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The activation of ezrin-radixin-moesin proteins
is regulated by netrin-1 through Src kinase and
RhoA/Rho kinase activities and mediates netrin-

1-induced axon outgrowth
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ABSTRACT The receptor Deleted in Colorectal Cancer (DCC) mediates the attractive re-
sponse of axons to the guidance cue netrin-1 during development. On netrin-1 stimulation,
DCC is phosphorylated and induces the assembly of signaling complexes within the growth
cone, leading to activation of cytoskeleton regulators, namely the GTPases Rac1 and Cdc42.
The molecular mechanisms that link netrin-1/DCC to the actin machinery remain unclear. In
this study we seek to demonstrate that the actin-binding proteins ezrin—radixin-moesin (ERM)
are effectors of netrin-1/DCC signaling in embryonic cortical neurons. We show that ezrin as-
sociates with DCC in a netrin-1-dependent manner. We demonstrate that netrin-1/DCC in-
duces ERM phosphorylation and activation and that the phosphorylation of DCC is required
in that context. Moreover, Src kinases and RhoA/Rho kinase activities mediate netrin-1-
induced ERM phosphorylation in neurons. We also observed that phosphorylated ERM pro-
teins accumulate in growth cone filopodia, where they colocalize with DCC upon netrin-1
stimulation. Finally, we show that loss of ezrin expression in cortical neurons significantly
decreases axon outgrowth induced by netrin-1. Together, our findings demonstrate that
netrin-1 induces the formation of an activated ERM/DCC complex in growth cone filopodia,
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which is required for netrin-1-dependent cortical axon outgrowth.

INTRODUCTION

During the development of the CNS, extracellular cues guide axons
to the appropriate cellular target. At the budding periphery of ax-
ons, the neuronal growth cone integrates attractive and repulsive
sensory cues and translates them into the appropriate response
(Guan and Rao, 2003; Lowery and Van Vactor, 2009). The GTPases
Rac1, Cdc42, and RhoA, members of the Rho family of small
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GTPases, are major intracellular signaling molecules regulated
downstream of most, if not all, axon guidance cues, including the
netrins, ephrins, semaphorins, and slits (Huber et al., 2003; Govek
et al., 2005; O'Donnell et al., 2009). In the context of axon out-
growth and guidance, Rho GTPases drive the cytoskeletal rear-
rangements that mediate processes such as membrane protrusion
or retraction, axonal shaft consolidation, and receptor endocytosis
(Lowery and Van Vactor, 2009; Hall and Lalli, 2010).

Netrins are conserved bifunctional axon guidance molecules
that can either attract or repel growing axons, depending on the
nature of the neuron (Rajasekharan and Kennedy, 2009). In verte-
brates, netrin-1 attracts and promotes the growth of a wide variety
of neuronal cell types, including cortical and spinal commissural
neurons (Kennedy et al., 1994; Metin et al., 1997; Richards et al.,
1997). The receptor Deleted in Colorectal Cancer (DCC) mediates
the attractive responses induced by netrin-1 and is expressed in the
spinal cord and the forebrain (Keino-Masu et al., 1996; Shu et al.,
2000). A deficiency in either netrin-1 or DCC expression prevents
the formation of spinal and cerebral commissures (Serafini et al.,
1996; Fazeli et al., 1997). In recent years, the signaling cascade
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FIGURE 1: Ezrin interacts with DCC. (A) E13 rat brain protein lysates were incubated with
Affi-Gel-DCC-P-Y1418 phosphopeptide, Affi-Gel-DCC unphosphorylated peptide (control), or
Affi-Gel beads (-). Bound proteins were resolved by SDS-PAGE and stained with Coomassie
blue. Peptides matching the ERM protein sequences of ezrin, radixin, and moesin were
identified by MS/MS analysis of the band at approximately 85 kDa represented by the asterisk.
(B) The domain architecture of wild-type ezrin (ezrinWT) and ezrin mutant proteins. EzrinWT
consists of the N-terminal FERM domain, the a-helical linker region, and the C-terminal
F-actin-binding domain. (C) Lysates of HEK293 cells transfected with pRKS5 or pRK5-DCC were
incubated with GST or GST-ezrinNT fusion proteins coupled to glutathione-agarose beads

(n = 4). GST pull-down-associated proteins and 1% of total cell lysates (TCL) were resolved by
SDS-PAGE and immunoblotted (IB) with antibodies against DCC. Purified GST proteins were

stained with Ponceau S prior to immunoblotting (bottom).

regulated by netrin-1 and DCC has been extensively studied.
Netrin-1 induces the phosphorylation of DCC on tyrosine, serine,
and threonine residues (Meriane et al., 2004). Src kinase activity and
netrin-1-dependent phosphorylation of the C-terminal tyrosine res-
idue 1418 (Y1418) of DCC are essential to netrin-1-mediated axon
outgrowth and attraction (Li et al., 2004; Meriane et al., 2004; Ren
et al., 2008). Ultimately, netrin-1/DCC signal transduction leads to
Rac1 and Cdc42 activation (Li et al., 2002; Shekarabi and Kennedy,
2002), whereas RhoA activity is inhibited (Moore et al., 2008).
Although the F-actin regulators N-WASP and ADF/cofilin have been
implicated in netrin-1 signaling (Shekarabi et al., 2005; Marsick
et al., 2010), the regulation of actin-binding proteins in the context
of netrin-1/DCC signaling is still poorly understood. The ezrin—
radixin—-moesin (ERM) proteins are conserved molecules that bridge
the plasma membrane with the actin cytoskeleton. They share a
similar domain structure that is characterized by an N-terminal four-
point one, ezrin, radixin, moesin (FERM) domain, an o-helical linker
region, and a C-terminal F-actin-binding domain (Fehon et al.,
2010). In the cytoplasm, the phosphorylation of a conserved C-ter-
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tors and the cortical actin network (Charrin
and Alcover, 2006; Niggli and Rossy, 2008;
Fehon et al., 2010). ERM proteins, including
the brain-specific homologue merlin, are ex-
pressed during the development of the CNS
(spinal cord and brain) in mouse and rat em-
bryos (Paglini et al., 1998; Kikuchi et al.,
2002; Ramesh, 2004; Saotome et al., 2004).
In primary embryonic neurons, ERM protein
activity is associated with growth cone dy-
namics, neurite outgrowth, and branching
(Paglini et al., 1998; Cheng et al., 2005;
Haas et al., 2007)

Here we demonstrate that ERM proteins
are effectors of netrin-1/DCC signaling in
embryonic cortical neurons. We show that
ezrin interacts with DCC in a netrin-1—
dependent manner. In response to netrin-1/
DCC stimulation, ERM proteins are phos-
phorylated and activated in cortical neurons.
Furthermore, we show that Src kinases and
RhoA/Rho kinase activities are required for
netrin-1 to mediate ERM activation. In addi-
tion, netrin-1 induces the accumulation of
phosphorylated ERM proteins (pERMs) in
growth cone filopodia, where they colocal-
ize with the receptor DCC. Finally, impairing
ERM activity inhibits DCC-mediated neurite
outgrowth in mouse N1E-115 neuroblas-
toma cells, and loss of ezrin expression
blocks netrin-1-induced axon outgrowth in
primary cortical neurons. Together, these results show that netrin-1
induces the formation of a pERM-DCC complex in growth cone
filopodia and that this complex is required for netrin-1-dependent
cortical axon outgrowth.

RESULTS

Netrin-1 regulates the interaction of ezrin with DCC

in embryonic cortical neurons

We previously demonstrated that DCC is phosphorylated by the Src
kinase Fyn on Y1418 and that this phosphorylation is required to
mediate Racl activation and neurite outgrowth (Meriane et al.,
2004). To identify proteins that interact with phosphorylated Y1418,
we incubated embryonic day 13 (E13) rat brain protein lysates with
Affi-Gel beads coupled to a 15-amino acid DCC peptide phospho-
rylated on Y1418 or to an unphosphorylated control peptide
(Figure 1A). The bound proteins were resolved by SDS-PAGE and
stained with Coomassie blue (Figure 1A). Tandem mass spectrome-
try (MS/MS) analysis performed on one band of ~85 kDa (Figure 1A,
asterisk), which was enriched after incubation with the DCC
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(including T567) are required to promote
netrin-1-induced recruitment of ezrin to
DCC in HEK293 cells. We next determined
whether endogenous ezrin and DCC associ-
ate in embryonic cortical neurons. We first
confirmed by reverse transcription (RT)-PCR
that E18 cortical neurons cultured for 0-3 d
in vitro (DIV) express ezrin mRNA and found
that all three ERM mRNAs, as well as their
brain-specific homologue merlin, were ex-
pressed (Figure 2C). The protein expression
of DCC and ezrin was also confirmed by im-
munoblot (Figure 2D). In rat E18 cortical
neurons at 2DIV, netrin-1 transiently stimu-
lated the interaction of ezrin and DCC
(Figure 2E). Coimmunoprecipitation of ezrin
with DCC was observed after 5 min of ne-
trin-1 stimulation and was significantly re-
duced after a 20-min stimulation (Figure 2, E
and F). Only 0.26% of the total amount of
DCC expressed in HEK293 cells was found
to interact with GST-ezrinNT (Figure 1C),
whereas the interaction of ezrin with DCC

20 minutes

5 minutes

FIGURE 2: Netrin-1 regulates the interaction between ezrin and DCC. Protein lysates of
N1E-115 cells (A) and HEK293 cells (B) transfected with empty vector (E.V.), pRK5-DCC,
pRK5-DCC (1-1120), VSVG-tagged ezrinTD, ezrin wild type, or ezrinA29 as indicated

or (E) lysates of embryonic rat cortical neurons (E18, 2DIV) stimulated with netrin-1 for various
periods of time were submitted to immunoprecipitation (IP) using anti-DCC antibodies.
Immunoprecipitated proteins and 1% (A, B) or 10% (E) of total cell lysates (TCL) were resolved
by SDS-PAGE, followed by immunoblotting (IB) using anti-DCC, anti-ezrin, or anti-VSVG
antibodies. mRNA (C) or proteins (D) were extracted from E18 cortices (ODIV) or cultured
cortical neurons (1, 2, and 3 DIV). (C) RT-PCR amplification of cDNA from ezrin (233 base pairs),
moesin (205 base pairs), radixin (242 base pairs), merlin (248 base pairs), and GAPDH (207 base
pairs). Control reactions (c) were performed with water instead of cDNA for each primer pair.

was increased by sixfold after stimulation of
cortical neurons with netrin-1 (Figure 2F).
Together, these results show that ezrin inter-
acts with DCC via its FERM domain, that
netrin-1 positively regulates the assembly of
ezrin-DCC protein complexes in embryonic
cortical neurons, and that this interaction is
weak in the absence of netrin-1.

Netrin-1/DCC induces ERM

(D) Protein lysates of cortical neurons were resolved by SDS-PAGE and immunoblotted with
antibodies against DCC or ezrin. (F) Quantitative densitometry of the amount of ezrin
immunoprecipitated with DCC in E represented as the fold increase relative to unstimulated
neurons (n = 3). The increase in the amount of ezrin immunoprecipitated is significant after 5 min

of netrin-1 stimulation (*p < 0.01).

phosphopeptide, yielded four peptides corresponding to the ERM
proteins ezrin, radixin, and moesin. The domain architecture of ezrin
is characterized by the N-terminal FERM domain, the o-helical linker
region, and the C-terminus, which harbors the actin-binding domain
(Figure 1B). Because ERM proteins associate with proteins found at
the plasma membrane via their FERM domain (Fehon et al., 2010),
we first determined whether the FERM domain of ezrin (ezrinNT)
could interact with DCC in vitro by glutathione S-transferase (GST)
pull-down assays. Indeed, the FERM domain of ezrin expressed as a
GST fusion protein was found to interact with DCC overexpressed in
HEK293 cells (Figure 1C). To further characterize the interaction,
DCC was coexpressed with the constitutively active mutant protein
ezrinT567D (ezrinTD) in N1E-115 cells, and a mouse monoclonal
antibody against the extracellular domain of DCC was used to im-
munoprecipitate DCC from protein lysates. As shown in Figure 2A,
VSVG-tagged ezrinT567D was able to coimmunoprecipitate with
DCC. When ezrin was coexpressed with DCC in HEK293 cells stimu-
lated with netrin-1, we observed that ezrin was able to interact with
DCC in a netrin-1-dependent manner (Figure 2B). However, DCC
lacking the intracellular domain (DCC (1-1120)) or inactive ezrin
lacking the F-actin binding domain (ezrinA29) abolished the ezrin—
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phosphorylation in embryonic cortical
neurons
Next we wanted to assess whether netrin-1
and DCC regulate the activation of ERM
proteins in neurons. The activation state of
ERM proteins in cell lysates was monitored by immunoblotting
against pERMs using a phospho-specific ERM antibody that recog-
nizes the phosphorylated form of the conserved C-terminal threo-
nine residue in all three ERM proteins (Figure 1B). In embryonic cor-
tical neurons stimulated with netrin-1 for different periods of time,
we found that netrin-1 stimulation increased pERM levels after 5 min
of stimulation (Figure 3A). There was a significant activation peak in
ERM phosphorylation between 5 and 10 min of stimulation, with
pERM/ezrin ratios of 1.94 £ 0.43 and 1.67 £ 0.09, respectively
(Figure 3B). Past 10 min of netrin-1 stimulation, ERM phosphoryla-
tion decreased but appeared to be maintained. To confirm that
DCC mediates the regulation of ERM proteins by netrin-1, dissoci-
ated embryonic cortical neurons were incubated with a function-
blocking DCC antibody or with mouse immunoglobulin G (IgG) as a
negative control prior to netrin-1 stimulation. Blocking the function
of DCC resulted in the inhibition of netrin-1-mediated ERM phos-
phorylation in cortical neurons (Figure 3, C and D), thus confirming
that DCC is required for netrin-1 to mediate ERM phosphorylation.
The phosphorylation of DCC on Y1418 has previously been
shown to be important for netrin-1/DCC signaling (Li et al., 2004;
Meriane et al., 2004; Ren et al., 2008). In addition, we found that a

Molecular Biology of the Cell
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FIGURE 3: Netrin-1 induces the phosphorylation of ERM proteins through DCC in embryonic
cortical neurons. (A) Protein lysates of embryonic rat cortical neurons (E18, 2DIV) stimulated with
netrin-1 for various periods of time or (E) protein lysates of NIE-115 cells transfected with empty
vector (E.V.), pRK5-DCC, or pRK5-DCC-Y1418F were resolved by SDS-PAGE, followed by
immunoblotting using anti-DCC, anti-pERM, anti-ezrin, or anti-actin antibodies. (B) Quantitative
densitometry of A is represented as the ratio of pERM over total ezrin and corresponds to the
average of at least three independent experiments. The increase in pERM levels after 5 and

10 min of netrin-1 stimulation was significant (*p < 0.05; **p < 0.005). (C) The experiment was as
described in A, except that function-blocking DCC antibodies were added before netrin-1
stimulation. Mouse IgGs were used as a negative control. (D) Quantitative densitometry of C is
represented as the ratio of pERM over total ezrin and corresponds to the average of at least
three independent experiments. The increase in pERM after 10 min of netrin-1 stimulation is
significant (*p < 0.05). Error bars, SEM. (E) The upper pERM band represents ezrin and radixin,

and the lower band is moesin.

DCC-Y1418 phosphopeptide was able to recruit ERM proteins in
embryonic rat brain protein lysates (Figure 1A). Thus we examined
whether the phosphorylation state of DCC-Y1418 influences pERM
levels in NT1E-115 cells, which endogenously express netrin-1 (Li
et al., 2002). We found that the expression of wild-type DCC in
these cells increased significantly the phosphorylation of ERM pro-
teins, whereas the expression of the phospho-deficient mutant
DCC-Y1418F led to a reduction in ERM phosphorylation below the
basal pERM levels observed in control cells transfected with empty
vector (Figure 3E). Taken together, these results suggest that ne-
trin-1 induces DCC-dependent ERM phosphorylation in cortical
neurons and that the phosphorylation of DCC on Y1418 is required
for netrin-1-mediated activation of ERM proteins.

Src kinases and RhoA/Rho kinase activities are required for
netrin-1/DCC to mediate ERM activation

Axon outgrowth and guidance mediated by netrin-1/DCC signaling
require the function of Src family kinases (Li et al., 2004; Liu et al.,
2004; Meriane et al., 2004; Ren et al., 2008). To determine whether
Src kinases also regulate ERM phosphorylation in response to
netrin-1, embryonic cortical neurons were treated with netrin-1 in
the presence of the Src kinase inhibitor PP2 or dimethyl sulfoxide
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mouse IgG

anti-DCC of RhoA, Rac1, and Cdc42 with toxin B in
cortical neurons (Figure 4C). The toxin B
treatment significantly reduced the ability of
netrin-1 to induce ERM phosphorylation
(PERM/ezrin ratio, 1.21 £ 0.15) compared
with the pERM levels observed with the con-
trol PBS treatment (pERM/ezrin ratio, 2.74 =
0.44; Figure 4, C and D). Toxin B treatment
did not influence ERM phosphorylation in
unstimulated cortical neurons, thus confirm-
ing that the inhibitory effect observed with
toxin B is specific to netrin-1-induced ERM
phosphorylation. We next determined the
specific contribution of RhoA, Rac1, and
Cdc42 in the context of ERM phosphoryla-
tion by inhibiting RhoA or Racl activities
with C3 transferase (C3T) and the NSC23766
compound, respectively, or by down-regula-
tion of Cdc42 expression with synthetic
siRNA targeting Cdc42. The inhibition of
RacT by NSC23766 treatment or depletion
of Cdc42 did not inhibit netrin-1-dependent
ERM phosphorylation in cortical neurons
(Supplemental Figure S1). On the other
hand, the inhibition of RhoA by C3 trans-
ferase treatment was sufficient to block ERM phosphorylation in-
duced by netrin-1 without altering the basal level of ERM phospho-
rylation in unstimulated cortical neurons (Figure 4, E and F).
Furthermore, the inhibition of Rho kinase by Y27632 treatment also
interfered with the ability of netrin-1 to induce ERM phosphorylation
(Figure 4, G and H). Therefore these data demonstrate that the ac-
tivities of Src kinases and RhoA/Rho kinase are solicited downstream
of netrin-1 and DCC to mediate ERM phosphorylation.

Netrin-1 induces the accumulation of pERMs and their
colocalization with DCC in neuronal growth cones

We next examined the localization of activated ERM proteins in
netrin-1-stimulated cortical neurons by immunostaining neurons
with antibodies specific for pERM. In unstimulated cortical neurons,
PERMs were mostly localized in the filopodia emanating from neu-
ronal cell bodies and practically absent from axons or growth cones
(Figure 5A). After 5 and 20 min of netrin-1 stimulation, the pERM
immunostaining was clearly increased (Figure 5A), which is reminis-
cent of the increase in pERM levels observed in cortical neuron
lysates (Figure 3B). Netrin-1 induced a significant accumulation of
PERM in growth cones compared with unstimulated neurons (Figure
5A), whereas no significant difference was observed for the ezrin
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FIGURE 4: Src family kinases and RhoA/Rho kinase mediate ERM protein phosphorylation in
cortical neurons stimulated with netrin-1. Embryonic rat cortical neurons (E18, 2DIV) were
incubated with netrin-1 for the indicated times following treatment with (A, B) Src kinase
inhibitor PP2 or DMSO as a negative control, (C, D) Rho GTPase inhibitor toxin B or PBS as a
negative control, (E, F) RhoA inhibitor C3 transferase (C3T) or glycerol as a negative control, or
(G, H) Rho kinase inhibitor Y27632 or water (H,0) as a negative control. Protein lysates were
resolved by SDS-PAGE and immunoblotted with anti-pERM or anti-ezrin antibodies.
Quantitative densitometry is represented as the ratio of pERM over total ezrin and corresponds
to the average of at least three independent experiments. The increase in pERM after 5 min of
netrin-1 stimulation was significant (*p < 0.05), whereas there was no significant increase after
the PP2, toxin B, C3 transferase, or Y27632 treatment compared with unstimulated neurons

(0 min). Error bars, SEM.

immunostaining (Supplemental Figure S2A). When images of the
PERM and DCC immunostainings were merged, colocalization be-
tween pERM and DCC was observed in growth cones after 5 and
20 min of stimulation with netrin-1 and not in unstimulated neurons
(Figure 5, A and B). Moreover, netrin-1-induced pERM-DCC colo-
calization appeared to be restricted to the tips of the neuronal
growth cones, in filopodia (Figure 5B). However, the level of pERM-
DCC colocalization induced by netrin-1 was variable after 20 min of
stimulation (Figure 5B, a and b), an observation that was confirmed
when Pearson’s correlation was used to quantify pERM-DCC colo-
calization exclusively in growth cones. The Pearson’s r is considered
significant when its value is between 0.5 and 1. Thus we found that
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pression (Figure 7A). EzrinWT overexpres-
sion was associated with shorter neurites,
and cells expressing ezrinTD exhibited more
neuritic branching (Figure 7B). However, ex-
pression of ezrinT567A (ezrinTA), which
keeps ezrin in its inactive conformation, or
ezrinA29, in which the F-actin-binding do-
main is deleted (Figure 1B), did not induce
neurite outgrowth in N1E-115 cells (Figure
7, B and C). The impact of ERM activity in
DCC-mediated neurite outgrowth was then
assessed by coexpressing DCC and ezrin
protein mutants in neuroblastoma cells. The
expression of the inactive protein mutant
ezrinTA or ezrinA29 significantly inhibited DCC-induced neurite out-
growth (Figure 7C). However, the percentage of transfected cells
exhibiting neurite outgrowth was not altered when ezrinWT or ez-
rinTD was coexpressed with DCC (Figure 7C). Therefore we con-
clude that ezrin is able to promote the extension of neurites in N1E-
115 cells and that its activity is required for DCC-dependent neurite
outgrowth.

Because netrin-1 induces axon outgrowth in cortical neurons
(Liu et al., 2004; Briancon-Marjollet et al., 2008), we examined the
impact of ERM proteins on netrin-1-induced axon outgrowth in
embryonic cortical neurons. Dominant-negative ezrinA29 (EzA29)
(D'Angelo et al., 2007), wild-type ezrin (EzZWT), or a green

Y27632
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FIGURE 6: RhoA/Rho kinase is required to mediate the accumulation
of phosphorylated ERM proteins in growth cones upon netrin-1
stimulation. Embryonic rat cortical neurons (E18, 2DIV) were
incubated with netrin-1 for the indicated times following treatment
with (A) Rho GTPase inhibitor toxin B or PBS as a negative control, (B)
RhoA inhibitor C3 transferase (C3T) or glycerol as a negative control,
or (C) Rho kinase inhibitor Y27632 or water (H,O) as a negative
control. Neurons were fixed and immunostained with anti-pERM and
anti-DCC antibodies (Supplemental Figure S3). The quantification of
the accumulation of phosphorylated ERM proteins (pERM) in growth
cones corresponds to three independent experiments. Student'’s
unpaired t test was used for statistical analysis, and the data are
presented as mean percentage + SEM (*p < 0.05; **p < 0.005).

fluorescent protein (GFP) control was expressed in neurons stimu-
lated with netrin-1 for 24 h. Axon outgrowth was quantified as the
percentage of transfected neurons that exhibit an axon longer
than 35 pm over that of the control medium incubation (Figure 8).
Netrin-1 did induce significant axon outgrowth in cortical neurons
expressing GFP (Figure 8, A and B). However, it failed to promote
axon outgrowth in neurons expressing ezrinA29, whereas the ex-
pression of ezrinWT did not affect the ability of netrin-1 to induce
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axon extension (Figure 8, A and B). In addition, down-regulation of
ezrin expression by electroporation of synthetic siRNA targeting
ezrin was sufficient to abolish the ability of netrin-1 to induce axon
outgrowth (Figure 8, C and D). We previously reported that gluta-
mate stimulation induces axon outgrowth in embryonic cortical
neurons (Briancon-Marjollet et al., 2008). Similarly, we observed
that glutamate was capable of inducing axon outgrowth, but the
expression of ezrinA29 significantly impaired its ability to promote
axon outgrowth in cortical neurons (Figure 8B). Collectively, these
results reveal an important role for ezrin in mediating the effects of
netrin-1/DCC signaling on axon extension. The implication of ERM
proteins in glutamate-induced axon outgrowth also suggests that
ERM proteins play a more general role in axon outgrowth, which
consists of coupling surface receptors to their downstream func-
tions in response to extracellular cues.

DISCUSSION

In this study, we provide evidence that the axon guidance cue ne-
trin-1 transiently induces ERM phosphorylation and promotes the
interaction of ezrin with DCC in embryonic cortical neurons. We
show that netrin-1 induces the accumulation of pERM in filopodial
protrusions and colocalization with DCC at the extremities of neu-
ronal growth cones. Moreover, our findings demonstrate that ezrin is
required for netrin-1 to induce axon outgrowth in primary cortical
neurons. The interaction between DCC and ezrin has previously
been described in vitro and in colonic cancer cells (Martin et al.,
2006; Tcherkezian et al., 2010). The intracellular domain of DCC har-
bors a juxtamembrane ERM-binding region, and its deletion pre-
vented in vitro recruitment of FERM domains (ezrin and merlin)
(Martin et al., 2006). We also confirmed that the cytoplasmic tail of
DCC is required to mediate the interaction DCC—ezrin in response
to netrin-1 stimulation. Our proteomic data also reveal that the
phosphorylation of the tyrosine residue 1418 positively regulates
the interaction of ERM proteins with a phosphopeptide correspond-
ing to the C-terminus of DCC in vitro. This is in good agreement with
the finding that the C-terminus of DCC mediates the interaction with
the FERM-containing protein myosin X (Zhu et al., 2007). Thus both
the juxtamembrane region and the C-terminus of DCC are implicated
in the recruitment of ERM proteins to DCC, and our results suggest
that phosphorylation of Y1418 is a regulatory step that promotes
ERM-DCC complex formation in response to netrin-1 stimulation.

It is well established that the intramolecular interaction between
the FERM domain and the C-terminus of ERM proteins inhibits their
function (Berryman et al., 1995; Pearson et al., 2000). The affinity of
the FERM domain for phosphatidylinositol 4,5 bisphosphate recruits
ERM proteins to the plasma membrane (Barret et al., 2000). Subse-
quently, phosphorylation of their conserved C-terminal threonine
residue releases the FERM and the actin-binding domains (Matsui
et al., 1998; Fievet et al., 2004). The sequential activation of ERM
proteins enables them to interact with both the plasma membrane
and the actin cytoskeleton. Recent findings showed that the extra-
cellular cues Sema3A, NGF, and glutamate regulate ERM phospho-
rylation in neuronal cells (Mintz et al., 2008; Jeon et al., 2010; Kim
et al, 2010). Here we demonstrate that netrin-1 increases ERM
phosphorylation in a DCC-dependent manner in primary cortical
neurons. Of note, the formation of the ezrin-DCC protein complex
and ERM phosphorylation occur in parallel and peak after 5 min of
netrin-1 stimulation. Unlike the ezrin-DCC interaction, which was
not detected past 5 min of netrin-1 stimulation, ERM phosphoryla-
tion decreases but appears to be maintained. This suggests that
netrin-1 regulates the interaction in time and space by restricting the
pool of ezrin that can interact with DCC. We also show that Src
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kinase activity is required for netrin-1-induced ERM phosphoryla-
tion in cortical neurons. Src family kinases mediate tyrosine phos-
phorylation of DCC in response to netrin-1, which is essential for
promoting netrin-1-dependent functions such as axon outgrowth
and guidance in vertebrates (Li et al., 2004; Meriane et al., 2004,
Ren et al., 2008). Furthermore, the expression of a phospho-defi-
cient mutant DCC-Y1418F was shown to inhibit Rac1 activation in
COS-7 cells, neurite outgrowth in N1E-115 cells, and axon turning
of Xenopus commissural neurons (Li et al., 2004; Meriane et al.,
2004; Ren et al., 2008). We provide further evidence of the signifi-
cance of Y1418 phosphorylation in netrin-1 signaling by demon-
strating that DCC expression increases ERM phosphorylation in
N1E-115 cells, whereas DCC-Y1418F inhibits it. Taken together,
these results reveal that Src kinase-dependent tyrosine phosphory-
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lation of DCC mediates ERM activation in cortical neurons stimu-
lated with netrin-1.

We found that inhibiting RhoA, Rac1, and Cdc42 with toxin B
blocks netrin-1-dependent ERM phosphorylation in cortical neu-
rons. Rho GTPases are regulated by netrin-1 and DCC in neuronal
cells (Li et al., 2002; Shekarabi and Kennedy, 2002; Moore et al.,
2008; Picard et al., 2009). In addition, they have also been impli-
cated in ERM activation in neuronal cells. Indeed, RhoA and Rho ki-
nase promote ERM phosphorylation in cortical and hippocampal
neurons (Haas et al., 2007; Kim et al., 2010). A recent study also im-
plicates the positive regulation of Akt-dependent moesin phospho-
rylation by Rac? in PC12 cells (Jeon et al., 2010). Although it was
reported that active Cdc42 promotes pERM accumulation in fibro-
blasts (Nakamura et al., 2000), its role in ERM activation in neurons
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has yet to be defined. Our data reveal that inhibiting both Rac1 and
Cdc42 does not decrease netrin-1-induced ERM phosphorylation,
whereas RhoA and Rho kinase activities are required for netrin-1 to
increase ERM phosphorylation in cortical neurons. Of interest, Moore
et al. (2008) reported that netrin-1 induces whole-cell inhibition of
RhoA activity in spinal commissural neurons and that prolonged
RhoA inhibition promotes DCC-dependent axon outgrowth induced
by netrin-1. Yet we find that RhoA/Rho kinase activity mediates the
initial and short-lived peak in netrin-1-dependent ERM phosphoryla-
tion. Moreover, we previously showed that DCC is able to locally
activate RhoA in neurites, using fluorescence resonance energy
transfer intermolecular probes (Picard et al., 2009), suggesting that a
spatial and temporal regulation of RhoA would be a required step
for netrin-1/DCC to mediate ERM activation during axon extension.
Without contradicting previous reports, our study offers new insight
into the regulation of RhoA activity by netrin-1. We propose that
RhoA signaling is regulated by netrin-1 in at least two different ways:
1) short-term local activation to mediate ERM phosphorylation, and
2) long-term global inhibition to promote axon outgrowth.

Once they are phosphorylated, activated ERM proteins have
been shown to localize to plasma membrane protrusions such as
microvilli in nonneuronal cells (Yonemura et al., 2002) and growth
cone filopodia in neurons, where they are asymmetrically distributed
(Haas et al., 2004, 2007; Mintz et al., 2008). Consistent with this, we
found that netrin-1 stimulation of cortical neurons leads to the accu-
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mulation of pERM in growth cone filopodia, where they colocalize
with DCC, in a RhoA/Rho kinase-dependent manner. This suggests
that activated ERM proteins localize to growth cones to mediate
netrin-1-dependent functions. Both netrin-1 and Sema3A regulate
the endocytosis of their respective receptors, DCC and Npn1, in
growth cones (Piper et al., 2005). In parallel, ERM protein activity was
reported to mediate Sema3A-induced growth cone collapse by reg-
ulating the internalization of Npn1 and L1 (Mintz et al., 2008). This
highlights the interesting possibility that ERM proteins may regulate
the internalization of DCC in response to netrin-1.

We show that the activity of ERM proteins is required for axon
outgrowth induced by netrin-1 and DCC. In a separate study, A. K.
Howe et al. (unpublished data) found that DCC forms a complex with
ezrin and protein kinase A (PKA). Of interest, they observed that si-
lencing the expression of ezrin in rat hippocampal neurons impairs
axon turning in response to netrin-1. Furthermore, down-regulation of
ERM expression in IMR-32 cells blocks netrin-1-induced PKA activa-
tion and phosphorylation of its cytoskeletal targets VASP/MENA (A. K.
Howe et al., unpublished data). Given that ERM proteins are actin-
binding proteins, loss of ERM activity in hippocampal and dorsal root
ganglia neurons reduces filopodial dynamics in growth cones (Paglini
et al., 1998; Gallo, 2008). Consequently, the inhibition of protrusive
activity due to the loss of ERM expression severely impairs neurite
outgrowth and axonal extension in hippocampal neurons (Paglini
et al., 1998). Filopodial protrusions are also positively regulated by
netrin-1 in cortical neurons, whereas the axon guidance cue Sema3A
has an inhibitory effect (Dent et al., 2004). These data and those pre-
sented in our study support burgeoning evidence that ERM activation
in neuronal growth cones promotes axon outgrowth by regulating
filopodial dynamics. The transmembrane receptors L1, CHL1, and Fas
have also been reported to mediate neurite branching through ERM
proteins (Cheng et al., 2005; Ruan et al., 2008; Schlatter et al., 2008).
We found that ERM protein activity is also required for glutamate-in-
duced axon outgrowth in cortical neurons, which confirms that the
role of ERM proteins in axon outgrowth is not exclusive to netrin-1.
Here we propose a model in which netrin-1 promotes the phosphory-
lation of DCC and ERM proteins in a Src kinase and RhoA/Rho kinase—
dependent manner to positively regulate their interaction in growth
cone filopodia, leading to axon outgrowth (Figure 9). In conclusion,
this study contributes to our knowledge of netrin-1/DCC signal trans-
duction by providing novel insight into the regulation and the function
of actin cytoskeleton regulators in the context of axon outgrowth.

MATERIALS AND METHODS

Plasmids

The plasmids pRKS5, pRK5-DCC, pRK5-DCC-Y1418F, and pEGFP
were previously described (Li et al., 2002; Meriane et al., 2004).
pRK5-DCC (1-1120) was previously described (Tcherkezian et al.,
2010). For ezrin constructs, mammalian expression plasmids (pCB6-
ezrin-VSVG, pCB6-ezrinT567D-VSVG, pCBé6-ezrinT567A-VSVG,
pCB6-ezrinA29-VSVG) and the plasmids encoding GST, GST-ezrin,
and GST-ezrinNT were kindly provided by M. Arpin (Institut Curie,
Paris, France) and previously described (Algrain et al., 1993;
Gautreau et al., 1999, 2000; D'Angelo et al., 2007).

Cell culture and transfection

Cell culture was maintained in a humidified incubator at 37°C with
5% CO,. HEK293 cells and N1E-115 cells were cultured in DMEM
(Wisent Bioproducts, St. Bruno, Canada) supplemented with 10%
fetal bovine serum and antibiotics. N1E-115 cells were plated on
dishes treated with laminin (25 pg/ml; BD Biosciences, San Diego,
CA). Cells were transfected overnight with pRKS5, pRK5-DCC,
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pRK5-DCC (1-1120), pCBé-ezrin-VSVG, pCBé-ezrinA29-VSVG, or
pCB6-ezrinT567D-VSVG using polyethylenimine (PEI; PolySciences,
Warrington, PA) prepared according to the manufacturer’s instruc-
tions. Briefly, HEK293 cells and N1E-115 cells were plated in
100-mm dishes and transfected when they reached 70-80% of con-
fluency. cDNA constructs (5 pg) were incubated with PEI (30 pg) in
1 ml of DMEM for 15 min. The transfection mixes were then added
to cells with 9 ml of fresh supplemented DMEM. For the neurite
outgrowth assay, N1E-115 cells were plated in 35-mm dishes at a
cell density of 1.25 x 10° on laminin-treated coverslips. The next
day, cells were transfected with pRK5, pRK5-DCC, pCBé-ezrin-
VSVG, pCB6-ezrinT567D-VSVG, pCB6-ezrinT567A-VSVG, or pCBé6-
ezrinA29-VSVG using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.

Primary cortical neuron culture, transfection, and
electroporation

Cortical neurons from E18 rat embryos were dissociated mechani-
cally and plated on dishes treated with poly-p-lysine (0.1 mg/ml;
Sigma-Aldrich, St. Louis, MO). Neurons were cultured overnight in
attachment medium: MEM (Invitrogen) supplemented with 1 mM
sodium pyruvate (Invitrogen), 0.6% D-glucose (Sigma-Aldrich), and
10% horse serum. The medium was replaced the next day with
maintenance medium: Neurobasal-A medium (Invitrogen) supple-
mented with 2% B27 (Invitrogen) and 1% L-glutamine (Invitrogen).
For transfections, dissociated neurons were plated on coverslips
treated with poly-L-lysine (0.1 mg/ml; Sigma-Aldrich) at a cell density
of 75,000 cells/well in 24-well dishes. Neurons were cultured for 6 h
in attachment medium. The medium was then replaced overnight
with maintenance medium. Neurons were transfected at 1DIV for 24
h with pEGFP, pCBé-ezrin-VSVG, or pCB6-ezrinA29-VSVG using Li-
pofectamine 2000 reagent according to the manufacturer’s instruc-
tions. Neurons were treated for the indicated times with the follow-
ing reagents: purified myc-netrin-1 (500 ng/ml), glutamate (50 uM),
generously provided by D. Bowie (McGill University, Montreal,
Canada), function-blocking anti-DCC (AF5) antibody (5 pg/ml
for 24 h; Calbiochem, La Jolla, CA), ImmunoPure mouse IgG
(5 pg/ml for 24 h; Pierce, Thermo Fisher Scientific, Rockford, IL),
PP2 (10 puM overnight; Calbiochem), toxin B (1 ng/ml for 24 h)
previously described (Li et al., 2002), C3 transferase (1 pg/ml for
6 h; Cytoskeleton, Denver, CO), NSC23766 (100 uM for 2 h;
Calbiochem), Y27632 (20 puM for 6 h; Calbiochem), DMSO (Thermo
Fisher Scientific), and glycerol (Thermo Fisher Scientific). Recombi-
nant chick netrin-1 was produced and purified as previously de-
scribed (Serafini et al., 1994). The Amaxa Rat Neuron Nucleofector
Kit (Lonza, Basel, Switzerland) was used to introduce 300 nM of syn-
thetic ezrin siRNA (ON-TARGETplus SMARTpool, Thermo Fisher
Scientific), Cdc42 siRNA (Silencer Select; Applied Biosystems/
Ambion, Austin, TX), or Negative Control siRNA (Silencer #1;
Applied Biosystems/Ambion) with or without 2 pg of pmaxGFP Vec-
tor (Lonza) in cortical neurons as per the manufacturer’s instruction.

Antibodies

The following antibodies were used for immunoblotting and immu-
nofluorescence at the indicated concentrations: mouse monoclonal
anti-DCC, clone G97-449 (BD Biosciences), 1:4000 (immunoblot; IB)
and 1:500 (immunofluorescence, IF); mouse monoclonal (AF5) anti-
DCC (Calbiochem), 1:1000 (IB); mouse anti-actin (Sigma-Aldrich),
1:2000 (IB); rabbit polyclonal anti-ezrin (kindly provided by M. Arpin;
Algrain et al., 1993), 1:7000 (IB) and 1:500 (IF); mouse monoclonal
anti-VSVG (Sigma-Aldrich), 1:40,000 (IB) and 1:300 (IF); rabbit mono-
clonal anti-pERM (ezrin [Thr-567)/radixin [Thr-564]/moesin [Thr-558]);
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Cell Signaling Technology, Beverly, MA), 1:1000 (IB) and 1:300 (IF);
rabbit polyclonal anti-Cdc42 (Cell Signaling Technology), 1:500 (IB);
donkey anti-mouse Alexa 488 (Molecular Probes, Invitrogen),
1:1000 (IF); and goat anti-rabbit tetramethyl rhodamine isothiocya-
nate (TRITC; Sigma-Aldrich), 1:500 (IF).

Affinity purification and mass spectrometry

An affinity column was prepared using a phosphopeptide corre-
sponding to amino acids 1409-1423 of rat DCC (Small Scale Pep-
tide Synthesis, W. M. Keck Facility, Yale University, New Haven, CT),
phosphorylated on tyrosine 1418 (KPTEDPASVpYEQDDL) coupled
to Affi-Gel (Bio-Rad, Hercules, CA) according to the manufacturer’s
protocol. An unphosphorylated peptide and Affi-Gel beads were
used as negative controls. Protein lysates from E13 rat brains were
loaded on each column, and proteins bound to the affinity columns
were eluted using a gradient of sodium chloride by fast protein lig-
uid chromatography. The eluted proteins were separated by SDS—
PAGE, and proteins were detected using the Coomassie blue gel
staining method. An 85-kDa band that was present only in the phos-
phopeptide affinity purification was cut and sent to be identified by
tandem mass spectrometry. Protein identification was made with
Mascot software (Matrix Science, Boston, MA).

GST pull-down

Recombinant GST proteins were purified as described (Gautreau
etal., 1999). Transfected HEK293 cells were lysed in 1% Triton X-100
lysis buffer (25 mM Tris-HCI, pH 7.5, 1% Triton X-100, 10 mM NaCl,
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM NayVOy,, 20
mM NaF, and 1x Complete Protease Inhibitor Cocktail [Roche, India-
napolis, IN]). Lysates were precleared with 30 pl of glutathione-aga-
rose beads (Sigma Aldrich) for 2 h at 4°C and then incubated with
10 pg of GST, GST-ezrin, or GST-ezrinNT fusion 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. Total
cell lysates and GST pull-down-associated proteins were resolved
by SDS-PAGE and transferred onto nitrocellulose membrane. Mem-
branes were stained with Ponceau S (Sigma-Aldrich), immunoblot-
ted with antibodies against DCC, and visualized using enhanced
chemiluminescence (ECL; PerkinElmer, Waltham, MA).

RT-PCR

mRNA was extracted from purified total RNA obtained from homog-
enized cortices or dissociated cortical neurons in culture (1, 2, and
3DIV) using the QlAshredder homogenizer and RNeasy Mini kits (Qia-
gen, Valencia, CA) according to the manufacturer’s protocol. First-
strand cDNA was synthesized using M-MLV reverse transcriptase (In-
vitrogen). The Expand High Fidelity PCR system (Roche) was used to
amplify cDNA fragments (sizes are indicated) using the following for-
ward and reverse primers: ezrin, GGAGGTTCGAAAGGAGAACC and
ACCCAGACTTGTGCATTTCC, 233 base pairs; moesin, TGGTCCAG-
GAAGACTTGGAG and TGCACACGCTCATTCTTCTC, 205 base
pairs; radixin, CTCCATGCTGAGAACGTCAA and CCTCGGGTTCT-
GCTAGTGAG, 242 base pairs; merlin, TGCTATGCCTCAGTCCACAG
and TGCTGAGGTGTCAAGTCCTG, 248 base pairs; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), AGACAGCCGCATCTTCT-
TGT and CTTGCCGTGGGTAGAGTCAT, 207 base pairs. The primers
were annealed at 55°C, and 30 cycles were carried out.

Immunoprecipitations and immunoblotting

Dissociated cortical neurons (2DIV) and transfected N1E-115 cells
werelysedinRIPAlysisbuffer(150mMNaCl, 50mM4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.5, 1% NP-40, 10 mM EDTA,
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pH 8.0, 0.5% sodium deoxycholate, 0.1% SDS). Prior to cell lysis,
cortical neurons were incubated with netrin-1 or control Neurobasal-
A media. For immunoprecipitation, 1T mg of protein lysates was incu-
bated with 20 pl of protein G-Sepharose (GE Healthcare, Piscataway,
NJ) and 1.5 pg of anti-DCC antibodies (Calbiochem) or mouse 1gG
for 3 h at 4°C. Beads were washed three times in ice-cold lysis buffer
and boiled in SDS sample buffer. Immunoprecipitated proteins and
total cell lysates were resolved by SDS-PAGE and transferred to ni-
trocellulose membrane for immunoblotting with the appropriate an-
tibodies and visualized by enhanced chemiluminescence.

Quantitative densitometry of ERM phosphorylation

and of Cdc42 and ezrin down-regulation

Following treatment with the indicated reagents, treated and un-
treated dissociated cortical neurons (2DIV) were lysed in RIPA buffer
following incubation with netrin-1 or control media. Protein lysates
were resolved by SDS-PAGE and transferred to nitrocellulose for im-
munoblotting with anti-pERM, anti-ezrin, anti-Cdc42, and anti-actin
antibodies. Quantitative densitometry for pERM, ezrin, Cdc42, and
actin bands was measured using Quantity One software (Bio-Rad).
The ratio of the densitometry of pERM over that of total ezrin, of
Cdc42 over that of actin, and of ezrin over that of actin was then
calculated. Student’s unpaired t test was used for statistical analysis,
and the data are presented as the mean of the pERM/ezrin, Cdc42/
actin, or ezrin/actin ratio * standard error of the mean (SEM).

Immunofluorescence and microscopy

Transfected N1E-115 cells and dissociated cortical neurons (2DIV)
were fixed with 3.7% formaldehyde in phosphate-buffered saline
(PBS) for 15 min, quenched in 0.1 M glycine for 5 min, permeabi-
lized in 0.25% Triton X-100 for 5 min, and blocked with 0.2 or 10%
bovine serum albumin (BSA) for 30 min, respectively. NTE-115 cells
and cortical neurons were immunostained with primary (1 h) and
secondary antibodies (45 min) in 0.2 or 3% BSA, respectively. A
5-min wash in PBS was done between each step. For the pERM and
DCC coimmunostaining in dissociated cortical neurons (2DIV), the
trichloroacetic acid fixation and staining methods described previ-
ously were used (Hayashi et al., 1999). Phalloidin-TRITC (1:5000,
Sigma-Aldrich) was used to visualize actin in N1E-115 cells. Glass
coverslips were mounted with Prolong (Molecular Probes). Cells
were examined with an Olympus IX81 motorized inverted micro-
scope using the 40x U PLAN Fluorite and 60x U PLAN S-APO oil
objective lenses. Images were recorded with a CoolSnap 4K camera
(Photometrics, Tucson, AZ) and analyzed with Metamorph software
(Molecular Devices, Sunnyvale, CA).

Quantification of colocalization using Pearson’s correlation
coefficient and quantification of the accumulation

of phosphorylated ERM proteins in growth cones

Dissociated cortical neurons were incubated with netrin-1 or control
media at 2DIV, and immunofluorescence was performed. Images of
the pERM and DCC coimmunostaining were acquired with the 60x
objective lens and deconvoluted using AutoQuant X2 software
(MediaCybernetics, Bethesda, MD). Pearson'’s correlation coefficient
was then calculated for each set of images using Metamorph soft-
ware. More than 50 growth cones per condition were analyzed in
least three independent experiments. Student’s unpaired t test was
used for statistical analysis, and the data are presented as mean
r £ SEM. The accumulation of pERM in growth cones was deter-
mined by analyzing more than 75 neurons in three independent ex-
periments. Student’s unpaired t test was used for statistical analysis,
and the data are presented as mean percentage = SEM.
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Axon outgrowth assay

Two hours after transfection or 24 h after electroporation, netrin-1
(250 ng/ml), glutamate (50 pM), or control medium was added to
dissociated cortical neurons at 1DIV. Immunofluorescence was per-
formed 24 h after transfection. Images were acquired with the 40x
objective lens, and the length of each axon was measured using
Metamorph. Axon outgrowth was then represented as the percent-
age of neurons with axons longer than 35 or 50 pm after treatment
with netrin-1 or glutamate over the percentage observed with con-
trol media for each transfection. More than 100 axons were counted
per condition, and at least three independent experiments were
performed. Student's unpaired t test was used for statistical analysis,
and the data are presented as mean percentage = SEM.
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