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Inactivation of Ras by p120GAP via Focal Adhesion Kinase
Dephosphorylation Mediates RGMa-Induced Growth Cone
Collapse

Mitsuharu Endo and Toshihide Yamashita
Department of Molecular Neuroscience, Graduate School of Medicine, Osaka University, Osaka 565-0871, Japan

The repulsive guidance molecule RGMa performs several functions in the developing and adult CNSs. RGMa, through its receptor
neogenin, induces growth cone collapse and neurite outgrowth inhibition. Here, we demonstrate that RGMa binding to neogenin leads to
the inactivation of Ras, which is required for the RGMa-mediated repulsive function in cortical neurons. This signal transduction is
mediated by the Ras-specific GTPase-activating protein (GAP) p120GAP. The SH2 domain of p120GAP interacts with focal adhesion
kinase (FAK), which is phosphorylated at Tyr-397. When the cells are stimulated with RGMa, FAK undergoes dephosphorylation at
Tyr-397 and is dissociated from p120GAP, and this dissociation is followed by an increase in the interaction between p120GAP and
GTP-Ras. In addition, the knockdown of p120GAP prevents RGMa-induced growth cone collapse and neurite outgrowth inhibition.
Furthermore, RGMa stimulation induces Akt inactivation through p120GAP, and the expression of the constitutively active Akt prevents
RGMa-induced growth cone collapse. Thus, RGMa binding to neogenin regulates p120GAP activity through FAK Tyr-397 dephosphory-
lation, leading to the inactivation of Ras and its downstream effector Akt, and this signal transduction plays a role in the RGMa-mediated

repulsive function.

Introduction

During development, growing axons reach their target cells by
following specific paths. Repulsive guidance proteins play a role
in axon pathfinding by preventing axons from growing along the
wrong paths and connecting to inappropriate target cells. The
repulsive guidance molecule (RGM) is a developmental repulsive
guidance protein that plays a role in axon pathfinding in chicken
temporal retina (Monnier et al., 2002). RGMa, a mammalian
homolog of chicken RGM, also shows neurite-repulsive ability,
and a previous report has indicated that RGMa restricts the ax-
onal extension of developmental entorhinal cortical neurons,
thereby facilitating appropriate connection with the hippocam-
pal dentate gyrus (Brinks et al., 2004; Ohshima et al., 2008).

The Rho family small GTPases play essential roles in mediat-
ing neurite outgrowth and maintaining growth cone morphology
by regulating cytoskeletal reorganization. The neogenin receptor
has been shown to mediate the repulsive function of RGMa by
activating a small GTPase RhoA (Rajagopalan et al., 2004; Hata et
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al., 2006). RhoA, its downstream effector Rho kinase, and myosin
II have been implicated in RGMa-induced growth cone collapse
and neurite outgrowth inhibition (Conrad et al., 2007; Kubo et
al., 2008). Ras, another small GTPase that is abundantly distrib-
uted in neuronal axons and growth cones, promotes axonal ex-
tension during development (Yoshimura et al., 2006; Oinuma et
al., 2007; Fivaz et al., 2008). The activity of small GTPases is
upregulated by specific guanine nucleotide exchange factors
(GEFs) and downregulated by GTPase-activating proteins
(GAPs). Several repulsive proteins have been shown to decrease
Ras activity by activating specific GAPs, thereby inducing growth
cone collapse and neurite retraction (Elowe et al., 2001; Oinuma
et al., 2004; Dail et al., 2006). However, the involvement of Ras
activity regulation in the RGMa-neogenin signal transduction
has not been confirmed. A Ras-specific GTPase-activating pro-
tein, p120GAP, has been shown to act as a mediator of an ephrin-
dependent Ras inactivation pathway in neuronal cells (Elowe et
al., 2001; Dail et al., 2006). A previous report showed that the
activity of p120GAP is regulated by the interaction between the
SH2 domain of p120GAP and focal adhesion kinase (FAK) phos-
phorylated at Tyr-397 (Hecker et al., 2004). However, the func-
tional role of the interaction between p120GAP and FAK in neu-
ronal cells has not been elucidated.

In this study, we show that RGMa binding to neogenin de-
creases Ras activity in N1E-115 neuroblastoma cells and primary
cortical neurons. RGMa-induced growth cone collapse is inhib-
ited in the neurons that express constitutively active RasV12. In
addition, p120GAP, which is downstream of RGMa-neogenin,
mediates Ras inactivation. RGMa stimulation decreases the inter-
action between p120GAP and FAK by influencing the dephos-
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phorylation of FAK Tyr-397, and increases the interaction be-
tween p120GAP and GTP-Ras. Furthermore, RGMa-induced
growth cone collapse and neurite outgrowth inhibition are inhib-
ited by p120GAP knockdown in cortical neurons. Together, these
results suggest that pI20GAP mediates the RGMa-induced Ras
inactivation through neogenin by decreasing the phosphoryla-
tion level of FAK at Tyr-397, thereby inducing growth cone col-
lapse and neurite outgrowth inhibition.

Materials and Methods

Antibodies and reagents. Mouse monoclonal antibody to Ras was ob-
tained from Upstate. Mouse monoclonal antibodies to pl120GAP,
a-tubulin, and Myc (9E10) and rabbit polyclonal antibodies to neogenin,
FAK, glutathione S-transferase (GST), and SHP2 were purchased from
Santa Cruz Biotechnology. Antibodies to vesicular stomatitis virus
(VSV) tag and hemagglutinin (HA) tag were purchased from Sigma-
Aldrich. Antibodies to Akt and Erk and phosphospecific antibodies to
Akt and Erk were obtained from Cell Signaling Technology. Phos-
phospecific antibodies to FAK (Tyr-397) and FAK (Tyr-861) were ob-
tained from BioSource International. PP2, PP3, wortmannin, and 1,4-
diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene
(U0126) were purchased from Calbiochem. Pervanadate stock solution
(30 mm) was prepared immediately before use by mixing a 1 ml solution
of 30 mm sodium orthovanadate and 6 ul of H,0O, (30% stock) for 15 min
at room temperature. Residual H,O, was removed by the addition of 50
M catalase after incubation.

Plasmid constructs and short interfering RNAs. To generate a secreted
form of RGMa, cDNA corresponding to human RGMa (aa 1-404),
which lacks a C-terminal GPI (glycosylphosphatidylinositol) anchor re-
gion, was fused to human IgG Fc ¢cDNA in the pcDNAS5FRT vector (In-
vitrogen). The cDNA encoding human p120GAP was purchased from
American Type Culture Collection (ATCC no. 7491867). To obtain the
p120GAP-Myc and GAP-N-Myc expression vectors, cDNA sequences
corresponding to the full-length p120GAP and the N-terminal domain
of p120GAP (GAP-N) (aa 1-442) were obtained by PCR using specific
primers and inserted into the Nhel and Xhol sites of pAPtag-5 (Gen-
Hunter). For GST fusion constructs, cDNA sequences corresponding to
GAP-N, N-terminal SH2 domain of p120GAP (SH2) (aa 181-272), and
SH3 domain of 120GAP (SH3) (aa 273-350) were subcloned to the
pGEX-6P vector. To obtain the HA-FAK and Myc-FRNK expression
vectors, the cDNAs encoding full-length human FAK and FRNK (aa
693-1052) were obtained by PCR from the HEK293T ¢DNA library and
cloned into the pHA- and pMyc-Cl1 vectors, respectively (provided by K.
Mizuno, Tohoku University, Sendai, Japan). The cDNA encoding hu-
man H-Ras was also obtained by PCR from the HEK293T cDNA library
and cloned into the pcDNA vector (Invitrogen). H-RasV12 was gener-
ated by site-directed mutagenesis. The neogenin-VSV expression vector
was provided by P. Mehlen (Université de Lyon, Lyon, France) and E.
Fearon (University of Michigan Medical School, Ann Arbor, MI). The
Akt-myr expression vector was provided by U. Kikkawa (Kobe Univer-
sity, Kobe, Japan).

The neogenin shRNA plasmid that targets the mouse neogenin mRNA
sequence (5'-ACCTAGAACCATCATAGTG-3') and the pl120GAP
shRNA plasmid that targets the mouse and rat p120GAP mRNA se-
quence (5'-GATGAAGCCACTACCCTAT-3") were constructed by us-
ing pSUPER vector (OligoEngine). As control short hairpin RNAs (shR-
NAs), the plasmid for the mutated neogenin shRNA (5'-ACCT-
CGAACCATAATAGTG-3") and the plasmid for the mutated p120GAP
shRNA (5'-GATGACGCCACTACACTAT-3") were constructed. The
p120GAP short interfering RNA (siRNA) (5'-GCAGGGAAATCT-
GGAAGCTACCTTA-3"), the SHP2 siRNA (5'-CCAATATTAAG-
TATTCCCTGGTGGA-3"), and the control siRNA (Medium GC Duplex
2) were purchased from Invitrogen.

Preparation of recombinant proteins. Stable CHO cell lines secreting
human RGMa-Fc were generated by using a Flp-in system (Invitrogen)
as previously described (Hata et al., 2006). RGMa-Fc was purified from
the conditioned media that were collected from 2 d cultured RGMa-Fc-
CHO by using protein A-Sepharose beads. Recombinant human IgG Fc
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was purchased from R&D Systems. Recombinant RGMa-Fc and Fc pro-
teins were used at 2 pg/ml for each experiment. GST fusion proteins were
expressed in Escherichia coli BL21 and purified by using glutathione-
Sepharose 4B beads from the bacterial extracts.

Cell culture and transfection. HEK293T and N1E-115 cells were main-
tained in DME medium (Invitrogen) supplemented with 10% FBS and
transfected using Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen).

Neuronal culture. Cortical neurons were obtained as follows: Whole
brains from Wistar rat on embryonic day 1819 were dissected out, and
unwanted portions (brainstem, hindbrain, and hippocampus) were
trimmed with fine forceps. The cerebral cortices were dissected and dis-
sociated by incubation with 0.25% trypsin for 15 min at 37°C, followed
by washing and trituration in DMEM containing 10% FBS. Dissociated
neurons were cultured on 100 ug/ml poly-L-lysine- and 10 ug/ml
fibronectin-coated dishes in DMEM containing 10% FBS. After 12 h, the
medium was replaced with Neurobasal medium containing B27
supplement.

Ras activity assay. The activity of Ras was determined by affinity puri-
fication using GST-Raf-RBD. Briefly, cells were lysed in a buffer contain-
ing 50 mm HEPES, pH 7.5, 150 mm NaCl, 1% NP-40, 5% glycerol, 10 mm
MgCl,, 1 mm Na;VO,, 10 mm NaF, 1 mm DTT, 10 ug/ml leupeptin, and
10 ug/ml aprotinin. Cell lysates were clarified by centrifugation at 15,000
rpm for 10 min and the supernatants were incubated with GST-Raf-RBD
immobilized on glutathione-Sepharose 4B beads for 45 min at 4°C. The
beads were washed three times with lysis buffer, and bound proteins were
eluted in SDS-sample buffer. Proteins were separated by SDS-PAGE and
transferred to the polyvinylidene fluoride (PVDF) membrane. GTP-
bound Ras and total Ras were detected by immunoblotting using an
anti-Ras antibody.

GST pull-down assay and immunoprecipitation. Cells were lysed in a
buffer containing 50 mm HEPES, pH 7.5, 150 mm NaCl, 0.5% NP-40, 5%
glycerol, 1 mm Na;VO,, 10 mm NaF, 10 mMm B-glycerophosphate, 5 mm
EDTA, 10 ug/ml leupeptin, and 10 pg/ml aprotinin, and incubated for
30 min on ice, and the extracts were clarified by centrifugation at 15,000
rpm for 10 min. For GST pull-down assays, cleared cell lysates were
incubated with GST fusion proteins immobilized on glutathione beads
for 1 h at 4°C. For immunoprecipitation, cleared cell lysates were incu-
bated with 2—4 ug/ml antibodies and protein G-Sepharose beads for 4 h
at 4°C. Precipitated proteins were separated by SDS-PAGE and trans-
ferred to PVDF membrane followed by immunoblotting.

Far Western blotting. HEK293T cells were transfected with neogenin-
VSV and lysed. The lysates were separated by SDS-PAGE and transferred
to the PVDF membrane and blocked by 5% nonfat dry milk in PBS.
GST-GAP-N was eluted from glutathione-Sepharose 4B beads using 10
mu reduced glutathione, and excess glutathione was removed by using a
PD10 column (GE Healthcare). Purified GST-GAP-N (5 ug/ml) was
preincubated with recombinant active FAK (5 ug/ml) (GenWay Bio-
tech) in PBS. Then, the GST-GAP-N alone or the mixture of GST-
GAP-N and FAK were incubated with the membranes overnight at 4°C,
and binding was detected using an anti-GST antibody.

Growth cone collapse assay. Dissociated cortical neurons were centri-
fuged and resuspended in 100 ul of specified Nucleofection solution
(Amaxa), mixed with a total of 4 ug of plasmid [1:3 ratio of green fluo-
rescent protein (GFP) and RasV12, Akt-myr, or shRNA plasmid] or 3 ug
of siRNA, and electroporated using the O-03 program of a Nucleofector
Device (Amaxa). Electroporated neurons were cultured on poly-L-
lysine- and fibronectin-coated dishes in DMEM containing 10% FBS and
B27 supplement. After 12 h, the medium was replaced with Neurobasal
medium containing B27 supplement, and cells were cultured for another
48 h. Then, neurons were treated with Fc or RGMa-Fc for 30 min, fixed
with 4% paraformaldehyde containing 0.25% glutaraldehyde, and
stained with rhodamin-phalloidin (Invitrogen). Collapsed growth cones
were recognized by the absence of extending lamellipodia.

Neurite outgrowth assay. Dissociated cortical neurons were electropo-
rated with 3 g of siRNA using the O-03 program of the Nucleofector
device, and cultured on poly-L-lysine-coated dishes in DMEM contain-
ing 10% FBS and B27 supplement. Twenty-four hours after electropora-
tion, cells were detached with 1.5 mm EDTA in PBS, resuspended in
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Figure 1.  RGMa stimulation decreases the level of GTP-bound Ras through neogenin. 4, B, Time course of Ras activity after

RGMa-Fc (A) or Fc treatment (B) in N1E-115 cells. The N1E-115 cells were treated with RGMa-Fc or Fc for the indicated durations.
Then, the cell lysates were incubated with GST-RBD, and bound GTP-Ras was detected using the anti-Ras antibody. The total Ras
and neogenin expressions were detected by immunoblotting the cell lysates. €, Relative Ras activities after RGM-Fc (solid line) or
Fc (dashed line) treatment in the N1E-115 cells. The relative Ras activity was determined on the basis of the amount of Ras bound
to GST-RBD, which was normalized to the total amount of Ras in the cell lysates. The results are represented as means = SD of
three independent experiments. D, N1E-115 cells were transfected with neogenin shRNA or mutated neogenin shRNA, and the
transfected cells were treated with RGMa-Fc for 5 min. The level of Ras activity was determined using the procedure described
above. The relative Ras activities are expressed as the means == SD of three independent experiments (graph). *p << 0.05 by
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reached a minimum at 5 min after the
RGMa-Fc treatment and rapidly returned
to the basal level (Fig. 1C).

To determine whether neogenin medi-
ates RGMa-induced Ras inactivation, we
performed knockdown experiments for
endogenous neogenin by using siRNA. An
siRNA target sequence that shows a strong
knockdown effect on endogenous mouse
neogenin expression has been reported
previously (Kang et al., 2004). As shown in
Figure 1D, neogenin expression decreased
specifically in the N1E-115 cells expressing
the neogenin shRNA. When the cells were
treated with RGMa-Fc, there was no
change in the Ras activity in these cells; in
contrast, Ras activity was downregulated
in the cells expressing the control shRNA,
which had a mutated target sequence for
neogenin (Fig. 1 D). These results suggest
that RGMa-neogenin binding leads to Ras
inactivation.

p120GAP mediates the RGMa-induced
inactivation of Ras

We investigated whether Ras GAP, a neg-
ative regulator of Ras, plays a role in the
Ras inactivation induced by RGMa-
neogenin binding. A Ras-specific GAP,
p120GAP, has two SH2 domains and one
SH3 domain in the N-terminal region and
a catalytic domain in the C-terminal re-
gion. Previous studies have shown that
p120GAP hydrolyzes GTP-Ras to GDP-
Ras by binding to GTP-Ras through the
C-terminal catalytic domain (Trahey and

Student’s t test.

Neurobasal medium containing B27 supplement, replated on poly-L-
lysine- and fibronectin-coated dishes, and cultured for another 24 h with
Fc or RGMa-Fc. The coculture assay was performed as previously de-
scribed (Hata et al., 2006). Briefly, siRNA-electroporated neurons were
plated on confluent monolayers of either RGMa-CHO or control CHO
cells in DMEM/F12 medium containing 10% FBS and B27 supplement
for 36 h. Then, neurons were fixed with 4% paraformaldehyde contain-
ing 4% sucrose, and immunostained with an anti-BIII-tubulin antibody
(Tuj1; Covance). The length of the longest neurite for each BIII-tubulin-
positive neuron was then determined.

Statistics. Statistical analyses were performed using Student’s ¢ test or
two-way ANOVA followed by Bonferroni’s post hoc test.

Results

RGMa stimulation inhibits Ras activity through neogenin

We were interested in identifying a novel signal transduction
pathway of RGMa-neogenin. To determine whether RGMa reg-
ulates the activity of the small GTPase Ras, we measured Ras
activity by a pull-down assay using a GST-fused Ras-binding do-
main of Raf (Raf-RBD). N1E-115 neuroblastoma cells that ex-
pressed the RGMa receptor neogenin were treated with recombi-
nant RGMa-Fc (Fig. 1A). The level of active GTP-bound Ras
(GTP-Ras) decreased after the RGMa-Fc treatment (Fig. 1A),
whereas the control Fc treatment did not induce Ras inactivation
(Fig. 1B). We observed that the Ras activity in the N1E-115 cells

McCormick, 1987; Marshall et al., 1989).
In the N1E-115 cells, RGMa-Fc treatment
increased the amount of p120GAP copre-
cipitated with GTP-Ras by GST-Raf-RBD
(Fig. 2A). This result suggests that RGMa stimulation induces
Ras inactivation by increasing the interaction between p120GAP
and GTP-Ras.

Next, we inhibited p120GAP activity or p120GAP expression
to assess the role of p120GAP in the RGMa-induced Ras inacti-
vation. Since the SH2 and SH3 domains are required for protein—
protein interaction, the expression of the N-terminal domain of
p120GAP (GAP-N), which lacks the C-terminal catalytic domain
but retains the N-terminal SH2 and SH3 domains, prevents en-
dogenous p120GAP activity by acting as a dominant-negative
form (McGlade et al., 1993; Elowe et al., 2001). When this GAP-N
was transfected into the N1E-115 cells, the RGMa-induced inac-
tivation of Ras was abolished (Fig. 2 B). Then, we used a knock-
down approach. We observed that a target siRNA sequence that
had been used in transgenic mouse models and in rat cardiac
myocytes showed a strong knockdown effect on endogenous
P120GAP expression in N1E-115 cells (Kunath et al., 2003; Yue et
al., 2004). The knockdown of p120GAP expression by shRNA
effectively inhibited RGMa-induced Ras inactivation; in contrast,
the expression of the control shRNA, which had a mutated target
sequence for p120GAP, did not affect RGMa-induced Ras inactiva-
tion (Fig. 2C). These results indicate that RGMa promotes the hy-
drolysis of GTP-Ras to GDP-Ras by influencing p120GAP activity.
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Figure2. Theinvolvement of p120GAP in the RGMa-induced inactivation of Ras, Akt, and Erk. A, RGMa-Fc treatment increases the interaction between p120GAP and GTP-Ras. The N1E-115 cells
were treated with RGMa-Fc for the indicated durations. The cell lysates were incubated with GST-RBD, and the coprecipitated p120GAP and GTP-Ras were detected using anti-p120GAP and anti-Ras
antibodies. The total p120GAP and Ras were detected by immunoblotting the cell lysates. B, , The expression of the dominant-negative p120GAP (GAP-N) and the RNA interference (RNAi)
knockdown of p120GAP inhibited RGMa-induced Ras inactivation. The N1E-115 cells were transfected with GAP-N-Myc oramock plasmid (B) or p120GAP shRNA or mutated p120GAP shRNA (€), and
they were treated with RGMa-Fc for 5 min. The levels of Ras activity were determined as described in Figure 1. The relative Ras activities are represented as means == SD of three independent
experiments (graph). *p << 0.05 by Student’s ¢ test. D, RGMa-Fc treatment decreased the phosphorylation of Akt and Erk in the N1E-115 cells. The N1E-115 cells were treated with RGMa-Fc for the
indicated durations. The phosphorylation levels of Akt and Erk in the total cell lysates were analyzed by using anti-P-Akt and anti-P-Erk antibodies. The total Akt and Erk expressions were detected
by anti-Akt and anti-Erk antibodies. The graphs indicate the relative P-Akt and P-Erk levels that were determined by the amount of P-Akt or P-Erk normalized to the total amounts of Akt or Erk,
respectively, in the cell lysates. The results are represented as means = SD of three independent experiments. *p << 0.05, **p << 0.01 by Student’s ¢ test. E, RNAi knockdown of p120GAP inhibited
the RGMa-induced dephosphorylation of Akt and Erk. The N1E-115 cells were transfected with p120GAP shRNA or mutated p120GAP shRNA, and they were treated with RGMa-Fc for 5 min and lysed.
The levels of P-Akt and P-Erk were determined as described in D. The relative P-Akt and P-Erk levels are represented as means == SD of three independent experiments (graph). *p << 0.05, **p <
0.0 by Student's ¢ test.

We also analyzed the involvement of the two major signaling  the amount of phosphorylated Akt and Erk decreased within 5
pathways downstream of Ras—PI3 kinase/Akt and Raf/Erk—by  min after the RGMa-Fc treatment (Fig. 2D). This RGMa-
monitoring the phosphorylation levels of Akt and Erk, both of  dependent dephosphorylation of Akt and Erk was not observed
which are activated after phosphorylation. In the N1E-115 cells,  in the p120GAP-shRNA-expressing cells (Fig. 2 E). These results
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Figure3. RGMa stimulation induces the dissociation of p120GAP from FAK through the dephosphorylation of FAK at Tyr-397.
A,RGMa-Fctreatment decreased the interaction between FAK and p120GAP. The N1E-115 cells were treated with RGMa-Fc for the
indicated durations and lysed. Then, the cell lysates were immunoprecipitated with anti-FAK antibody or control IgG, and the
coprecipitated p120GAP was detected using the anti-p120GAP antibody. B, RGMa-Fc treatment decreased the interaction be-
tween FAK and GST-GAP-N. The NTE-115 cells were treated with RGMa-Fc for the indicated durations. Then, the cell lysates were
incubated with GST-GAP-N, and the coprecipitated FAK was detected using an anti-FAK antibody. €, RGMa-Fc treatment de-
creased the Tyr-397 phosphorylation of FAK. The N1E-115 cells were treated with RGMa-Fc for the indicated durations. The
Tyr-397 phosphorylation level of FAK in the total cell lysates was analyzed by using the anti-P-FAK (Tyr-397) antibody. The graph
indicates the relative P-FAK level determined by the amount of P-FAK normalized to the total amount of FAK in the cell lysates. The
results are expressed as means == SD of three independent experiments (graph). *p << 0.05 by Student’s ¢ test. D, E, treatment
with tyrosine phosphatase inhibitor prevented the RGMa-induced dissociation of p120GAP from FAK and the Ras inactivation. The
N1E-115 cells were pretreated with 30 pum pervanadate for 10 min, followed by treatment with RGMa-Fc for 5 min. The cell lysates
were immunoprecipitated with anti-FAK antibody, and the coprecipitated p120GAP was detected using the anti-p120GAP anti-
body. Ras activity was also analyzed by the GST-RBD pull-down assay, as described in Figure 1. The relative Ras activities are
represented as the means == SD of three independent experiments (graph). *p << 0.05 by Student’s t test.
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FAK induces Ras activation in malignant
tumor cells (Hecker et al., 2004). We ob-
served the interaction between endoge-
nous p120GAP and FAK in N1E-115 cells,
and RGMa-Fc treatment decreased this in-
teraction within 5 min (Fig. 3A); this time
course is similar to that of RGMa-induced
Ras inactivation. To examine whether
RGMa regulates the interaction between
FAK and the SH2 domain of p120GAP,
FAK in the lysates of the N1E-115 cells was
pulled down by a GST-fused p120GAP
N-terminal domain (GST-GAP-N) that
contained the SH2 domain. When the cells
were treated with RGMa-Fc, the amount
of FAK coprecipitated with GST-GAP-N
decreased (Fig. 3B). This result suggests
that RGMa stimulation negatively regu-
lates the interaction between FAK and the
SH2 domain of p120GAP.

The SH2 domains recognize and bind
specific phosphorylated tyrosine residues
in a sequence-specific manner (Pawson et
al., 2001). The interaction between FAK
and the SH2 domain of p120GAP is de-
pendent on the Tyr-397 phosphorylation
of FAK (Hecker et al., 2004). Correspond-
ing to the RGMa-induced decrease in the
interaction between FAK and the SH2 do-
main of pl20GAP, the RGMa-Fc treat-
ment resulted in a reduction in the phos-
phorylation of FAK at Tyr-397 (Fig. 3C).
To confirm that the RGMa-induced de-
crease in the interaction between
p120GAP and FAK depends on the ty-
rosine dephosphorylation of FAK, we used
a tyrosine phosphatase inhibitor, pervana-
date, to block the RGMa-induced dephos-
phorylation events. As shown in Figure
3D, pretreatment of the cells with pervana-
date prevented the RGMa-induced disso-
ciation of p120GAP from FAK. Consistent
with this observation, the RGMa-induced
Ras inactivation was also inhibited by pre-
treatment with pervanadate (Fig. 3E).
These results suggest that the RGMa-
induced Ras inactivation requires the dis-
sociation of p120GAP from FAK, which
occurs through the dephosphorylation of
FAK at Tyr-397.

The SH2 domain of p120GAP interacts
with neogenin through the
Tyr-397-phosphorylated FAK

indicate that the p120GAP-dependent Ras inactivation leads to
inactivation of Akt and Erk in the N1E-115 cells.

RGMa stimulation induces the dissociation of p120GAP from
FAK by influencing the dephosphorylation of FAK at Tyr-397
It has been reported that pI20GAP forms a complex with FAK in
the developing rat brain, and this interaction is mediated through
the SH2 domain of p120GAP (Serpente et al., 1996) (Fig. 4B). A
previous study has shown that the interaction of p120GAP with

The intracellular domain of neogenin has been shown to interact
with FAK (Ren et al., 2004). We also observed the interaction
between neogenin and FAK in N1E-115 cells by coimmunopre-
cipitation with an anti-neogenin antibody, and this interaction
was not influenced by RGMa treatment (Fig. 4A). We further
investigated the association between p120GAP and neogenin. Ly-
sates from neogenin-transfected HEK293T cells were incubated
with GST-fusion proteins containing GAP-N, the SH2 domain,
or the SH3 domain of p120GAP. Neogenin was found to bind to
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RGMa-Fc for the indicated durations and lysed. Then, the cell lysates were immunoprecipitated with the anti-neogenin antibody, and the coprecipitated FAK was detected using the anti-FAK
antibody. B, SH2 domain of p120GAP interacts with neogenin and FAK. Cell lysates from the neogenin-VSV-expressing HEK293T cells were incubated with GST, GST-GAP-N, GST-SH2, or GST-SH3
bound to glutathione-Sepharose. The coprecipitated neogenin and FAK were analyzed by immunoblotting with the anti-VSV and anti-FAK antibodies. GST-fusion proteins were detected by
Coomassie brilliant blue (CBB) staining. C, Expression of FAK WT, but not of the Y397F mutant, increased the amounts of neogenin and FAK precipitated with GST-GAP-N. The HEK293T cells were
transfected with the indicated plasmids and lysed. The cell lysates were incubated with GST-GAP-N bound to glutathione-Sepharose. The coprecipitated neogenin and FAK were analyzed by
immunoblotting with anti-VSV, anti-FAK, and anti-HA antibodies. Endo. FAK, Endogenous FAK. D, SFK inhibition did not influence the amounts of neogenin and FAK precipitated with GST-GAP-N.
The HEK293T cells expressing neogenin-VSV and HA-FAK were treated with 5 um PP2 or 5 m PP3 for 30 min and lysed. The cell lysates were incubated with GST-GAP-N bound to glutathione-
Sepharose. The coprecipitated neogenin and FAK were analyzed by immunoblotting with anti-VSV and anti-FAK antibodies. The phosphorylation levels of FAK at Tyr-397 and Tyr-861 in the total cell
lysates were analyzed by anti-P-FAK (Tyr-397) and anti-P-FAK (Tyr-861) antibodies. £, FAK directly interacted with GST-GAP-N. Recombinant active FAK was incubated with GST or GST-GAP-N bound
to glutathione-Sepharose. The precipitated FAK, GST, and GST-GAP-N proteins were detected by (BB staining. F, Neogenin, FAK, and GST-GAP-N form the triple complex. Cell lysates from the
HEK293T cells transfected with neogenin-VSV or a mock plasmid were separated by SDS-PAGE, and subjected to Far Western blotting by using GST-GAP-N together with or without recombinant
active FAK. Only the GST-GAP-N mixed with active FAK bound to neogenin-VSV. G, RGMa-Fc does not influence the interaction between p120GAP and neogenin. The NTE-115 cells were treated with
RGMa-Fc for 5 min and lysed. Then, the cell lysates were immunoprecipitated with the anti-p120GAP antibody, and the coprecipitated neogenin was detected using the anti-neogenin antibody.

GAP-N and the SH2 domain, but not to the control GST or the
SH3 domain (Fig. 4 B). We also detected FAK in the precipitates
formed by GST-GAP-N and GST-SH2 (Fig. 4 B), suggesting that
the SH2 domain of p120GAP interacts with neogenin through
FAK binding with neogenin. Therefore, we examined the in-
volvement of FAK in the interaction between neogenin and the
SH2 domain of p120GAP. As shown in Figure 4C, the coexpres-
sion of FAK wild type (WT) with neogenin increased the amount
of neogenin coprecipitated with GST-GAP-N, whereas coexpres-
sion of FAK Y397F, which showed very weak binding to GST-
GAP-N, did not increase neogenin coprecipitation. This result

indicates that FAK mediates the interaction between neogenin
and the SH2 domain of p120GAP, and this interaction is depen-
dent on the phosphorylation of FAK at Tyr-397. Since the phos-
phorylation of FAK at Tyr-397 leads to additional phosphoryla-
tion of tyrosine residues in the C terminus of FAK through the
activity of Src family kinase (SFK), the tyrosine phosphorylation
at additional sites on FAK may mediate the interaction between
FAK and the SH2 domain of p120GAP. To examine the involve-
ment of SFK-dependent tyrosine phosphorylation of FAK in the
interaction between the SH2 domain of p120GAP and FAK or
neogenin, we used the SFK inhibitor PP2. The cells expressing
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neogenin and FAK were treated with PP2, or an inactive analog
PP3, and the cell lysates were subjected to the GST-GAP-N pull-
down assay. As shown in Figure 4 D, the FAK phosphorylation at
Tyr-861, an SFK-dependent phosphorylation site (Calalb et al.,
1996), in the PP2-treated cells was lower than that in the PP3-
treated cells; however, PP2 did not have any effect on the phos-
phorylation of FAK at Tyr-397. Interestingly, there was no signif-
icant difference between the amounts of FAK and neogenin
coprecipitated with GST-GAP-N in the PP2-treated cells and
PP3-treated cells (Fig. 4 D), suggesting that the SFK-dependent
tyrosine phosphorylation of FAK is not required for the interac-
tion between FAK and neogenin and the SH2 domain of
P120GAP. In addition, we observed the interaction between the
purified recombinant active FAK and GST-GAP-N (Fig. 4E),
suggesting that FAK directly binds to the SH2 domain of
p120GAP. This finding supports the notion that FAK directly
binds to the C-terminal domain of neogenin to mediate the link
between p120GAP and neogenin. Therefore, we next examined
whether the SH2 domain of p120GAP interacts directly with neo-
genin or indirectly via FAK. To this end, we performed Far West-
ern blotting using GST-GAP-N and recombinant active FAK.
The lysates from neogenin-expressing HEK293T cells were sepa-
rated using SDS-PAGE and transferred to PVDF membranes.
The membranes were probed using GST-GAP-N together with or
without recombinant active FAK. We observed that GST-GAP-N
bound to neogenin on the PVDF membrane only in the presence
of active FAK (Fig. 4 F). This result indicates that FAK acts as the
link in the interaction between p120GAP and neogenin. We de-
termined whether RGMa stimulation mediates the interaction
between p120GAP and neogenin. A detectable level of neogenin
was immunoprecipitated with the anti-p120GAP antibody from
the lysates of the N1E-115 cells; however, we did not detect any
signals for neogenin when nonspecific IgG was used for immu-
noprecipitation (Fig. 4G). However, there was no significant dif-
ference between the amounts of neogenin immunoprecipitated
with the anti-p120GAP antibody in the case of the RGMa-Fc-
treated cells and nontreated cells (Fig. 4G).

RGMa stimulation inhibits Ras activity in cortical neurons

To investigate the functional roles of the inactivation of Ras in the
RGMa-neogenin signaling pathways, we used cultured cortical
neurons that had neogenin and were capable of responding to
RGMa (Yoshida et al., 2008). The level of active GTP-Ras in the
RGMa-Fc-treated neurons was lower than that in the control
Fc-treated neurons (relative Ras activity: at 30 min after
RGMa-Fc treatment, 0.77 = 0.04 of control levels) (Fig. 5A). We
observed that Ras activity decreased from 10 min to 1 h after the
RGMa-Fc treatment (Fig. 5B). Consistent with this observation,
Akt, a Ras-downstream factor, was dephosphorylated after
RGMa-Fc treatment in the cortical neurons as well as in the N1E-
115 cells; in contrast, we did not observe dephosphorylation of
Erk, another Ras-downstream factor, in the RGMa-Fc-treated
cortical neurons (Fig. 5C). Therefore, Akt, but not Erk, may be a
downstream target of the RGMa-induced Ras inactivation. Fur-
thermore, we observed that RGMa-Fc treatment increased the
amount of p120GAP coprecipitated with GTP-Ras by GST-Raf-
RBD in the cortical neurons, similar to the results for the N1E-
115 cells (Fig. 5D). We also observed the interaction of endoge-
nous p120GAP with FAK and neogenin in the cultured cortical
neurons, although the interaction of p120GAP with neogenin
was very weak compared with that with FAK (Fig. 5E), and
RGMa-Fc treatment decreased the interaction between p120GAP
and FAK in the cortical neurons (Fig. 5F) as well as in the N1E-
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115 cells. Next, we examined whether RGMa stimulation influ-
ences the Tyr-397 phosphorylation of FAK and the interaction
between FAK and the SH2 domain of p120GAP. The amount of
FAK coprecipitated with GST-GAP-N and the phosphorylation
level of FAK at Tyr-397 decreased within 10 min after RGMa-Fc
treatment (Fig. 5G,H); this time course is similar to that of
RGMa-induced Ras inactivation. These results suggest that
RGMa stimulation induces Ras inactivation by increasing the
interaction between p120GAP and GTP-Ras in cortical neurons;
this interaction may possibly occur through the dissociation of
p120GAP from FAK, which is caused by the dephosphorylation
of FAK at Tyr-397.

The involvement of Ras inactivation via p120GAP in RGMa-
induced growth cone collapse

To examine the involvement of Ras inactivation in the repulsive
function of RGMa, we transfected constitutively active
H-RasV12 along with GFP in the cortical neurons. When the
neurons that expressed only GFP were treated with RGMa-Fc, the
axonal shafts became more slender and many growth cones ex-
hibited a distorted shape (Fig. 6 A). The rate of growth cone col-
lapse of the RGMa-Fc-treated neurons significantly increased at
30 min, in comparison with the rate of growth cone collapse in
the neurons treated with Fc as a control (Fig. 6B) (Fc, 27.4 =
5.6%; RGMa-Fc, 44.7 = 5.7%). In contrast, the neurons express-
ing H-RasV12 had robust axonal shafts and the growth cones
exhibited a more expansive morphology (Fig. 6A). In the neu-
rons expressing H-RasV12, there was no significant difference
between the effects of RGMa-Fc and Fc treatments on the rate of
the collapsed growth cones (Fig. 6 B) (Fc, 22.1 = 3.3%; RGMa-Fc,
25.4 = 3.8%). This observation suggests that Ras inactivation is
required for RGMa-induced growth cone collapse.

We further examined whether p120GAP plays a role in the
growth cone behavior downstream of RGMa-neogenin. We
knocked down the expression of endogenous p120GAP by elec-
troporation of a pI20GAP shRNA plasmid in the cortical neu-
rons. The expression of pl20GAP in pl20GAP-shRNA-
transfected neurons decreased to ~60% of that in the control-
shRNA-transfected neurons (Fig. 6C). This result indicates that
the pI20GAP expression in the pl120GAP-shRNA-transfected
neurons was almost entirely knocked down, because the esti-
mated transfection efficiency in the GFP-transfected neurons was
~30-40%. When the control shRNAs, which had a mutated
target sequence for p120GAP, were electroporated into the neu-
rons, RGMa-Fc treatment enhanced the rate of growth cone col-
lapse (Fig. 6 D,E) (Fc, 28.7 = 1.0%; RGMa-Fc, 49.6 = 1.6%). In
contrast, treatment with RGMa-Fc did not significantly influence
the rate of growth cone collapse in the neurons expressing
p120GAP shRNA, in comparison with the Fc treatment (Fig.
6D,E) (Fc, 32.1 *+ 2.2%; RGMa-Fc, 34.2 *+ 2.6%). Thus,
P120GAP is required for RGMa-induced growth cone collapse.

The involvement of p120GAP in RGMa-induced neurite
outgrowth inhibition

Previous reports have shown that RGMa inhibits mammalian
CNS neurite outgrowth in vitro (Brinks et al., 2004; Hata et al.,
2006; Kubo et al., 2008; Ohshima et al., 2008; Yoshida et al.,
2008). To evaluate the involvement of p120GAP in the long-term
effects of RGMa, we performed two types of in vitro neurite out-
growth assays. The electroporation of chemically synthesized
siRNA resulted in almost complete knockdown of p120GAP ex-
pression in the cortical neurons (supplemental Fig. 1 A, available
at www.jneurosci.org as supplemental material). The introduc-
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Figure 5.  The involvement of p120GAP-mediated Ras inactivation in RGMa signaling in cortical neurons. 4, RGMa treatment induced inactivation of Ras. Cortical neurons were treated with
RGMa-Fc or Fc for 30 min. The levels of Ras activity were determined by using the procedure described in Figure 1. B, The time course of Ras activity after RGMa-Fc treatment in cortical neurons. The
relative Ras activities are shown below the top panel. ¢, RGMa-Fc treatment decreased the phosphorylation of Akt, but not of Erk. The cortical neurons were treated with RGMa-Fc for the indicated
durations and lysed. The levels of P-Akt and P-Erk were determined as described in Figure 2 D. The relative P-Akt and P-Erk levels are represented as means = SD of three independent experiments
(graph). *p << 0.05 by Student's  test. D, RGMa-Fc treatment increased the interaction between p120GAP and GTP-Ras. The cortical neurons were treated with RGMa-Fc for the indicated durations.
The cell lysates were incubated with GST-RBD, and the p120GAP coprecipitated with GTP-Ras was detected by using the anti-p120GAP antibody. The total p120GAP expression was detected by
immunoblotting the cell lysates. E, Endogenous p120GAP interacts with neogenin and FAK. The lysates from cortical neurons were used for immunoprecipitation with the anti-p120GAP antibody
or control IgG. The whole-cell lysates and the immunoprecipitates were probed with anti-neogenin, anti-FAK, and anti-p120GAP antibodies, as indicated. F, RGMa-Fc treatment decreased the
interaction between FAK and p120GAP. The cortical neurons were treated with RGMa-Fc for the indicated durations and lysed. Then, the cell lysates were immunoprecipitated with anti-FAK antibody
or control IgG, and the coprecipitated p120GAP was detected using the anti-p120GAP antibody. G, RGMa-Fc treatment decreased the interaction between FAK and GST-GAP-N. The cortical neurons
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treatment decreased the phosphorylation of FAK at Tyr-397. The cortical neurons were treated with RGMa-Fc for the indicated durations. The phosphorylation level of FAK at Tyr-397 in the total cell
lysates was analyzed by using the anti-P-FAK (Tyr-397) antibody. The graph indicates the relative P-FAK levels that were determined as described in Figure 3C. The results are expressed as means
SD of three independent experiments (graph). *p << 0.05 by Student's ¢ test.

tion of this siRNA as well as that of p120GAP shRNA prevented  induced growth cone collapse, the inhibition of neurite out-
RGMa-induced growth cone collapse (supplemental Fig. 1B,C,  growth by RGMa-Fc was absent in the pl20GAP-siRNA-
available at www.jneurosci.org as supplemental material). Con-  electroporated neurons, whereas neurite outgrowth of the
sistent with the effect of p120GAP knockdown on the RGMa-Fc-  control siRNA-electroporated neurons was significantly reduced
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the treatment of the cortical neurons
with wortmannin or U0126 resulted in
specific inactivation of Akt or Erk, re-
spectively. When the cultured cortical
neurons were treated with wortmannin
for 30 min, the rate of growth cone col-
lapse increased significantly, whereas
U0126 treatment did not have any effect
on growth cone morphology within 30
min (Fig. 8 B,C). To determine whether
the inactivation of Akt is necessary for
RGMa-induced growth cone collapse,
we transfected constitutively active Akt-

- + myr in the cortical neurons. The expres-
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GFP+RasV12 sion of Akt-myr increased the amount of

phosphorylated Akt (Fig. 8 D) and pre-
vented the RGMa-induced growth cone
collapse (Fig. 8E,F) (mock, Fc, 25.6 *
2.6%; RGMa-Fc, 54.3 £ 4.9%; Akt-myr,
Fc, 25.9 £ 6.1%; RGMa-Fc, 249 =+
3.6%), suggesting that RGMa stimula-
tion induces growth cone collapse
through the inactivation of Akt.
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The involvement of FAK
dephosphorylation in RGMa-induced
growth cone collapse

Next, we examined whether dephos-
phorylation of FAK at Tyr-397 is neces-
sary for RGMa-induced growth cone
collapse. To block the dephosphoryla-
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GFP tion of FAK in the cortical neurons, we
treated cultured neurons with pervana-
date, a potent tyrosine phosphatase in-
hibitor. However, pervanadate itself rap-

idly induced growth cone collapse (data
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tutively active Ras prevented RGMa-induced growth cone collapse. The cortical neurons were cotransfected with Ras\/12 ora mock plasmid
along with GFP. At 60 h after the transfection, the neurons were treated with RGMa-Fc or Fc for 30 min, fixed, and stained with phalloidin
forvisualizing F-actin. B, The percentages of the collapsed growth cones. The values are represented as the mean == SD of three indepen-
dent experiments (at least 70 growth cones in each experiment). *p << 0.01 by two-way ANOVA with Bonferroni’s post hoc test. C, The
effect of p120GAP shRNA on the expression of p120GAP in cortical neurons. The cortical neurons transfected with p120GAP shRNA or
mutated p120GAP shRNA were cultured for 60 hand lysed. The expressions of p120GAP and cv-tubulin were detected with anti-p120GAP
and anti-c-tubulin antibodies, respectively. D, p120GAP knockdown prevented RGMa-induced growth cone collapse. The cortical neu-
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values are represented as the means = SD of three independent experiments (at least 70 growth conesin each experiment). *p << 0.01 by

not shown), and we substituted pervana-
date with orthovanadate. We observed
that RGMa-induced growth cone col-
lapse was prevented by the orthovana-
date treatment (Fig. 9A, B) (control, Fc,
32.5 * 6.3%; RGMa-Fc, 53.6 £ 4.6%;
orthovanadate, Fc, 33.1 * 4.5%; RGMa-Fc,
33.1 * 6.3%), although orthovanadate itself
did not have any effect on growth cone

two-way ANOVA with Bonferroni’s post hoc test.

in the presence of RGMa-Fc (Fig. 7A,B) (control siRNA, Fc,
68.2 + 2.8 um; RGMa-Fc, 51.5 = 2.3 um; p120GAP siRNA, Fc,
66.2 £ 2.8 um; RGMa-Fc, 67.7 = 3.1 wm). We also obtained a
similar result when the neurons were cultured on a confluent
monolayer of RGMa-expressing CHO cells (Fig. 7C,D) (control
siRNA, control CHO, 67.7 £ 3.3 um; RGMa-CHO, 43.0 = 2.1
um; pl20GAP siRNA, control CHO, 66.1 = 3.4 um; RGMa-
CHO, 68.4 = 3.4 um). These results suggest that the effects of
RGMa on growth cone morphology and neurite growth are reg-
ulated by the common signaling pathway involving p120GAP.

The involvement of Akt inactivation in RGMa-induced
growth cone collapse

Next, we examined the involvement of Akt and Erk in the
RGMa-induced growth cone collapse. As shown in Figure 8 A,

morphology. In addition, we investigated

the inhibitory activity of orthovanadate to-

ward tyrosine phosphatase. The orthovana-
date treatment increased the amount of Tyr-397-phosphorylated
FAK and prevented RGMa-induced dephosphorylation of FAK
(Fig. 9C).

Our findings suggest that RGMa stimulation induces dephos-
phorylation of FAK at Tyr-397 via an unidentified tyrosine phos-
phatase. Recently, neogenin has been shown to bind tyrosine
phosphatase SHP2, depending on the tyrosine phosphorylation
of neogenin (Ren et al., 2008). Since SHP2 can dephosphorylate
FAK at Tyr-397 (Manes et al., 1999; Rafiq et al., 2006), SHP2 is a
candidate molecule for the regulation of FAK dephosphorylation
and the repulsive function in RGMa signaling. However, SHP2
knockdown in cortical neurons did not have any effect on RGMa-
induced growth cone collapse or neurite outgrowth inhibition
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material).
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Discussion

In this study, we found that, in neuronal
cells, RGMa regulates the activity of the
small GTPase Ras through neogenin.
RGMa stimulation induces the inactiva-
tion of Ras and its downstream effector
Akt, and this inactivation appears to be in-
duced by an increase in the amount of
p120GAP interacting with GTP-Ras. We
demonstrated that the association be-
tween p120GAP and FAK plays a key role
in regulating Ras activity in the RGMa sig-
naling pathway. RGMa stimulation de-
creases the interaction between FAK and
p120GAP, and this effect is mediated by
the phosphorylation of FAK at Tyr-397.
We further demonstrated that the Ras in-
activation mediated through the p120GAP
activity is important for RGMa-dependent
growth cone collapse and neurite out- C
growth inhibition. The proposed mecha-
nism of action of p120GAP in RGMa sig-
naling is summarized in Figure 10.

Control

P120GAP mediates RGMa signaling
The Ras-GAP-mediated Ras inactivation
in neurite repulsion has been reported
to be involved in ephrin-Eph signaling
and semaphorin4D-Plexin-B1 signaling
(Elowe et al., 2001; Oinuma et al., 2004;
Dail et al., 2006). Similar to these findings,
our study revealed that RGMa also induces
Ras inactivation in the neogenin-
expressing neuronal cells. The Ras inacti-
vation most probably contributes to
growth cone collapse, because the expres-
sion of constitutively active H-RasV12
prevents RGMa-induced growth cone col-
lapse in cultured cortical neurons. Ras is
activated by GEFs and inactivated by
GAPs; therefore, inactivation of GEFs, ac-
tivation of GAPs, or both of these phe-
nomena lead to Ras inactivation (Lowy et
al,, 1991; Zheng and Quilliam, 2003;
Iwashita and Song, 2008). We determined
that p120GAP mediates Ras inactivation
and repulsive function in the RGMa-
signaling process on the basis of the fol-
lowing observations. The knockdown of
p120GAP and expression of the dominant-negative form of
P120GAP in N1E-115 cells inhibited RGMa-induced Ras inacti-
vation, and the knockdown of p120GAP in the cortical neurons
prevented RGMa-induced growth cone collapse and neurite out-
growth inhibition.

p120GAP can inactivate the major Ras isoforms (H-Ras,
K-Ras, and N-Ras) and R-Ras, another member of the Ras sub-
family (Boguski and McCormick, 1993; Rey et al., 1994; Li et al.,
1997). Although H-Ras and R-Ras have highly homologous
effector-binding domains and can bind common effectors such
as PI3 kinase and Raf in vitro, in intact cells, H-Ras can activate
both PI3 kinase/Akt and Raf/Erk pathways, whereas R-Ras can
activate only the PI3 kinase/Akt pathway (Marte et al., 1997). We

RGMa

Figure7.
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p120GAP is required for RGMa-induced neurite outgrowth inhibition. 4, p120GAP knockdown prevented RGMa-Fc-
induced neurite outgrowth inhibition. The cortical neurons were transfected with p120GAP siRNA or control siRNA. At 24 h after
the transfection, the neurons were replated and cultured with RGMa-Fc or Fc for 24 h. Then, the neurons were fixed and immu-
nostained with the anti-Blll-tubulin antibody. Scale bar, 100 rm. B, Mean length of the longest neurite per neuron. The values
are represented as the means == SEM from at least 100 neurons for each population. *p << 0.01 by Student’s ¢ test. €, p120GAP
knockdown prevented the neurite outgrowth inhibition induced by membrane-bound RGMa. The cortical neurons were trans-
fected with p120GAP siRNA or control siRNA and cultured for 36 h on CHO cells (control) or RGMa-CHO cells (RGMa). Then, the
neurons were fixed and immunostained with the anti- Blll-tubulin antibody. Scale bar, 100 m. D, Mean length of the longest
neurite per neuron. The values are represented as the mean == SEM for at least 100 neurons for each population. *p << 0.01 by

demonstrated that RGMa inactivates both Akt and Erk in N1E-
115 cells, whereas RGMa inactivates Akt, but not Erk, in the
cortical neurons. This difference in downstream signaling may be
attributable to the different contributions of the Ras isoforms in
each cell type. In addition, the inhibitory effect of H-RasV12 in
RGMa-dependent growth cone collapse may be attributable to
the inhibition of p120GAP binding to endogenous R-Ras as well
as H-Ras. Therefore, additional studies are necessary to clarify the
contribution of each Ras isoform to RGMa signaling.

Mechanisms of p120GAP activation in RGMa

signal transduction

The SH2 domain of p120GAP interacts with FAK through the
phosphorylation of FAK at Tyr-397. We found that endogenous
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Akt, but not Erk, mediates the RGMa-induced growth cone collapse. A, The effects of the inhibition of PI3 kinase or mitogen-activated protein kinase kinase (MEK) on the phosphory-

lation levels of Akt or Erk in the cortical neurons. The cortical neurons were treated with 100 nm wortmannin (Wort), 10 m U0126, or DMSO for 30 min and lysed. The phosphorylation levels of Akt
and Erk in the total cell lysates were analyzed by using anti-P-Akt and P-Erk antibodies. The total expressions of Akt and Erk were detected by the anti-Akt and anti-Erk antibodies. B, PI3 kinase
inhibition, but not MEK inhibition, induced growth cone collapse in cortical neurons. The cortical neurons were cultured for 48 h and treated with 100 nm wortmannin, 10 um U0126, or DMSO for 30
min. Then, the neurons were fixed and stained with phalloidin for detecting F-actin. C, The percentages of the collapsed growth cones after treatment with wortmannin, U0126, or DMSO. D,
Expression of constitutively active Akt (Akt-myr) increases the amount of P-Akt, but it does not influence the amount of P-Erk. The cortical neurons were transfected with Akt-myr or a mock plasmid
and cultured for 60 h. The levels of P-Akt and P-Erk were analyzed as described in A. E, Expression of Akt-myr prevents RGMa-induced growth cone collapse. The cortical neurons were cotransfected
with Akt-myr or a mock plasmid along with GFP. At 60 h after the transfection, the neurons were treated with RGMa-Fc or Fc for 30 min, fixed, and stained with phalloidin. F, The percentages of
collapsed growth cones. The values are represented as the means = SD of three independent experiments (at least 70 growth cones in each experiment). *p << 0.01 by two-way ANOVA with

Bonferroni's post hoc test.

p120GAP interacts with FAK in the cultured embryonic cortical
neurons as well as in the N1E-115 cells, which is in agreement
with a previous finding for an embryonic rat brain (Serpente et
al., 1996). Our study is the first to explore the functional role of
this interaction in neuronal cells. The interaction between
p120GAP and FAK decreased downstream of RGMa signaling,
and this decrease most probably led to the activation of p120GAP
for GTP-Ras. However, it is uncertain how the FAK-p120GAP
interaction regulates the activity of pl120GAP. It has been re-
ported that the overexpression of FAK can increase the level of
GTP-Ras by decreasing the interaction between p120GAP and
GTP-Ras, which occurs through the interaction between FAK
and p120GAP (Hecker et al., 2004). In our experiments, RGMa
stimulation induced dephosphorylation of FAK at Tyr-397 and
caused dissociation of p120GAP from FAK. Concurrently, after
RGMa stimulation, the interaction between p120GAP and GTP-
Ras increased. Thus, FAK seems to be involved in sequestering

p120GAP from GTP-Ras, and RGMa promotes the release of
p120GAP from FAK by influencing the dephosphorylation of
FAK at Tyr-397, thereby enabling the interaction of p120GAP
with GTP-Ras. In this model, it is necessary to recruit the
released p120GAP to the plasma membrane to access the GTP-
Ras. Therefore, RGMa-induced Ras inactivation may involve
another regulator such as annexin A6 that binds p120GAP and
regulates the distribution of p120GAP to the plasma mem-
brane, depending on the intracellular Ca’* concentration
(Davis et al., 1996; Grewal et al., 2005; Grewal and Enrich,
2006). Furthermore, our findings suggest that RGMa stimula-
tion induces dephosphorylation of FAK at Tyr-397 via an un-
identified tyrosine phosphatase. Although we hypothesized
that SHP2 was the candidate tyrosine phosphatase, SHP2 is
not required for the repulsive function of RGMa, suggesting
that other tyrosine phosphatases mediate FAK dephosphory-
lation and repulsive function in RGMa signaling.
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Figure9. Treatment with tyrosine phosphatase inhibitor prevents RGMa-induced growth cone collapse and FAK dephosphorylation. 4, Cortical neurons were cultured for 48 h and pretreated
with 1 mm orthovanadate for 30 min, which was followed by treatment with RGMa-Fc or Fc for 30 min. Then, the neurons were fixed and stained with phalloidin. B, The percentages of the collapsed
growth cones. The values are represented as the means == SD of three independent experiments (at least 70 growth cones in each experiment). *p << 0.01 by two-way ANOVA with Bonferroni’s post
hoctest. C, Cortical neurons were cultured for 48 h and pretreated with 1 mu orthovanadate for 30 min, followed by treatment with RGMa-Fc for 10 min. The Tyr-397 phosphorylation level of FAK
inthe total cell lysates was analyzed by using the anti-P-FAK (Tyr-397) antibody. The graph indicates the relative P-FAK level that was determined by using the procedure described in Figure 3C. The

results are represented as the means == SD of three independent experiments (graph). *p << 0.05 by Student’s ¢ test.

FAK links p120GAP to neogenin

We also demonstrated that the SH2 do-
main of p120GAP could interact with neo-
genin through the Tyr-397-
phosphorylated FAK. Recently, several
SH2-containing  proteins,  including
SHIP1, SHP2, and Fyn, have been shown
to be associated with tyrosine-
phosphorylated neogenin (Ren et al.,
2008). Tyrosine phosphorylation of neo-
genin is dependent on FAK activation,
which occurs via phosphorylation at Tyr-
397, and additional activation of the SFK
that binds to the Tyr-397-phosphorylated
FAK (Ren et al., 2008). However, in our
study, an SFK inhibitor PP2 did not influ-
ence the FAK-dependent interaction of the
SH2 domain of p120GAP with neogenin.
This result suggests that SFK-dependent
tyrosine phosphorylation of neogenin is
not involved in the interaction between
p120GAP and neogenin. The results of our
study, which was performed using purified
proteins, support the idea that p120GAP
may show indirect interaction with neoge-
nin through FAK binding to neogenin
rather than direct interaction with the
tyrosine-phosphorylated neogenin.

We detected the interaction between endogenous p120GAP
and neogenin in neuronal cells, although the interaction was very
weak. Neogenin is necessary for RGMa-induced inactivation of
Ras, and RGMa stimulation induces the dissociation of p120GAP
from FAK, which occurs through the dephosphorylation of FAK
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Figure 10. A diagram of the proposed mechanism of action of p120GAP in RGMa signaling. RGMa binding to neogenin
accelerates the dissociation of p120GAP from FAK by dephosphorylating FAK at Tyr-397 via unidentified protein tyrosine phos-
phatase(s). The interaction between GTP-Ras and the p120GAP released from FAK mediates the inactivation of Ras and its
downstream effector Akt. The inactivation of Ras and Akt contributes to RGMa-mediated repulsive function, including growth
cone collapse and neurite outgrowth inhibition.

at Tyr-397. Neogenin also directly interacts with FAK (Ren et al.,
2004), and this interaction was not influenced by RGMa stimu-
lation in our experiment. These findings suggest that RGMa stim-
ulation may dephosphorylate FAK binding to neogenin to reduce
the interaction between p120GAP and neogenin. However, we
did not observe significant changes in the interaction between
P120GAP and neogenin after RGMa stimulation. Therefore, we
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were not able to clarify the role of the interaction between p120GAP
and neogenin in the RGMa-induced inactivation of Ras.

Cross talk between Ras and Rho in the RGMa

signaling pathway

RhoA and its downstream effector Rho kinase have been impli-
cated in RGMa-mediated repulsive function (Hata et al., 2006;
Conrad et al., 2007). Therefore, both Ras inactivation and RhoA
activation seem to cooperatively regulate the repulsive function
of RGMa. Although it has not been determined whether these
two pathways are related to each other downstream of RGMa and
neogenin, p120GAP can bind to p190RhoGAP, which has also
been implicated in axon outgrowth (Moran et al., 1991; Settle-
man et al., 1992; Brouns et al., 2001). Therefore, RGMa might
regulate p190RhoGAP via p120GAP, thereby inducing the acti-
vation of RhoA. Additional studies are necessary to elucidate the
cross talk between the Ras and Rho signaling pathways in the
repulsive activities of RGMa.

Roles of the RGMa-mediated Ras inactivation in neuronal
network formation

It has been demonstrated that RGMa is expressed in the inner
molecular layer of the hippocampal dentate gyrus and that it
restricts the axonal extension of developmental entorhinal
cortical neurons, thereby facilitating appropriate connection
with the dentate gyrus (Brinks et al., 2004; Ohshima et al.,
2008). Furthermore, a recent study reported that RGMa sup-
presses neurite outgrowth, branching, and synapse formation
in cultured cortical neurons (Yoshida et al., 2008), suggesting
that RGMa may contribute to the formation of a precise wiring
pattern, such as the entorhino-hippocampal connection, by
inhibiting both synapse formation in the inner molecular layer
of the dentate gyrus and axonal extension of the entorhinal
cortical neurons. However, the molecular mechanisms of
these inhibitory activities have not been determined, except
for the involvement of Rho and Rho kinase in neurite out-
growth inhibition. Our observations in cortical neurons sug-
gest that pl120GAP-mediated Ras inactivation in RGMa sig-
naling is one of the mechanisms of such a precise network
connection, at least when considering the inhibition of axonal
extension. As all the data were obtained by in vitro experi-
ments, the relevance of the observations obtained in the
present study must be assessed in vivo in the future studies.
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