The optical
density -fold change was calculated by normalizing the ratio of
each condition with the control ratio.

Ras G-LISA Assay—Cortical neuron (2 DIV) lysates were pre-
pared and processed according to the instructions of the man-
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ufacturer (Cytoskeleton). Absorbance was read spectrophoto-
metrically at 492 nm. The optical density -fold increase was
calculated by normalizing each condition with the optical den-
sity of the control.

Immunofluorescence—Cortical neurons (2 DIV) were fixed
for 30 min with 3.7% formaldehyde in PBS containing 20%
sucrose at 37 °C, quenched for 5 min in 0.1 M glycine at room
temperature, permeabilized for 5 min in 0.25% Triton X-100,
and blocked for 30 min with 3% BSA. Primary and secondary
antibodies were incubated in 0.3% BSA. A 15-min fixation with
10% trichloroacetic acid in water was used for phospho-specific
antibodies (44). Neurons were examined with an Olympus IX81
motorized inverted microscope (�40 U PLAN Fluorite and
�60 U PLAN S-APO oil objective lenses) with a CoolSnap 4K
camera (Photometrics) and a Zeiss LSM780 confocal micro-
scope (�63/1.40 oil Plan-Apochromat) with 488-nm argon and
561-nm DPSS lasers and a GaAsP detector. Pearson’s correla-
tion coefficient and fluorescence intensity quantification were
measured with Metamorph software.

Axon Outgrowth and Dunn Chamber Assays—The axon
length of GFP-expressing cortical neurons (2 DIV) was mea-
sured with Metamorph software. Cortical neurons (2 DIV)
were plated on coverslips used for Dunn chamber assembly as
described previously (45). Gradients were generated with puri-
fied netrin-1 VI-V (200 ng/ml) or buffer containing PBS in the
outer well. Cell images were acquired every 3– 4 min for at least

90 min on a temperature-controlled stage. Neurites of at least
10 �m in length were tracked in GFP-expressing neurons. The
final position of the growth cone was used to determine the
angle turned over 90 min relative to the gradient position.
Measurements are presented in rose histograms in bins of 10°,
with the length of each segment representing the frequency of
measurements in percent. Percentage distribution of turned
angles, average turned angle, and average displacement are also
represented.

Statistical Analysis—Statistical analysis was performed
with GraphPad Prism 6. The data are presented as mean �
S.E.

Results

The N-terminal SH2 Domain of p120RasGAP Interacts with
DCC via the Phosphorylated Tyr-1418 Residue in Vitro—To
identify SH2-containing proteins that bind to the phosphory-
lated Tyr-1418 residue of DCC, we screened an SH2 domain
array using as bait a 15-amino acid synthetic DCC peptide
comprising Tyr(P)-1418 (DCC- Tyr(P)-1418). Among an
array of 46 SH2 domains, the N-terminal SH2 (N-SH2) domain
of p120RasGAP (Fig. 1A) bound to the DCC- Tyr(P)-1418 pep-
tide, as revealed by a colorimetric ELISA. The N-SH2 domain of
p120RasGAP displayed 1.24- and 1.36-fold increases in absor-
bance relative to the GST control with 50 and 100 nM of DCC-
Tyr(P)-1418 peptide, respectively (Fig. 1B).
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FIGURE 1. The N-terminal SH2 domain of p120RasGAP interacts in vitro with DCC via phosphorylated Tyr-1418. A, p120RasGAP contains a proline-rich
region (P) and N-SH2 and C-SH2, SH3, pleckstrin homology (PH), calcium-dependent phospholipid-binding (C2), and GAP domains. B, DCC- Tyr(P)-1418 was
used as bait to screen a SH2 domain array by ELISA. Binding of p120RasGAP N-SH2 with 50 and 100 nM of DCC- Tyr(P)-1418 peptide is represented as the -fold
increase in absorbance relative to the absorbance obtained with a GST control. C, 2 and 5 �g of purified GST, GST-p120RasGAP N-SH2, and C-SH2 were resolved
by SDS-PAGE, and the proteins were stained with Coomassie Blue. D, the DCC- Tyr(P)-1418 peptide was spotted onto nitrocellulose membranes with BSA as a
control, and each membrane was incubated with either purified GST, GST-p120RasGAP N-SH2, or C-SH2 (100 ng/ml), followed by immunoblotting (IB) with
anti-GST antibodies. One membrane was immunoblotted with phospho-specific anti-DCC-pY1418 (DCC-pY1418) antibodies.
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To validate the interaction between the N-SH2 domain of
p120RasGAP and DCC- Tyr(P)-1418, purified GST fusion pro-
teins of the individual N-SH2 and C-terminal SH2 (C-SH2)
domains of p120RasGAP (Fig. 1, A and C) were tested for their
ability to bind to immobilized DCC- Tyr(P)-1418 peptide in a
dot blot assay (Fig. 1D). The N-SH2 domain was the sole
domain capable of interacting with DCC- Tyr(P)-1418 and did
not bind to a control spot of BSA (Fig. 1D). The GST control
protein did not bind to the DCC peptide or to BSA (Fig. 1D),
and tyrosine phosphorylation of DCC- Tyr(P)-1418 was con-
firmed with a phospho-specific antibody raised against DCC-
Tyr(P)-1418 (Fig. 1D). Therefore, we conclude that the N-SH2

domain of p120RasGAP interacts directly with the synthetic
DCC peptide via Tyr(P)-1418.

Netrin-1 Promotes the Association of p120RasGAP with DCC
in Embryonic Cortical Neurons—We next examined the in-
teraction of p120RasGAP and DCC in dissociated E18 rat
cortical neurons, which are a good cellular model to investi-
gate netrin-1/DCC-induced signaling pathways in the con-
text of axon outgrowth and guidance (6, 16, 28, 43, 46, 47). DCC
and p120RasGAP co-immunoprecipitated, and the interac-
tion peaked after 10 min of stimulation with netrin-1 (Fig. 2,
A and B). Then we evaluated the localization of DCC and
p120RasGAP by immunostaining cortical neurons following
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FIGURE 2. p120RasGAP interacts with DCC in netrin-1-induced embryonic cortical neurons. E18 rat cortical neurons were stimulated with netrin-1 (500
ng/ml) for the indicated times after being cultured for 2 DIV. A, p120RasGAP was immunoprecipitated (IP) from cell lysates with anti-p120RasGAP antibodies
or mouse IgG as a control. Immunoprecipitated proteins and total cell lysates (TCL) were resolved by SDS-PAGE and immunoblotted (IB) with antibodies against
the indicated proteins. B, quantitative densitometry (mean � S.E.) of DCC co-immunoprecipitated with p120RasGAP is represented as the -fold change relative
to 0 min of netrin-1 stimulation for at least three independent experiments (unpaired Student’s t test; ***, p � 0.005; ns, not significant). C, E18 embryonic rat
cortical neurons (2 DIV) were incubated with 500 ng/ml netrin-1 or left unstimulated for 10 min, immunostained with antibodies against DCC and p120RasGAP,
and imaged by confocal microscopy. Arrows indicate cell bodies, and arrowheads indicate growth cones. The gray dashed outlines represent growth cones.
Scale bars � 50 �m (whole cells) and 20 �m (growth cones). D, the correlation between DCC and p120RasGAP fluorescence intensities in C was measured with
Metamorph software using Pearson’s correlation coefficient (mean � S.E.) in whole cells (wc) and growth cones (gc) in three independent experiments
(number of neurons � 65, 51, 54, and 40 from left to right; unpaired Student’s t test; ns, not significant; *, p � 0.028). n, netrin-1; �, unstimulated.
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netrin-1 stimulation. Visualization by confocal microscopy
revealed that p120RasGAP and DCC were both present in
the cell bodies, axons, and growth cones of cortical neurons
(Fig. 2C). Netrin-1 increased the fluorescence intensity of
p120RasGAP and DCC in the axons and growth cones (Fig. 2C).
Quantification of the mean Pearson’s correlation coefficient (r)
revealed that the correlation between p120RasGAP and DCC
fluorescence intensity was increased significantly in growth
cones after 10 min of netrin-1 stimulation (r � 0.24 versus 0.16,
p � 0.028), whereas netrin-1 treatment resulted in no signifi-
cant change of the co-association (r � 0.27 versus 0.24, p �
0.05) in whole cells (Fig. 2D). We identified p120RasGAP as a
novel DCC binding partner in embryonic cortical neurons, and
we demonstrated that netrin-1 promotes the recruitment of
p120RasGAP to DCC preferentially in growth cones.

p120RasGAP Associates with a DCC Multiprotein Signaling
Complex in Netrin-1-stimulated Cortical Neurons—We next
examined whether p120RasGAP is tyrosine-phosphorylated in
response to netrin-1. We observed that p120RasGAP was
tyrosine-phosphorylated in cortical neurons after 10 min of
stimulation with netrin-1, concomitant with its association
with DCC (Fig. 3, A and B). Moreover, activated ERK (pERK)
and FAK (FAK- Tyr(P)-397) co-immunoprecipitated with
p120RasGAP and DCC in response to netrin-1 stimulation (Fig.
3A). Together, these results show that the assembly of a DCC-
p120RasGAP protein complex with ERK and FAK is induced by
netrin-1 in dissociated rat cortical neurons.

p120RasGAP Is Required to Maintain Basal Ras and ERK
Activities in Cortical Neurons—To further characterize the
function of p120RasGAP in cortical neurons, endogenous
p120RasGAP expression was down-regulated in E18 rat corti-
cal neurons by electroporating synthetic siRNA targeting the 5�
end of p120RasGAP mRNA (RASA) (34), which led to a signif-
icant decrease of p120RasGAP expression compared with con-
trol siRNA (Fig. 4, A and B). Then we investigated the role of
p120RasGAP, a negative regulator of Ras through its C-termi-
nal GAP domain (37), in Ras activation in neurons by immuno-
fluorescence using anti-Ras-GTP antibodies and confocal

microscopy. To validate the anti-Ras-GTP antibodies, we first
monitored the levels of Ras-GTP in cortical neurons stimulated
with NGF, a well established activator of Ras in neurons (48,
49). In cortical neurons stimulated with NGF for 15 min, we
observed a significant 2-fold (p � 0.05) increase in Ras-GTP
fluorescence intensity (Fig. 4, C and D) that was comparable
with the activation of Ras detected by G-LISA assay in NGF-
treated cortical neuron lysates (Fig. 4E). In unstimulated
p120RasGAP-deficient cortical neurons, Ras-GTP levels
showed significant 1.56-fold (p � 0.005) and 2.03-fold (p �
0.001) increases in whole cells and growth cones, respectively
(Fig. 4, F and G). Next we monitored the phosphorylation levels
of ERK, a major signaling pathway activated downstream of
Ras, by immunofluorescence and confocal microscopy in
p120RasGAP-deficient neurons (Fig. 4H). We quantified the
average fluorescence intensity of pERK at the plasma mem-
brane of cortical neurons. In p120RasGAP-depleted neurons,
pERK was increased significantly 1.35-fold (p � 0.05) and 1.53-
fold (p � 0.05) in whole cells and growth cones, respectively
(Fig. 4I). No change in total ERK fluorescence intensity was
detected in p120RasGAP-deficient neurons (Fig. 4, J and K).
Overall, p120RasGAP depletion in cortical neurons caused
aberrant activation of Ras and ERK in whole cells and in neuro-
nal growth cones. Therefore, these results demonstrate the
involvement of p120RasGAP for the proper regulation of basal
Ras and ERK activities in cortical neurons.

p120RasGAP Is Required for Netrin-1-dependent Attrac-
tion of Embryonic Cortical Neurons—To determine whether
p120RasGAP regulates netrin-1-dependent chemoattraction,
we evaluated the effect of p120RasGAP depletion on corti-
cal growth cone turning in response to a netrin-1 gradient
using a Dunn chamber turning assay (45, 50, 51). The growth
cones of cortical neurons electroporated with control siRNA
turned randomly with no particular preference for any direc-
tion when exposed to a control PBS gradient (Fig. 5A) but were
attracted to a netrin-1 gradient (Fig. 5B). The introduction of
p120RasGAP siRNA inhibited the attractive response to
netrin-1, and growth cones reverted to turning randomly (Fig.

A.

co
-IP

TCL 10%
0 10

250

130

35
pERK

IB:
pY (RasGAP)

RasGAP

DCC

netrin-1 (min)
RasGAP

0 10
IgGIP:

FAK-
pY397

130

B.

0 10
0

1

2

3

4

netrin-1 (min)

pY
(fo

ld
ch

an
ge

)
(R

as
G

A
P

)/R
as

G
A

P 
ra

tio *
0

FIGURE 3. p120RasGAP associates with a DCC multiprotein complex in netrin-1-stimulated cortical neurons. A, cortical neurons were stimulated with
netrin-1 for 10 min. p120RasGAP was immunoprecipitated from cell lysates with anti-p120RasGAP antibodies or mouse IgGs as a control. Immunoprecipitated
proteins and total cell lysates (TCL) were resolved by SDS-PAGE and immunoblotted (IB) with antibodies against the indicated proteins (pY (RasGAP), anti-
phosphotyrosine antibodies). Data were taken from the same film exposure. The white line between the RasGAP immunoprecipitation (IP) and IgG lanes
indicates that irrelevant lanes were removed digitally from the original image. B, quantitative densitometry (mean � S.E.) of Tyr(P) (the RasGAP)/RasGAP ratio
is represented as the -fold change relative to 0 min of netrin-1 stimulation for at least three independent experiments; unpaired Student’s t test; *, p � 0.05).
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FIGURE 4. p120RasGAP is required to maintain basal Ras and ERK activities in cortical neurons. Control (CTL) or p120RasGAP (RASA) siRNA was electro-
porated in neurons at 0 DIV with pGFP as a transfection reporter plasmid. A, total cell lysates were resolved by SDS-PAGE and immunoblotted (IB) with
antibodies against p120RasGAP and ezrin as a loading control. B, quantitative densitometry of A represented as the -fold change (mean � S.E.) relative to
control siRNA measured in 10 independent experiments (unpaired Student’s t test; ****, p � 0.0001). C, cortical neurons were stimulated with NGF (100 ng/ml)
or left unstimulated (�) for 15 min. Neurons were immunostained with anti-Ras-GTP antibodies. Scale bar � 10 �m. D, Ras-GTP fluorescence intensity and the
-fold increase (mean � S.E.) relative to unstimulated control neurons was measured in at least three independent experiments (n � 50 neurons/condition;
unpaired Student’s t test; *, p � 0.05). E, the levels of Ras-GTP in each cell lysate were evaluated by G-LISA assay by measuring the absorbance at 492 nm, which
is represented as the -fold change (mean � S.E.) relative to the unstimulated lysate (0 min) in at least three independent experiments (unpaired Student’s t test;
*, p � 0.05). F, neurons were immunostained with anti-Ras-GTP antibodies. Arrows indicate cell bodies, arrowheads indicate growth cones of GFP-expressing
neurons, and squares represent untransfected neurons. Scale bar � 50 �m. G, the Ras-GTP fluorescence intensity (arbitrary units (AU), mean � S.E.) of
GFP-expressing neurons in F was measured in whole cells (w.c) and growth cones (g.c) in three independent experiments (n � 31, 32, 31, and 32 neurons;
two-way ANOVA, Fisher’s least significant difference post test; **, p � 0.0004; ***, p � 0.0001). H, neurons were immunostained with antibodies against pERK.
Arrows indicate cell bodies, and arrowheads indicate growth cones. Scale bar � 50 �m. I, pERK fluorescence intensity (mean � S.E.) of GFP-expressing neurons
in H was measured in whole cells and growth cones in three independent experiments (n � 35, 36, 30, and 35 neurons; two-way ANOVA, Fisher’s least
significant difference post test; *, p � 0.05). J, neurons were immunostained with antibodies against ERK. Arrows and arrowheads indicate cell bodies and
growth cones of GFP-expressing neurons, respectively, and squares indicate untransfected neurons. Scale bar � 50 �m. K, the total ERK fluorescence intensity
(mean � S.E.) of GFP-expressing neurons in J was measured in whole cells and growth cones (n � 41, 38, 41, and 38 neurons) in three independent experiments
(two-way ANOVA, Tukey’s post test; ns, not significant).
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FIGURE 5. p120RasGAP is required for netrin-1-dependent attraction. Control (CTL) or p120RasGAP (RASA) siRNA was electroporated with pGFP as a
transfection reporter plasmid in E18 rat cortical neurons at 0 DIV. At 2 DIV, the neurons were exposed to a control PBS or a 200 ng/ml netrin-1 VI-V (n) gradient
for 90 min. A–C, rose histograms representing the distribution of turned angles of cortical growth cones when exposed to a control PBS (A) or a netrin-1 gradient
(B and C). Responses of individual neurons were clustered in 10° bins, and the percentage of total neurons per bin is represented by the radius of each segment
(n � 99, 89, and 116 neurons, respectively). D, overlay of the rose histograms in B and C comparing the response to netrin-1 of control and p120RasGAP-
deficient neurons. E, the turned angle percentage distribution of cortical growth cones in A–C. F, the mean turned angle (�S.E.) toward the gradient was
measured in degrees for each condition. G, the mean displacement � S.E. for a 90-min netrin-1 treatment was calculated. F and G, one-way ANOVA, Fisher’s
least significant difference post test; ns, not significant; *, p � 0.05.
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5, C and D). 64% of the control growth cones were attracted to
the netrin-1 gradient, whereas the percentage that turned
toward the netrin-1 gradient in p120RasGAP-deficient neurons
(46%) was similar to the percentage that turned toward PBS in
control neurons (43%) (Fig. 5E). In fact, the turned angle of
growth cones in response to netrin-1 (9.22° � 4.03°, mean angle
turned � S.E.) was reduced significantly when p120RasGAP
was depleted (�4.39° � 3.86°) (Fig. 5F). p120RasGAP down-
regulation did not have an effect on displacement rates during
the time the growth cones were imaged (Fig. 5G). These results
demonstrate that p120RasGAP is required for netrin-1-depen-
dent chemoattraction.

The N Terminus of p120RasGAP Is Sufficient to Mediate
Netrin-1-dependent Cortical Axon Outgrowth—We then ex-
plored the role of p120RasGAP in netrin-1-induced axon out-
growth in cortical neurons (16, 28). p120RasGAP siRNA was
electroporated together with GFP cDNA as a reporter to visu-

alize the neurons. We measured the average axon length of
GFP-expressing neurons after 24 h of incubation with netrin-1.
Netrin-1 significantly increased the average axon length com-
pared with unstimulated control neurons (Fig. 6, A, top panels,
and B), as described previously (16, 28, 43). In unstimulated
neurons, depletion of p120RasGAP resulted in significantly
longer axons (103.8 �m, p � 0.0001) (Fig. 6, A, top panels, and
B), which correlated well with the higher levels of activated Ras
and ERK detected in p120RasGAP-depleted neurons (Fig. 4).
However, netrin-1 decreased the length of p120RasGAP-deficient
neurons (88.6 �m, p � 0.0051) (Fig. 6, A, top panels, and B). To
assess the specificity of the p120RasGAP effects on axon exten-
sion, we analyzed the glutamate response in p120RasGAP-de-
ficient neurons. Consistent with previous studies, glutamate
stimulation increased axon outgrowth in cortical neurons, and
the effect was independent of p120RasGAP (16, 28) (Fig. 6C).
Therefore, the lack of stimulation in axon outgrowth of
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FIGURE 6. The N terminus of p120RasGAP is sufficient to mediate netrin-1-dependent cortical axon outgrowth. Control (CTL) or p120RasGAP (RASA)
siRNA was electroporated in E18 rat cortical neurons at 0 DIV with pGFP as a transfection reporter plasmid. Neurons at 1 DIV were incubated with 200 ng/ml
netrin-1 (n) or 50 �M glutamate (g) or left unstimulated (�) for 24 h, and axon outgrowth was assessed in GFP-expressing neurons. A, control vector (v),
full-length (FL), and NT p120RasGAP were co-expressed with control or p120RasGAP siRNA and pGFP in cortical neurons. Scale bar � 50 �m. B and C, axon
outgrowth was measured and expressed as the average axon length (micrometer, mean � S.E.) in at least three independent experiments (n in B � 381, 224,
272, 191, 228, 180, 146, 162, 222, 165, 179, and 182 neurons, and n in C � 299, 210, 381, and 190 neurons; two-way ANOVA, Fisher’s least significant difference
post test; ns, not significant; **, p � 0.005; ***, p � 0.001).
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p120RasGAP-deficient neurons was specific to netrin-1, sug-
gesting that p120RasGAP is required for netrin-1 to positively
regulate axon extension.

To determine the domains within p120RasGAP responsi-
ble for the response to netrin-1, we expressed siRNA-re-
sistant human full-length or the N terminus (NT) domain of
p120RasGAP in control or p120RasGAP-deficient neurons
(Fig. 6, A and B, and supplemental Fig. S1). Re-expression of
p120RasGAP full-length restored basal axon length in
p120RasGAP-deficient neurons, whereas it inhibited netrin-1-
induced axon outgrowth in both control and p120RasGAP-de-
pleted neurons (Fig. 6, A and B). In contrast, re-expression of
the NT of p120RasGAP lacking the GAP domain was sufficient
to rescue netrin-1-induced cortical axon extension (p � 0.001)
in p120RasGAP-depleted neurons (Fig. 6, A and B). Therefore,

the N-terminal scaffolding SH2-SH3-SH2 domains mediate the
positive regulation of netrin-1-dependent axon outgrowth by
p120RasGAP, whereas overexpression of p120RasGAP blocks
the response of axons to netrin-1. This is in agreement with our
findings showing that p120RasGAP is necessary to maintain
basal Ras-GTP and pERK levels (Fig. 4), which is a requisite for
axon extension (34).

The N Terminus of p120RasGAP Interacts with the C Termi-
nus Tail of DCC—Because the N terminus of p120RasGAP
mediates netrin-1-induced axon outgrowth, we next investi-
gated the molecular interaction between the SH2-SH3-SH2
domains of p120RasGAP and DCC. GST-p120RasGAP
domains were incubated with protein lysates from HEK293
cells overexpressing either wild-type DCC or DCC mutant pro-
teins (Fig. 7, A and B). DCC proteins did not bind to the GST
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FIGURE 7. The N terminus of p120RasGAP interacts with the C terminus of DCC. A, the intracellular domain of rat DCC (amino acids 1120 –1445) contains
three conserved regions (P1, P2, and P3). The conserved tyrosine residue in the phospho-deficient mutants DCC-Y1418F and DCC-Y1361F was substituted for
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protein control (Fig. 7C). p120RasGAP N-SH2 interacted with
DCC, DCC-Y1361F, and DCC 1–1421 lacking the P3 region
(Fig. 7, A and D). However, its binding to DCC 1–1327 trun-
cated before the P2 region was strongly reduced (Fig. 7, A and
D). Surprisingly, DCC-Y1418F was still able to interact with
p120RasGAP N-SH2 (Fig. 7D). Because FAK interacts with
both the P3 region of DCC and p120RasGAP (17, 52, 53), we
suspected that DCC-Y1418F might be pulled down indirectly
by p120RasGAP N-SH2 via an interaction with FAK (Fig.
7G). The phosphorylation of Tyr-397 on FAK has been
shown to mediate its interaction with the N-SH2 domain of
p120RasGAP (53). Indeed, GST-N-SH2 pulled down FAK-
Tyr(P)-397 along with DCC and DCC mutant proteins (Fig.
7D), suggesting that p120RasGAP N-SH2 is also able to
interact with DCC and FAK independently of DCC-Tyr-
1418. Furthermore, the expression of either DCC 1–1421 or
DCC 1–1327 severely impaired the phosphorylation of FAK
on Tyr-397 in total cell lysates, confirming that the P3 region
of DCC is important for the phosphorylation of FAK on Tyr-
397 in HEK293 cells (Fig. 7B), as reported previously (14, 17).
Consequently, the expression of DCC 1–1421 or DCC
1–1327 impaired or completely abolished the interaction of
FAK- Tyr(P)-397 with GST-N-SH2, respectively. It also sug-
gested that phosphorylated Tyr-1418, which is able to
directly interact in vitro with p120RasGAP N-SH2 (Fig. 1),
might mediate the binding of DCC 1–1421 lacking the P3
region with GST-N-SH2 (Fig. 7D).

It has been shown previously that the 2 SH2 domains of
p120RasGAP bind simultaneously to two adjacent tyrosine res-
idues on binding partners such as p190RhoGAP and tyrosine
kinase receptors (54 –57). Therefore, we examined whether
p120RasGAP C-SH2 could also interact with a phosphoty-
rosine residue in the intracellular domain of DCC. We selected

Tyr-1361 as a candidate binding site for C-SH2 because it is the
closest to DCC-Tyr-1418 (Fig. 7A). GST-C-SH2 interacted
with DCC, DCC-Y1418F, and DCC 1–1421 proteins, whereas
its interaction with DCC 1–1327 and DCC-Y1361F was
impaired (Fig. 7E), demonstrating that p120RasGAP C-SH2
interacted preferentially with DCC via the phosphorylated Tyr-
1361 residue. FAK- Tyr(P)-397 was also pulled down indirectly
with p120RasGAP C-SH2 via a DCC or DCC-Y1418F interac-
tion, but its interaction with DCC 1–1327, DCC-Y1361F, and
DCC 1–1421 was reduced severely reduced (Fig. 7E). Finally,
the SH2-SH3-SH2 domains of p120RasGAP interacted with
FAK- Tyr(P)-397 and DCC, DCC-Y1418F, DCC-Y1361F, and
DCC 1–1421 but much less with DCC 1–1327 (Fig. 7F).
Together, these data demonstrate cooperative binding of the
N- and C-SH2 domains of p120RasGAP with the C terminus
region of DCC and FAK (Fig. 7G).

Discussion

In this study, we report a novel interaction between
p120RasGAP and the netrin-1 receptor DCC in embryonic cor-
tical neurons. We demonstrate that p120RasGAP is essential
for netrin-1 to induce axon outgrowth and attraction of embry-
onic cortical neurons and that the N terminus of p120RasGAP
serves as a scaffolding protein to mediate netrin-1-induced cor-
tical axon outgrowth (Fig. 8). To our knowledge, this study is
the first one to support a positive role for p120RasGAP during
axon outgrowth and guidance.

As a GAP, p120RasGAP stimulates the GTPase activity of
Ras to inactivate the GTPase (58 – 60). Indeed, our findings
demonstrate that p120RasGAP-deficient cortical neurons
exhibit an aberrant increase in Ras/ERK activities, further sup-
porting the hypothesis that p120RasGAP acts as a negative reg-
ulator of Ras activity in cortical neurons in the absence of
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netrin-1 stimulation. Endo and Yamashita (34) have proposed a
model suggesting that p120RasGAP is sequestered and inhib-
ited by the neogenin receptor via an interaction with FAK-
Tyr(P)-397. The repulsive guidance cue RGMa releases
p120RasGAP from that interaction to mediate the inhibition
of Ras activity (34). Other studies have shown that the GAP
activity of p120RasGAP is inhibited when its N terminus interacts
with p190RhoGAP, FAK, p200RhoGAP, or SOCS-3 (53, 61–
63). Tyrosine phosphorylation of these proteins, except for
p200RhoGAP, mediated the interaction (53, 61, 63). Here
we find that netrin-1 induces the formation of a DCC-
p120RasGAP protein complex in cortical neurons. The N-SH2
and C-SH2 domains bind to the phosphorylated tyrosine resi-
dues Tyr-1418 and Tyr-1361 of DCC, respectively, which are
both conserved among vertebrate DCC orthologs. The phos-
phorylation of FAK-Tyr-397 also mediates interactions with
both the N-SH2 domain of p120RasGAP and DCC (17, 53).
Previous studies from Pawson and co-workers (42, 64) have
suggested that p120RasGAP regulates the level and duration of
PDGF-dependent Ras/ERK activation in fibroblasts. Con-
versely, the absence of p120RasGAP recruitment to the EphB2
receptor delayed and reduced ephrinB1-dependent ERK inhi-
bition in neuroblastoma cells (33). Extracellular factors such as
PDGF, EGF, and FGF have been reported to induce tyrosine
phosphorylation of p120RasGAP and activation of Ras (61,
65– 69). In our study, we demonstrate that tyrosine phosphor-
ylation of p120RasGAP is concurrent with the interaction of
DCC, FAK, and ERK in response to netrin-1. On the basis of
these results, we propose that netrin-1 mediates the tyrosine
phosphorylation of p120RasGAP, leading to the assembly of a
DCC multiprotein complex essential to mediate netrin-1-me-
diated axon extension and guidance (Fig. 8).

This novel role as a positive modulator of the attractive
function of netrin-1 is in marked contrast with previous
reports that describe p120RasGAP as a negative regulator
of axon outgrowth and guidance in primary neurons (33–35,
70, 71). We further substantiate the evidence for a positive role
of p120RasGAP by demonstrating that the N terminus of
p120RasGAP is sufficient to mediate axon outgrowth in
response to netrin-1. In addition to the PH, C2, and C-terminal
GAP domains, the N terminus of p120RasGAP, comprising one
SH3 and two SH2 domains, interacts with various proteins to
regulate cell survival, proliferation, and migration (36, 37). In
cortical neurons, the depletion of p120RasGAP expression
leads to a significant increase in axon length of unstimulated
neurons and inhibition of netrin-1-induced axon outgrowth. In
p120RasGAP-deficient neurons, re-expression of full-length or
the N-terminal SH2-SH3-SH2 domains of p120RasGAP is suf-
ficient to restore the axon length to one that is comparable with
unstimulated control neurons. However, netrin-1-induced
axon outgrowth is only restored by expression of the N-termi-
nal SH2-SH3-SH2 domains of p120RasGAP in these neurons.
These results suggest that overexpression of full-length
p120RasGAP inhibits netrin-1-mediated outgrowth because of
its GAP activity, which represses axon extension, as reported in
previous studies (33–35, 70, 71). Therefore, the N terminus of
p120RasGAP is sufficient to regulate netrin-1-mediated axon

outgrowth independently of the GAP domain. Among its GAP-
independent functions, it has been demonstrated that the N
terminus of p120RasGAP can also serve as a Ras effector and
RhoA inhibitor. First, expression of the N terminus increases
Ras and ERK activation in fibroblasts (33) and promotes Ras-
dependent differentiation of PC12 cells (72, 73). These studies
and others suggest that the N terminus of p120RasGAP forms
interactions that promote Ras signaling (58, 74, 75). Second, cell
migration is impaired severely in p120RasGAP-deficient mouse
fibroblasts, in part because of cell polarity defects and the lack
of focal adhesion turnover at the leading edge of cells (42). Both
defects are rescued by the expression of the p120RasGAP N
terminus (42). Focal adhesion turnover at the leading edge of
migrating fibroblasts is regulated by a protein complex com-
prising p120RasGAP, FAK, and p190RhoGAP that inhibits
RhoA activation and promotes cell migration (42, 76, 77). In our
study, the recruitment of p120RasGAP to DCC in response to
netrin-1 indicates that p120RasGAP regulates specific func-
tions in growth cones, the “leading edge of neurons.” We show
that netrin-1 promotes the interaction of p120RasGAP with
DCC, pFAK, and pERK in cortical neurons. Other proteins
involved in netrin-1/DCC signaling, such as Nck, Src, and ezrin,
also interact with p120RasGAP (14, 16, 78 – 81). With two SH2
and one SH3 domain, the N terminus of p120RasGAP has the
ability to engage in a wide range of protein interactions and to
form multiple and diverse multiprotein complexes. Therefore,
we conclude that netrin-1 activates the scaffolding function of
the p120RasGAP N terminus to regulate netrin-1/DCC signal-
ing in neuronal growth cones and promote netrin-1-mediated
axon outgrowth.

In conclusion, the depletion of p120RasGAP expression
severely impairs netrin-1/DCC-mediated cellular functions in
neurons. Netrin-1 cannot induce axon outgrowth or growth
cone turning in p120RasGAP-deficient cortical neurons. In
fact, netrin-1 decreases axon outgrowth in these neurons. It
will be of great interest to address whether this reduction in
axon outgrowth results from the loss of p190RhoGAP regula-
tion in p120RasGAP-deficient cortical neurons. We propose
that p120RasGAP acts as a molecular clutch and scaffold that
primes and engages DCC in attractive netrin-1 signaling by
recruiting key regulators (Fig. 8). Until now, the functions of the
GAP domain have been studied separately from the func-
tions of the N terminus. Studies that examine how the
molecular interactions of p120RasGAP are integrated to ini-
tiate a unified cellular response will certainly be more suc-
cessful at deciphering the intricacies of p120RasGAP func-
tions in the future. The significance of these findings is not
only limited to the mechanisms of axon growth and guidance
because Ras/p120RasGAP activities and netrin-1/DCC sig-
naling are implicated in the regulation of vascular develop-
ment and the progression of cancer (36, 37, 82, 83). Notably,
the autosomal dominant disorder capillary malformation-
arteriovenous malformation is caused by heterozygous mu-
tations in the p120RasGAP locus, RASA1 (84 – 87). The
study of netrin-1 signal transduction outside of the nervous
system will undoubtedly add to our understanding of the
physiological functions of p120RasGAP.
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