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Summary
Cdc42-interacting protein 4 (CIP4), a member of the F-BAR family of proteins, plays important roles in a variety of cellular events by
regulating both membrane and actin dynamics. In many cell types, CIP4 functions in vesicle formation, endocytosis and membrane tubulation.

However, recent data indicate that CIP4 is also involved in protrusion in some cell types, including cancer cells (lamellipodia and invadopodia)
and neurons (ribbed lamellipodia and veils). In neurons, CIP4 localizes specifically to extending protrusions and functions to limit neurite
outgrowth early in development. The mechanism by which CIP4 localizes to the protruding edge membrane and induces lamellipodial/veil

protrusion and actin rib formation is not known. Here, we show that CIP4 localization to the protruding edge of neurons is dependent on both
the phospholipid content of the plasma membrane and the underlying organization of actin filaments. Inhibiting phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) production decreases CIP4 at the membrane. CIP4 localization to the protruding edge is also dependent on Rac1/WAVE1,

rather than Cdc42/N-WASP. Capping actin filaments with low concentrations of cytochalasin D or by overexpressing capping protein
dramatically decreases CIP4 at the protruding edge, whereas inactivating Arp2/3 drives CIP4 to the protruding edge. We also demonstrate that
CIP4 dynamically colocalizes with Ena/VASP and DAAM1, two proteins known to induce unbranched actin filament arrays and play
important roles in neuronal development. Together, this is the first study to show that the localization of an F-BAR protein depends on both

actin filament architecture and phospholipids at the protruding edge of developing neurons.
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Introduction
Lamellipodia and filopodia are dynamic actin-based structures

that are crucial for important biological events in all cells

(Ridley, 2011; Saarikangas et al., 2010). In neurons, these

structures are required for a variety of processes during neuronal

development including neuronal migration, neurite formation,

neuronal polarization, axonal guidance and branching (Dent et al.,

2011). Actin filaments are major structural components of both

filopodia and lamellipodia. Therefore, molecules that regulate

actin organization and dynamics also play essential roles in

neuronal development.

Actin filaments in lamellipodia and filopodia of all cells are

organized with the bulk of their barbed ends oriented toward the

protruding edge membrane (Pollard and Borisy, 2003). The

polymerization of actin filaments is regulated by coordination

between actin capping and anti-capping proteins. Capping

proteins limit addition of new actin monomers to existing actin

filaments, favoring a dendritic array that leads to lamellipodia

formation (Cooper and Sept, 2008). Conversely, anti-capping

(pro-elongating) proteins allow the polymerization of several

actin filaments in long, unbranched arrays, favoring filopodia

formation (Bear and Gertler, 2009; Mejillano et al., 2004;

Schafer, 2004). The interplay of these and other proteins

determines the actin structure within cells and consequently

their mode of outgrowth and migration.

Cdc42-interacting protein 4 (CIP4), a member of the F-BAR

superfamily, is an adaptor protein that interacts directly with

negatively-charged membrane phospholipids through its F-BAR

domain and regulates actin polymerization indirectly by binding

active Cdc42 via its HR1 domain and various actin-associated

proteins through its SH3 domain (Aspenström, 2009; Heath and

Insall, 2008; Roberts-Galbraith and Gould, 2010). Although the

most characterized function of F-BAR proteins is their role in

endocytosis, many F-BAR proteins including CIP4 have also

been shown to play a role in filopodial and lamellipodial

protrusion (Carlson et al., 2011; Guerrier et al., 2009; Lee et al.,

2010; Saengsawang et al., 2012; Zaidel-Bar et al., 2010). In non-

neuronal cells, CIP4 induces polymerization associated with actin

comet tails, endocytosis, and tubulation through its interaction

with Cdc42, N-WASP and dynamin (Hartig et al., 2009).

Recently, we showed that in cortical neurons CIP4 localizes to

the protruding edges of immature neurons and the growth cones

of polarized neurons (Saengsawang et al., 2012). We also showed

that CIP4 induces lamellipodia and veil formation and increased

the density of long, thin actin filaments (defined as actin ribs)

around neuronal cell bodies. Notably, this excess formation of
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actin ribs and veils resulted in inhibition of filopodia and neurite

formation. However, the mechanism by which CIP4 localizes to

the peripheral edge of neurons and induces lamellipodia/veil/

actin rib formation is not known, and more broadly, little is

known about the cytoskeletal mechanisms that drive veil and

actin rib formation in neurons (Cohan et al., 2001; Grabham

et al., 2003; Mongiu et al., 2007; Yang et al., 2012). Here we

report that both the lipid composition of the membrane and

the underlying actin filament architecture determine CIP4

localization in neurons, where it functions to inhibit neurite

outgrowth by forming ribbed and veiled protrusions. We show

that CIP4 is key to forming ribs/veils and tubulovesicular

structures in neurons, but is not required for dendritic and

bundled actin filament networks that form lamellipodia and

filopodia protrusions, respectively.

Results
Throughout this study we measured the levels of CIP4-EGFP/

tdTomato at the protruding edge of living cortical neurons

expressing low to moderate levels of the fusion protein via total

internal reflection fluorescence microscopy (TIRFM). It is

important to stress that CIP4-EGFP/tdTomato concentrates at

protruding membranes and sometimes at non-protruding

membranes where actin polymerization is balanced with

retrograde actin flow. However it is not targeted to retracting

or stable regions of the plasma membrane (Saengsawang et al.,

2012). Live-cell TIRFM allowed us to compare the effects of

acute pharmacological treatments on the dynamics of CIP4

directly over time, in single cells. Although this methodology

does not allow us to measure changes in endogenous CIP4, all

antibodies to CIP4 tested to date label CIP4 knockout neurons

via immunocytochemistry (Saengsawang et al., 2012), making

it impossible to collect reliable data on the localization of

endogenous CIP4 in cortical neurons.

F-BAR and SH3 domains are required for CIP4 localization

to the membrane

We have previously shown through analysis of domain mutants

that the F-BAR and SH3 domains of CIP4 are instrumental in

forming ribs and veils and thus inhibiting filopodia formation in

stage 1 (pre-neurite outgrowth) cortical neurons (Saengsawang

et al., 2012). To determine if this directly translated into the

amount of CIP4 at protruding plasma membranes we used several

of the same myc-labeled domain mutants and quantified the ratio

of myc at the plasma membrane to the levels in the cytoplasm.

Results indicate that deletion of either the F-BAR (binds acidic

phospholipids) or SH3 (binds actin-associated proteins) domains

of CIP4 dramatically inhibit the amount of CIP4 at the periphery

of stage 1 cortical neurons (Fig. 1A–C). However, deletion of

the HR1 domain (binds active Cdc42) had little affect on the

localization of CIP4 to protruding membranes. These data

suggest that both the phospholipid content and actin regulatory

proteins play important roles in targeting CIP4 to protruding

membranes. To determine if this was the case we first studied the

effects of phospholipids on CIP4 localization.

PIP3 is required for CIP4 localization at the protruding edge
of neurons

CIP4 localizes to tubulovesicular structures in several different

cell lines (Frost et al., 2008; Kamioka et al., 2004; Tian et al.,

Fig. 1. Domains of CIP4 and lipids required for

CIP4 localization at the edge of protruding

membranes in cortical neurons. (A) Images of stage

1 cortical neurons transfected with full-length myc-

CIP4, myc-DF-BAR-CIP4, myc-DHR1-CIP4 or myc-

DSH3-CIP4 and labeled with an antibody to myc. (B)

Images magnified from boxes in A. White

arrowheads indicate CIP4 at the peripheral

membrane. (C) Bar graphs of the average intensity

ratio of CIP4, DF-BAR-CIP4, DHR1-CIP4 and

DSH3-CIP4 at the peripheral/central region of the

neurons. Numbers in the bar graphs indicate number

of cells quantified from at least two independent

experiments. (D,G) Images of stage 1 cortical

neurons transfected with CIP4-EGFP before, during

and after LY294002 (10 mM) (D) or Akti (5 mM) (G)

treatments. (E,H) Images magnified from boxes in D

and G showing the intensity of CIP4 at the peripheral

area in pseudocolor. White lines in A, B and E

indicate the edge of the neurons. (F,I) Bar graphs of

the average intensity of CIP4 at the peripheral

membrane in CIP4-transfected neurons before

treatment, after 20 minutes of LY294002 treatment

(F) or 10 minutes in Akti (I), and after washout. Data

are expressed as mean 6 s.e.m. *P,0.05 **P,0.01

and ***P,0.001 compared with before treatment

(one-way ANOVA with Dunnett’s post-test

comparison); n56 and 3 cells for LY and Akti,

respectively, from three independent preparations.

Scale bars: 10 mm.
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2000), but concentrates primarily at the edge of protruding

membranes of developing cortical neurons (Saengsawang et al.,
2012). This difference in localization may be due to distinct lipid
or protein content in the differing cell types. Thus, we asked

whether the level of certain negatively charged phospholipids
would affect CIP4 localization to the protruding edge membrane
of stage 1 cortical neurons. F-BAR proteins are known to interact
with two negatively charged phospholipids, phosphatidylinositol

(4,5)-bisphosphate (PIP2) and phosphatidylinositol (3,4,5)-
trisphosphate (PIP3), through their F-BAR domain (Tsujita
et al., 2006). Since CIP4 localizes specifically to the protruding

edge(s) of neurons and PIP3 concentrates at these same regions
(Henle et al., 2011), we hypothesized that CIP4 may be
associating with PIP3.

To test this hypothesis we treated stage 1 cortical neurons with

LY294002, a PI(3)K inhibitor, which decreases the level of PIP3

synthesis, and measured the level of CIP4 at the protruding edge
of living neurons before, during and after washout of the drug. In

the presence of LY294002, the intensity of CIP4 at protruding
membranes decreased to 57.068.8% of pretreatment levels
(Fig. 1D–F), indicating that a portion of CIP4 localization to

the protruding regions requires PIP3. Subsequent washout of the
drug returned CIP4 to levels that were not significantly different
from pretreatment levels (Fig. 1F), suggesting that loss of CIP4

was largely reversible and was not likely due to general toxicity
of the drug. To verify the effect of LY294002 on the level of PIP3

and PIP2, we transfected neurons with GFP-Akt-PH (an indicator
of PIP3) or GFP-PLC-PH (an indicator of PIP2), and treated the

neurons with LY294002. The level of GFP-Akt-PH decreased,
while the level of GFP-PLC-PH increased in the presence of
LY294002 (supplementary material Fig. S1), indicating that the

drug decreases PIP3 but also appears to increase PIP2 levels at the
membrane.

Because a major target of PIP3 at the cell membrane is the
kinase Akt, we determined if inhibiting Akt would increase the

availability of PIP3, to which CIP4 could then bind. Consistent
with this hypothesis, treatment with Akti, a PH domain
antagonist (not a kinase domain antagonist), increased CIP4

levels at the edge of protruding membranes by 4065.7%
(Fig. 1G–I). Washout of Akti was partially reversible (Fig. 1I).
These results suggest that CIP4 localization depends directly on

the levels of PIP3 at the membrane and that CIP4 may compete
with other proteins (Manning and Cantley, 2007) to bind the
available PIP3 at protruding membranes in cortical neurons.

Active Rac1 regulates CIP4 localization and function in
neurons

We next examined whether Rho GTPases could influence the
localization of CIP4 at the protruding edge. Active Rho-GTPases

localize to the inner leaflet of the plasma membrane in regions of
membrane dynamics. We reasoned that the Rho-GTPase Rac1
may play a role in CIP4 localization and function at the plasma

membrane in neurons because PIP3 has been shown to activate
Rac1 (Welch et al., 1998) and induce lamellipodial formation
(Weiner et al., 2002). In addition, active Rac1 has been shown to

affect CIP4 distribution in Swiss 3T3 cells (Aspenström, 1997).
We treated stage 1 cortical neurons expressing CIP4-EGFP with
NSC23766, a specific inhibitor for Rac1 (Gao et al., 2004), and

observed the intensity of CIP4 before, during and after washout
of the drug (Fig. 2A,B). In the presence of the Rac1 inhibitor the
level of CIP4 at the protruding edge decreased to 4665.6% of

pre-treatment levels (Fig. 2A–C). Upon washout, CIP4 levels

partially recovered, but remained significantly less than pre-
treatment levels (Fig. 2C).

The dependence of CIP4 localization on active Rac1 was
curious given that CIP4 was discovered as a specific Cdc42

interacting protein (Aspenström, 1997). Therefore, we tested if
inhibition of other Rho-GTPases also affected CIP4 localization.
We transfected cortical neurons with CIP4-tdTomato and either

GFP, GFP-N17-Rac1 (DN-Rac1), GFP-N17-Cdc42 (DN-Cdc42)
or GFP-N17-RhoA (DN-RhoA) and fixed the cultures one day
later. We discovered that DN-Rac1 significantly decreased the

peripheral CIP4 intensity, while DN-Cdc42 significantly
increased peripheral CIP4 intensity (Fig. 2D). DN-RhoA did
not affect the intensity of CIP4 at the periphery. We confirmed
the specificity of Rac1 for CIP4 localization to the protruding

edge by expressing constitutively active and dominant negative
Rac1 constructs. Cortical neurons were co-transfected with CIP4-
tdTomato and GFP-V12-Rac1 (GFP-CA-Rac1) or GFP-N17-

Rac1 (DN-Rac1), followed by fixation and labeling of actin
filaments with phalloidin. CIP4 was concentrated at the
protruding edge of neurons coexpressing CA-Rac1, similar to

CIP4-transfected neurons (Fig. 2F,G). Conversely, CIP4 was
dispersed in a punctate fashion throughout the cytoplasm and did
not localize to the periphery of neurons expressing CIP4 and DN-

Rac1 (Fig. 2F,G). Together, these results suggest that CIP4
localization to the periphery of neurons is positively regulated by
Rac1 and negatively regulated by Cdc42.

Previously we showed that CIP4 overexpression reduced the

number of filopodia in stage 1 neurons by causing the extension
of lamellipodia/veils (Saengsawang et al., 2012). Additionally,
CIP4 transfected neurons developed many more actin ribs,

defined as thin actin bundles within the lamellipodium that do not
protrude more than a micron past the periphery, but fewer
filopodia compared to controls (Saengsawang et al., 2012). Here
we confirmed that result and show that CA-Rac1 also increased

the number of ribs and decreased the number of filopodia in stage
1 cortical neurons (Fig. 2H,I). CIP4 and CA-Rac1 co-expression
resulted in an additive increase in actin ribs and markedly fewer

filopodia (Fig. 2H,I). In contrast, when neurons were transfected
with CIP4 and DN-Rac1, they developed fewer actin ribs but
more filopodia compared to CIP4 alone (Fig. 2H,I). The

increased number of filopodia was recapitulated, albeit to a
lesser extent, with a 30-minute treatment with the Rac1 inhibitor
NSC23766 (Fig. 2E). These results indicate that active Rac1

functions synergistically with CIP4 at the protruding edge to limit
filopodia numbers, while increasing the number of actin ribs in
stage 1 cortical neurons.

CIP4 colocalizes with WAVE1 at the protruding edge of
neurons

To determine if Rac1 signals through a known or novel pathway
by interacting with CIP4 we explored whether a candidate Rho-

GTPase interacting protein was dynamically colocalized with
CIP4 at the protruding edge of living cortical neurons. We
focused on WAVE1 (Wiskott-Aldrich syndrome protein

VErprolin homologous 1) which is a known scaffolding protein
that regulates actin polymerization and organization downstream
of Rac1 (Soderling and Scott, 2006). WAVE1 is expressed

specifically in the brain at high levels, where it has been shown to
continuously distribute along the protruding edge of growth
cones, similar to CIP4 (Nozumi et al., 2003; Saengsawang et al.,

CIP4 localization at the protruding edge 2413
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2012; Soderling et al., 2007). In addition, dCIP4/TOCA1 has

been shown to colocalize with WAVE1 on tubulovesicular

structures in Drosophila S2 cells (Fricke et al., 2009) and CIP4

was shown to co-immunoprecipitate with WAVE1 in 293T cell

lysates (Roignot et al., 2010).

To test whether CIP4 colocalizes with WAVE1 at the protruding

edge of living neurons, we co-transfected CIP4-tdTomato and

GFP-WAVE1 into the cortical neurons and imaged stage 1 neurons

after 1 day in vitro (DIV). Time-lapse TIRFM imaging showed that

CIP4 and WAVE1 dynamically colocalized at the protruding edge

of the neurons (Fig. 3A–C; supplementary material Movie 1). Line

scans of the intensity of both CIP4 and WAVE1 around the

periphery of the neuron showed similar patterns of distribution. To

quantitatively determine the amount of colocalization around the

periphery of living neurons we computed the Pearson’s correlation

coefficient (r), which ranges from 0 (no colocalization) to 1

(entirely colocalized), from peripheral traces of several living

neurons and confirmed a high degree of colocalization

(r50.8260.02, n54 neurons) between CIP4 and WAVE1. To

confirm these results, we determined if CIP4 and endogenous

WAVE1 colocalized at the protruding edge of neurons. Because

we do not have a suitable antibody for immunocytochemistry of

CIP4 we expressed myc-CIP4, fixed and labeled stage 1 cortical

neurons with antibodies to myc and WAVE1. Imaging these

neurons showed that myc-CIP4 and endogenous WAVE1

colocalized (r50.7060.02, n519) at the protruding edge of

stage 1 cortical neurons (supplementary material Fig. S2A–C). In

contrast, there was little colocalization between CIP4-tdTomato

and GFP-N-WASP (r50.4460.01, n54) (Fig. 3D–F) or between

myc-CIP4 and endogenous N-WASP (r50.2060.01, n56)

Fig. 2. Active Rac1 is required for CIP4 localization and function at the peripheral edge in neurons. (A) Image of a stage 1 cortical neuron transfected with

CIP4-EGFP before, during and after NSC23766 (100 mM) treatment. (B) Pseudocolored image magnified from boxes in A showing the intensity of CIP4 at the

peripheral area. (C) Bar graph of average intensity of CIP4 at the peripheral membrane of CIP4-transfected neurons before treatment, after 10 minutes in

NSC23766 and after washout (n58 cells). (D) Bar graph showing average ratios of CIP4 at the peripheral membrane to the cytoplasm in stage 1 neurons after

overnight transfection with GFP (n5107), GFP-DN-Rac1 (n566), GFP-DN-Cdc42 (n589) and GFP-DN-RhoA (n553) from two independent preparations.

(E) Bar graph showing filopodial number of untreated CIP4-expressing stage 1 neurons and neurons treated with DMSO or NSC23766 for 30 minutes. Number of

neurons are indicated in the bar graphs. (F) Images of stage 1 cortical neurons transfected with CIP4-tdTomato (shown in red) and GFP-CA-Rac1 or GFP-DN-

Rac1 (shown in insets) then stained with phalloidin 670 (shown in green). (G) Images magnified from boxes in F showing the intensity of CIP4 at the peripheral

areas. (H,I) Bar graphs showing actin ribs (H) and filopodial number (I) of control neurons and neurons transfected with different constructs. Data for all graphs

(C, D and E) are expressed as mean 6 s.e.m. with *P,0.05 **P,0.01 and ***P,0.001 compared with before treatment (one-way ANOVA with Dunnett’s post-

test comparison). For graphs H and I, black asterisks are in comparison to controls and red asterisks are in comparison to CIP4 (one-way ANOVA with

Bonferroni’s post-test comparison). Scale bars: 10 mm.

Journal of Cell Science 126 (11)2414
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(supplementary material Fig. S2D–F). N-WASP is another

activator of actin polymerization that has been reported to

directly interact with dCIP4/TOCA1 downstream of Cdc42 in

non-neuronal cells (Fricke et al., 2009). Together these results

demonstrate that in stage 1 cortical neurons CIP4 associates with

WAVE1, but not N-WASP at the protruding edge.

Fig. 3. See next page for legend.

CIP4 localization at the protruding edge 2415
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CIP4 does not function through Arp2/3

Since Arp2/3 is a well-known downstream target of WAVE1 and

plays a major role in lamellipodia formation in various cell types,
we determined whether CIP4 colocalizes with P21, a protein in

the Arp2/3 complex. We co-transfected CIP4-tdTomato and

GFP-P21 into cortical neurons and imaged stage 1 neurons after
1DIV. However, we detected little colocalization of CIP4 with

P21 (r50.4460.04, n56) at the protruding edge of living
neurons (Fig. 3G–I). We confirmed these results by determining

whether CIP4 colocalized with endogenous Arp2/3 complex by

using an Arp3 antibody. We still found little overlap between
myc-CIP4 and endogenous Arp3 (r50.4060.03, n57) at the

protruding edge of stage 1 neurons (supplementary material Fig.
S2G–I). Additionally, we determined whether pharmacological

inhibition of Arp2/3 affects CIP4 localization in neurons. We

treated cortical neurons expressing CIP4-EGFP with CK666, a
specific Arp2/3 inhibitor (Nolen et al., 2009; Wu et al., 2012),

and observed CIP4 distribution before, during and after washout
of the drug. Arp2/3 inhibition with CK666 treatment increased

CIP4 localization at the protruding edge by 3266.0%, which
decreased to the pre-treatment level after drug washout (Fig. 3J–

L). These results suggest that Arp2/3 activation and the formation

of dendritic actin networks are incompatible with the actin ribbed
network that results from expression of CIP4 protein at the

protruding edge of neurons. Rather, inhibition of Arp2/3 would
favor unbranched actin filament growth at the protruding edge,

which would result in more actin rib formation via CIP4.

Barbed end capping of actin filaments limits CIP4 at the
protruding edge

One consequence of forming a dendritic actin network in
lamellipodia is an increased demand for capping of branched

actin filaments, so they remain short enough to provide sufficient
protrusive forces (Pollard and Borisy, 2003). Capping proteins

(alpha and beta) are responsible for capping actin filament barbed

ends in cells (Cooper and Sept, 2008). To determine if CIP4 and
capping protein had an antagonistic relationship, similar to Arp2/

3, at the protruding edge membrane of newly plated neurons,
we overexpressed GFP-capping protein-beta (GFP-CPb) with

CIP4-TdTomato and determined their dynamic distribution in
cortical neurons (Fig. 4A). Images of living stage 1 neurons

showed that regions of GFP-CPb and CIP4-tdTomato were

largely non-overlapping (Fig. 4B). A line scan of CIP4 (red) and
CPb (green) showed that they formed an alternating pattern along

the peripheral edge of the neuron (Fig. 4C). Quantification of
colocalization of CIP4 and CPb in several cells resulted in a low
Pearson’s correlation coefficient (r50.4660.04, n56). In
addition, the intensity of CIP4 at the periphery was lower in

neurons overexpressing capping protein b (Fig. 4D). These
results further support the idea that CIP4 preferably localizes to
growing, rather than capped, actin barbed ends at the protruding

edge of cortical neurons.

To determine whether uncapped barbed ends of actin filaments
are required for CIP4 localization to the protruding edge

membrane we transfected cortical neurons with CIP4-EGFP
and mRuby-lifeact (to label F-actin). We then imaged these
neurons while treating them with nanomolar concentrations of
cytochalasin D (CyD), a drug that specifically caps actin

filaments at low concentrations (Bear et al., 2002; Dent et al.,
2007; Urbanik and Ware, 1989). Before CyD treatment, CIP4
dynamically localized to the protruding edge of the growth cone

as we have shown previously (Saengsawang et al., 2012)
(Fig. 5A). After CyD treatment CIP4 decreased to 57.868.0%
of pretreatment levels at the protruding edge of the growth cone.

Surprisingly, coincident with the disappearance of CIP4 at the
protruding edge, CIP4-positive puncta appeared in the central
region of the growth cone (Fig. 5A,B; supplementary material
Movie 2). After formation, these CIP4 puncta were transported

away from the protruding edge with actin retrograde flow
(Fig. 5A,E). The retrogradely moving puncta do not colocalize
with Rab5 (supplementary material Fig. S3A), Clathrin

(supplementary material Fig. S3B), transferrin or FM4-64
labeled vesicles (data not shown) indicating they are not likely
to be clathrin-coated vesicles. Both the decrease in CIP4 at the

protruding edge and the increase in the number of CIP4-positive
puncta in the central region of the growth cone returned to
pretreatment levels after removal of CyD (Fig. 5C,D).

Interestingly, upon drug washout CIP4 puncta in the central
region of the growth cone formed actin comet tails, which
appeared to propel CIP4 puncta forward, throughout the growth
cone (Fig. 5A,F). These CIP4 puncta, propelled by actin comet

tails, are similar to those that have been described in Drosophila

S2 cells transfected with dCIP4/TOCA1 and are likely to
represent CIP4-labeled endocytic vesicles (Fricke et al., 2009).

Notably, in the presence of latrunculin, a drug that depolymerizes
actin filaments, CIP4 did not induce tubulation (supplementary
material Fig. S4) as described in non-neuronal cells treated with

latrunculin (Itoh 2005); a further indicator that CIP4 functions
differently in neurons and non-neuronal cells. Together, these
results suggest that uncapped barbed ends of actin filaments are

important for CIP4 localization at the protruding edge and
decreasing these barbed ends through CyD-induced actin capping
results in CIP4 redistribution to retrogradely transported vesicle-
like structures that, when actin polymerization resumes (CyD

washout), undergo actin-based propulsion.

Because capping actin filaments with CyD and inhibiting PI3K
with LY294002 decreased CIP4 at the protruding edge to similar

levels (,57%) and the fact that PIP3 has been shown to inhibit
capping proteins, although with lesser potency than PIP2 (Schafer
et al., 1996), we sought to determine if the effects of treatment

with LY294002 on CIP4 localization were only due to actin
filament capping. To test this we treated neurons with both
LY294002 and Cytochalasin D and observed CIP4 localization at

Fig. 3. CIP4 colocalizes with WAVE1 but not with N-WASP or Arp2/3 in

cortical neurons. (A,D,G) Images of stage 1 cortical neurons transfected with

CIP4-tdTomato and GFP-WAVE1, GFP-N-WASP or EGFP-P21 (part of the

Arp2/3 complex). (B,E,H) Images magnified from boxes in A, D and G

showing that CIP4 colocalizes with WAVE1 (B) but not with N-WASP (E) or

P21 (G), respectively. (C,F,I) Representative graphs showing the normalized

intensity of CIP4 (red) and WAVE1 (C), N-WASP (F) or P21 (I) (green) from

lines scans at the peripheral membrane of neurons shown in A, D and G,

respectively. Numbers above the graphs indicate the average Pearson’s

correlation coefficient (r) (n54, 4 and 6 neurons for C, F and I, respectively).

(J) Image of a stage 1 cortical neuron transfected with CIP4-EGFP and

tdTomato-F-tractin before treatment, after 5 minutes of Arp2/3 inhibitor

treatment (CK666, 10 mM), and after washout. (K) Images magnified from

boxes in J showing the intensity of CIP4 at the peripheral area in pseudocolor.

(L) Bar graphs of average intensity of CIP4 at the peripheral membrane of the

cells in CIP4-transfected neurons before, 2–5 minutes after CK666 treatment

and after washout. Data are expressed as mean 6 s.e.m. ***P,0.001

compared with before treatment (one-way ANOVA with Dunnett’s post-test

comparison); n55 treatments. Scale bars: 10 mm.
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the protruding edge of living neurons. After only one minute

treatment with both drugs CIP4 intensity at the protruding edge

decreased to 42.168.0% (supplementary material Fig. S5A–C) of

pretreatment levels. This decrease in CIP4 was substantially

greater than LY294002 (Fig. 1A–C) or CyD alone (Fig. 5C),

both of which decreased the level of CIP4 to 57% after

20 minutes or 4 minutes, respectively. In addition, one minute

incubation with either LY294002 or CyD decreased CIP4 levels

at the protruding edge to only 88.767.7% and 91.5610.0%

(supplementary material Fig. S5D) of pretreatment levels,

respectively. Together, these results suggest that inhibition of

PIP3 production and actin filament capping have synergistic

effects on levels of CIP4 at the membrane and are likely to be

acting by separate mechanisms that converge on CIP4 and affect

its distribution in neurons.

CIP4 functions with DAAM1 and Ena/VASP proteins at the

protruding edge

The previous data suggest that CIP4 is functioning through a

PIP3/Rac1/WAVE1 pathway, but not through an Arp2/3-rich

dendritic actin network, in cortical neurons. Rather, CIP4 appears

to concentrate at the protruding edge of these neurons when

uncapped actin filaments are concentrated at the membrane. Two

families of actin-associated proteins that play important roles in

unbranched actin filament polymerization are the formin and

Ena/VASP families of proteins. Previous work has shown that at

least one of the diaphanous related formins (mDia2) is not

present in embryonic cortical neurons (Dent et al., 2007).

Therefore, we focused on a formin that is present in prenatal

cortex, DAAM1 (Kida et al., 2004; Nakaya et al., 2004).

The formin DAAM1 (Dishevelled-associated activators of

morphogenesis-1) is part of a class of proteins known to

promote actin nucleation and elongation of unbranched actin

filaments (Goode and Eck, 2007; Paul and Pollard, 2009; Prokop

et al., 2011). DAAM1 has also been shown to interact with CIP4

and to regulate cell morphology and actin dynamics in COS7

cells (Aspenström et al., 2006). Although DAAM1 and other

formins are commonly known to be activated by Rho, DAAM1

has been shown to function downstream of Rac1 in developing

neurons of the Drosophila nervous system (Matusek et al., 2008).

Since we recently showed that CIP4 is expressed early during

CNS development (Saengsawang et al., 2012) and functions at the

protruding edge, downstream of Rac1 (Fig. 2), we asked whether

CIP4 and DAAM1 dynamically colocalized to the protruding edge

by co-expressing CIP4-tdTomato and GFP-DAAM1. Time-lapse

TIRF imaging showed that DAAM1 colocalized (r50.7460.03,

n56) with CIP4 at the protruding edge of living cortical neurons

(Fig. 6A–C; supplementary material Movie 3). Additionally,

Fig. 4. Capping protein b decreases

CIP4 level at the protruding edge.

(A) Image of a stage 1 cortical neuron

transfected with CIP4-tdTomato and

GFP-capping protein b. (B) Images

magnified from boxes in A showing

that CIP4 does not colocalize with

capping protein b. (C) Representative

graph showing the normalized

intensity of CIP4 (red) and capping

protein b (green) at the peripheral

membrane of neuron shown in A.

Green and red arrows indicate regions

with a high intensity of capping

protein b or CIP4, respectively. Value

of r shown in the graph indicates the

average Pearson’s correlation

coefficient (n56 neurons). (D) Bar

graph of average intensity ratio of

CIP4 at the peripheral/cytoplasm in

CIP4-transfected neurons with and

without capping protein b. Data are

expressed as mean 6 s.e.m.

***P,0.001 (two-tailed unpaired t-

test with Welch’s correction).

Numbers in the bar graph indicate

number of cells quantified from at

least two independent experiments.

Scale bar: 10 mm.
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DDAD-DAAM1, a constitutively active form of DAAM1 (Liu

et al., 2008), also colocalized (r50.7860.05, n55) with CIP4 at

the protruding edge (Fig. 6D–F). Although we have not shown that

DAAM1 and CIP4 directly bind one another these results identify

DAAM1 as an actin elongating protein that coordinates with CIP4

to function at the protruding edge of neurons and may contribute to

the polymerization of long, thin actin filaments bundles resulting

in ribbed lamellipodial structures.

Another important actin-associated protein family whose

activity results in formation of unbranched actin filaments, and

is present in embryonic cortical neurons, is the Ena/VASP family

of proteins. Here we focused on Mena, as it is highly expressed in

prenatal cortex (Lanier et al., 1999). To determine if CIP4 and

Mena dynamically colocalized we transfected cortical neurons

with CIP4-tdTomato and EGFP-Mena and imaged stage 1

neurons in time-lapse. CIP4 and Mena clearly colocalized

(r50.7860.05, n56) at the protruding edge of living neurons

(Fig. 6G–I; supplementary material Movie 4). Because EGFP-

Mena was also present at fairly high levels in the cytoplasm, we

determined if endogenous Mena and CIP4 colocalize at the

protruding edge. We expressed myc-CIP4, fixed and labeled

stage 1 cortical neurons with an antibody to Mena. Imaging these

neurons showed that myc-CIP4 and endogenous Mena

colocalized (r50.7060.02, n56) at the protruding edge of

stage 1 cortical neurons (supplementary material Fig. S2J–L).

These data indicate that Mena and CIP4 may have coordinated

functions at the protruding edge of cortical neurons.

To determine if Mena was necessary for CIP4 localization at

the protruding edge, we transfected neurons with CIP4-EGFP and

mCherry-FP4-Mito, a construct that targets all three Ena/VASP

family members (Mena/VASP/EVL) to the mitochondrial

surface, effectively resulting in a functional Ena/VASP

knockout cell (Bear et al., 2000; Dent et al., 2007).

Importantly, the control for these experiments is transfection

with a construct that only varies in one amino acid, termed

mCherry-AP4-Mito. Ena/VASP inactivation with mCherry-FP4-

Mito did not result in an apparent change of CIP4 at the

protruding edge, as evidenced by similar CIP4-EGFP label in

both AP4-Mito and FP4-Mito transfected neurons (Fig. 7A,C).

This result indicates Ena/VASP is not likely targeting CIP4 to the

membrane. However, CIP4 may maintain peripheral localization

during the relatively slow sequestration (compared to the

drug treatments used earlier) of Ena/VASP proteins to the

mitochondrial surface over the period of a day.

While no apparent effect was observed at the protruding edge,

mCherry-FP4-Mito transfection did increase the number of CIP4

puncta in the cytoplasm of stage 1 neurons (Fig. 7A,D),

reminiscent of cytochalasin D treatment (Fig. 5). These CIP4-

EGFP-positive puncta also moved rearward with actin

retrograde flow (Fig. 7B), similar to those induced by CyD

(Fig. 5E). To determine if CyD was still capable of reducing

CIP4 at the membrane and inducing CIP4-positive puncta, we

imaged both FP4-mito and AP4-Mito transfected neurons during

treatment with CyD. The AP4-Mito transfected neurons showed

a marked increase in CIP4-positive puncta moving retrogradely,

however no increase in the already high level of puncta was

observed in the FP4-Mito-transfected neurons (Fig. 7B,D).

Furthermore, CyD treatment was not able to decrease the

Fig. 5. CIP4 localization at the protruding membrane depends on

barbed ends of actin filaments. (A) Image of a growth cone from a

cortical neuron transfected with CIP4-EGFP and mRuby-lifeact before

and after cytochalasin D (CyD) treatment (100 nM). (B) Pseudocolored

images magnified from boxes 1, 2 and 3 in A, showing the intensity of

CIP4 in the peripheral area (box 1 and 2) and internal area (box 3) of

the growth cone before and after CyD treatment. (C,D) Bar graphs of

the average intensity of CIP4 at the peripheral area of the cells (C) and

number of CIP4 puncta in the internal area (D) before, 4 minutes after

CyD treatment and after washout. Data are expressed as mean 6 s.e.m.

*P,0.05 and ***P,0.001 compared with before treatment (one-way

ANOVA with Dunnett’s post-test comparison); n57 treatments.

(E) Kymograph showing CIP4 and F-actin dynamics before CyD

treatment, during and after CyD was washed out. (F) Selected frames

from box 4 in A, showing time-lapse images of CIP4 and actin comet

tails after CyD washout. Scale bars: 10 mm (A), 5 mm (B).
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amount of CIP4 at the protruding edge of the FP4-Mito

expressing cells like it did with the AP4-Mito expressing cells

(Fig. 7B,E). These results suggest that the slow sequestration of

Ena/VASP proteins to the mitochondrial surface allows for

changes in CIP4 at the protruding edge that make it more

resistant to actin capping. Together, these data are consistent

with the hypothesis that Ena/VASP proteins act as actin filament

anti-capping factors (Bear et al., 2002) and that CIP4

localization at the protruding edge of neurons is dependent on

uncapped actin filaments.

Discussion
Here we demonstrate that the localization and function of CIP4 at

the protruding edge of neurons depends on both lipid composition

and the uncapped barbed ends of actin filaments. Increasing PIP3

content in the membrane resulted in more CIP4, while decreasing

PIP3 resulted in less CIP4, at the protruding edge membrane.

Increasing actin filament barbed-end capping, by addition of a low

concentration of Cytochalasin D, by expression of capping protein

or by inhibition of Ena/VASP proteins, disrupted CIP4 localization

at the protruding edge of stage 1 cortical neurons. Furthermore, we

show that Rac1 is the predominant Rho family GTPase that

functions with CIP4 in neurons through WAVE1, resulting in a

ribbed- and veil-rich actin network. Although Arp2/3 functions

downstream of Rac in many cell types, we found it was not part of

the pathway linking CIP4 with actin filaments. Rather, DAAM1

and Ena/VASP proteins coordinate with CIP4 at the membrane.

Finally, an acute increase in barbed end actin capping by addition

of cytochalasin D or chronic inactivation of Ena/VASP family

anti-capping proteins, partially converts the localization of CIP4

from the protruding edge to retrogradely flowing CIP4 puncta that

resemble tubulovesicular structures seen in other cell types that

overexpress CIP4 (Frost et al., 2008; Kamioka et al., 2004;

Saengsawang et al., 2012; Tian et al., 2000). Together these data

suggest a model (Fig. 8) in which CIP4 plays an important role in

the formation of ribs/veils and tubulovesicular structures in

neurons but does not directly function in pathways resulting in

formation of lamellipodia and filopodia.

PIP2 and PIP3 are important regulators of actin cytoskeletal

dynamics in all cell types. In many cells, PIP3 accumulates at the

Fig. 6. CIP4 colocalizes with DAAM1 and Mena at the protruding membrane of cortical neurons. (A,D,G) Images of stage 1 cortical neurons transfected

with CIP4-tdTomato and GFP-DAAM1 (A) or GFP-DDAD-DAAM1 (D) or EGFP-Mena (G). (B,E,H) Images magnified from boxes in A, D and G, showing the

colocalization of CIP4 and GFP-DAAM1, GFP-DDAD-DAAM1 or GFP-Mena at the peripheral area, respectively. (C,F,I) Representative graphs showing the

normalized intensity of CIP4 (red) and DAAM1, DDAD-DAAM1 or Mena (green) at the peripheral membrane of neurons shown in A, D and G. Value of r shown

in the graph indicates the average Pearson’s correlation coefficient; n56, 5 and 6 neurons for C, F and I, respectively. Scale bars: 10 mm.
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leading edge of cells, coincident with increases in actin nucleation,

in response to cell stimulation (Insall and Weiner, 2001). This

asymmetric distribution of PIP3 was also observed at the protruding

edge of growth cones, in response to neurotrophin stimulation

(Henle et al., 2011). Interestingly we found that PIP3 is required for

CIP4 localization. Inhibiting PIP3 synthesis with LY294002

decreased the level of CIP4 at the protruding edge, which was

independent of Akt activation, since Akt inhibition did not produce

the same effect. In contrast, inhibition of Akt increased CIP4

localization at the protruding edge. This result may be due to an

increase in the available PIP3, leading to increased Rac1 activity.

Nevertheless, inhibition of PI3K can also inhibit the formation of

PIP2 and the AKT-PH domain probe that we used can recognize

both PIP2 and PIP3 (Oikawa et al., 2008). Therefore, we cannot rule

out the possibility that PIP2 might also play a role in CIP4

localization to the protruding edge of neurons. Further study with

other types of PH domains are required to test this hypothesis.

We found that Rac1 is required for CIP4 localization in

neurons. Inhibition of Rac1 with a pharmacological inhibitor

(NSC23766) or transfection with a dominant negative Rac1

construct decreased CIP4 at the protruding edge. In contrast,

constitutively active Rac1 increased CIP4 at the protruding edge.

CIP4 is known to interact with Cdc42 in other cell types and

takes its name from the GTPase (Aspenström, 1997). However,

Cdc42 and RhoA do not appear to be necessary for the

distribution of CIP4 at the protruding edge of neurons and may

even inhibit such localization. We show that transfection of

neurons with DN-Cdc42 increased the levels of CIP4 at the

protruding membrane, while DN-RhoA had no effect.

Additionally, we detected little colocalization between CIP4

and N-WASP in neurons, a protein that has been shown to

interact with CIP4 in non-neuronal cells, downstream of Cdc42.

Indeed we found that CIP4 colocalized with WAVE1, another

actin associated protein that functions downstream of Rac1, at the

protruding edge of stage 1 cortical neurons.

We then sought to identify proteins that directly interact with

actin and function downstream of CIP4 at the protruding edge.

Arp2/3 and formins are two major proteins that induce nucleation

of actin filaments. Arp2/3 activation results in the formation of

short branched actin filaments, while formins assemble long,

unbranched actin filaments (Pollard, 2007). The balance between

the presence and activity of these two actin nucleators is therefore

crucial for the regulation of actin organization. Activation of

Arp2/3 favors lamellipodia formation, while activation of

formins favors filopodia formation (Small et al., 2002; Block

et al., 2008). Surprisingly, inhibition of the Arp2/3 complex

promotes CIP4 localization at the protruding edge. Since Arp2/3

functions downstream of active Rac1, inhibiting Arp2/3 might

increase Rac1 availability and therefore allow Rac1 to recruit

more CIP4 to the membrane.

The level of Arp2/3 is very low in neurons compared to other

cell types (Strasser et al., 2004). It is therefore possible that the

actin nucleating formin proteins might play a major role in

nucleating actin in neurons. DAAM1 has been shown to function

downstream of Rac1 in the developing neurons in the Drosophila

nervous system (Matusek et al., 2008) and we show that CIP4

colocalizes with DAAM1 at the protruding edge of stage 1

neurons. Moreover, although Ena/VASP proteins do not nucleate

Fig. 7. Functional inactivation of Ena/VASP proteins increases

internal CIP4 puncta and renders neurons refractory to cytochalasin

D treatment. (A) Image of stage 1 cortical neurons transfected with CIP4-

EGFP and mCherry-FP4-mito (which sequesters all Ena/VASP proteins to

the mitochondria) or mCherry-AP4-mito (targets to mitochondria but does

not sequester Ena/VASP proteins) before and after cytochalasin D (CyD)

treatment. (B) Kymograph from time-lapse series of CIP4-EGFP from

lines drawn in A. Dashed lines indicate the time point where cytochalasin

D was added. (C) Bar graph of peripheral CIP4 intensity ratio in AP4-

mito or FP4-mito transfected neurons. Numbers in the bar graph indicate

number of cells quantified from at least two independent experiments.

(D) Bar graph of average number of CIP4 puncta in the internal area of the

cells or (E) peripheral CIP4 intensity in AP4-mito or FP4-mito transfected

neurons before and after CyD treatment. Data are expressed as

mean 6 s.e.m. *P,0.05 and **P,0.01 compared with before treatment

(paired t-test); n56 and 4 cells for AP4 and FP4-mito, respectively, from

at least three independent experiments. Scale bars: 10 mm.
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actin filaments directly (Barzik et al., 2005), they play a key role in

developing cortical neurons by enhancing unbranched actin

polymerization that results in the formation of filopodia (Dent

et al., 2007). We show here that Mena, one of three Ena/VASP

family proteins expressed in cortical neurons (Lanier et al., 1999),

colocalizes with CIP4 at the protruding edge of stage 1 neurons.

Moreover, functional inactivation of Ena/VASP proteins results in

the formation of CIP4 puncta that resemble tubulovesicular

structures in other cell types. Thus, DAAM1 and Ena/VASP

proteins are likely to link CIP4 function to actin polymerization

resulting in lamellar regions enriched in actin ribs and veils.

In our previous study we suggested that CIP4 inhibits neurite

formation by forming lamellipodial structures in early

differentiated neurons (Saengsawang et al., 2012). The present

work suggests that it is not the formation of lamellipodia per se,

but rather a ribbed/veiled actin network that gives rise to a

lamellipodial-like structure in neurons. This ribbed and veiled

lamellar structure is composed of actin filaments of a different

molecular and structural makeup compared with lamellipodia in

other cell types. The classic lamellipodial structure in non-
neuronal cells is highly dependent on activation of PIP3-Rac1-

WAVE1 and an Arp2/3-capping protein dendritic actin network
(Fig. 8, pink oval). Although the ribbed/veiled lamellar network
shown here is also dependent on PIP3-Rac1-WAVE1, it is not
activated by Arp2/3-capping protein, but rather by CIP4, Ena/

VASP or DAAM1 (Fig. 8, green oval). The ribbed/veiled actin
network can be converted into actin-associated tubulovesicular
structures by favoring PIP2-Cdc42-N-WASP and Arp2/3-capping

protein (Fig. 8, yellow oval). Finally, activation of PIP2-Cdc42-
N-WASP and Ena/VASP or DAAM1, in the absence of CIP4,
results in filopodia formation (Fig. 8, blue oval). We suggest that

CIP4 is not required for classic lamellipodia or filopodia, but is
essential for a ribbed/veiled lamellar actin network and actin-
associated tubulovesicular structures. These results suggest that
CIP4 may play a different role than another CIP4 family member

TOCA-1, because TOCA-1 has been shown to induce formation
of filopodia and endocytic tubules in neuronal cell lines in an N-
WASP and Cdc42-dependent fashion (Bu et al., 2009; Bu et al.,

2010). Thus, according to the model in Fig. 8, TOCA-1 may be
functioning at the nexus of the yellow and blue ovals to induce
filopodia or tubulovesicles, depending on the presence and

activation state of downstream proteins.

This model (Fig. 8) is consistent with the data presented here
and suggests why CIP4 needs to be downregulated in late
embryonic cortical development (Saengsawang et al., 2012). It is

known that filopodia serve a key function in cortical neurite
initiation (Dent et al., 2007). Thus, CIP4 would have to be
downregulated to efficiently produce filopodia, which themselves

develop into neurites (Dent et al., 2007). If CIP4 is maintained at
high levels it would favor the formation of actin ribs/veils and
tubulovesicular structures, which may play important roles in

neuronal migration, as has been shown for the F-BAR protein
SrGAP2 (Guerrier et al., 2009), but inhibit the formation of
lamellipodia and filopodia, which are essential for productive

axon and dendrite outgrowth.

In conclusion, our findings support the following model for the
induction of rib/veil-rich lamellar structures in cortical neurons.
First, PIP3 production recruits active Rac1 and the WAVE1

complex at the protruding edge. Concurrently, activation of anti-
capping proteins (Ena/VASP) or actin elongating proteins
(DAAM1) occurs in the same region of membrane. Both the

activation of PIP3-Rac-WAVE1 and Ena/VASP or DAAM1 in a
temporally and spatially specific manner may be needed to recruit
CIP4 proteins, since both the F-BAR (membrane binding) and SH3

(DAAM1 binding) domains are essential for localization to
protruding membranes (Fig. 1). Furthermore, the polymerization
of CIP4 proteins is required for their localization to the protruding
edge (Saengsawang et al., 2012). Thus, CIP4 may be acting as a

type of coincidence detector that only localizes to protruding
membranes when both membrane binding and barbed-end actin-
associated proteins are activated in localized regions of the

membrane. The number of CIP4 molecules may dictate the
organization of actin filaments. If there is excess CIP4 present
along the protruding edge, thin actin ribs are likely to form in a

lamellar region, whereas small, dispersed regions of CIP4 may
favor filopodia formation. Indeed, CIP4 is concentrated at the tips
of both extending actin ribs and filopodia in stage 1 neurons

(Saengsawang et al., 2012). Here we report a series of proteins that
regulate CIP4 localization and function and coordinate with CIP4
to induce actin polymerization and form ribbed/veiled protrusions

Fig. 8. Model of CIP4 localization and function at the protruding edge of

stage 1 cortical neurons. CIP4 requires PIP3 and active Rac1 to localize at

the protruding edge of neurons, where it functions with WAVE1 and DAAM1

and/or Ena/VASP proteins to promote actin polymerization into long thin

filaments (actin ribs). These actin ribs (green box and oval), which are thinner

than filopodia and only extend slightly beyond the protruding edge, are

connected by veils and result in a ‘lamellipodia-like’ structure in the light

microscope. However, they differ from classic lamellipodia (pink box and

oval) in that they function with Ena/VASP and DAAM1 instead of with the

Arp 2/3 complex and capping proteins. However, when the PIP2/Cdc42/N-

WASP/WIP pathway is activated it can signal, through CIP4, the Arp2/3

complex and capping protein to produce tubulovesicular structures (yellow

box and oval). If the Ena/VASP and DAAM1 pathways are activated

downstream of PIP2/Cdc42/N-WASP, but CIP4 is not present, then filopodia

are formed (blue box and oval).
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at the protruding edge of neurons. This model does not exclude the

possibility that the activity of CIP4 could also be regulated by post-
translational modifications such as phosphorylation. Further

studies will be required to test this model.

Materials and Methods
Plasmids and reagents

Full-length CIP4-EGFP was a gift from Dr Andrew Craig (Queen’s University,
Kingston, Ontario, Canada). Full-length CIP4 was cloned into ptdTomato-N1
vector (Clontech) using CIP4-EGFP plasmid as a template to create CIP4-
tdTomato. mRuby-lifeact was a gift from Dr Roland Wedlich-Soldner (Max
Planck Institute, Martinsried, Germany) and was subcloned into pCAGG vector.
Full-length tdTomato-F-tractin and EGFP-F-tractin were used to label F-actin in
live imaging experiments (Johnson and Schell, 2009) and were gifts from Dr
Michael J. Schell (Uniformed Services University, Bethesda, MD). GFP-V12-
Rac1, GFP-N17-Rac1, GFP-N17-Cdc42, GFP-N17-Rho, GFP-PLC-PH and GFP-
Akt-PH have been validated in previous studies (Myers et al., 2012; Robles et al.,
2005; Woo and Gomez, 2006). GFP-WAVE1 was a gift from Dr Scott Soderling
(Duke University, NC) (Soderling et al., 2007). GFP-DAAM1 and GFP-DDAD-
DAAM1 were gifts from Dr Raymond Habas (Temple University, Philadelphia)
(Liu et al., 2008). GFP-N-WASP and GFP-P21 were gifts from Dr Lorene Lanier
(University of Minnesota) (Strasser et al., 2004). mCherry-Rab5 and DsRed-
Clathrin were gifts from Dr Anjon Audhya (University of Wisconsin-Madison).
GFP-Capping protein beta, rabbit anti-Mena antibody, mCh-FP4-Mito and mCh-
AP4-Mito were from Dr Frank Gertler (Dent et al., 2007). Anti-Mena antibody was
used at 1:1000. Rabbit anti-WAVE1 and rabbit anti-N-WASP antibody (Abcam)
were used at 1:500 and 1:1000, respectively. Rabbit anti-Arp3 antibody (Millipore)
was used at 1:100. Mouse anti-myc antibody (Invitrogen) was used at 1:1000.
HRP-conjugated secondary antibodies (Jackson IR) were used at 1:10,000. Actin-
stain 670 phalloidin (Cytoskeleton, Inc.) was used at 1:50. NSC23766 and Akt
inhibitor VIII were from Santa Cruz Biotechnology. LY294002, CK666 and
Cytochalasin D were from Sigma.

Cortical neuron culture and transfection

All mouse procedures were approved by the University of Wisconsin Committee
on Animal Care and were in accordance with NIH guidelines. Cortical (E15.5)
neuron cultures were prepared from Swiss Webster mice (Taconic) essentially as
described (Viesselmann et al., 2011). Briefly, cortices were dissected, trypsinized
and dissociated. Dissociated cortical neurons were resuspended in Nucleofector
solution (Mouse Neuron Kit, Lonza, Cologne, Germany) and transfected with an
Lonza Nucleofector according to the manufacturer’s directions. Transfected
neurons were plated on poly-D-lysine (Sigma)-coated glass coverslips adhered to
the bottom of 35 mm plastic culture dishes that had a 15 mm hole drilled through
the bottom of the chamber. Neurons were plated in plating medium (PM)
(Neurobasal medium with 5% FBS (Hyclone), B27 supplement, 2 mM glutamine,
37.5 mM NaCl and 0.3% glucose). After 1 hour, this medium was replaced with
serum-free medium (SFM), which was PM without FBS. Neurons were then
imaged or fixed after 1 day in vitro (1DIV).

Immunocytochemistry and imaging

For wide-field imaging cortical neurons were fixed in 4% paraformaldehyde/
KREBs/sucrose at 37 C̊. Cultures were rinsed in PBS and blocked with 10% BSA/
PBS, permeabilized in 0.2% Triton X-100/PBS and labeled with primary and
secondary antibodies. Actin-stain 670 phalloidin (Cytoskeleton, Inc.) was used to
label actin filaments (1:50). For wide-field imaging neurons were fixed, labeled
and imaged on a Nikon TE300 inverted microscope as described previously
(Saengsawang et al., 2012). All fluorescence live-cell imaging was performed
using a Nikon TIRFM microscope as described (Hu et al., 2008). During time-
lapse microscopy neurons were kept at 37 C̊. For live-cell imaging the culture dish
was closed with a glass ring, coverslip and silicone grease. All images were
collected, measured and analyzed in MetaMorph imaging software (Molecular
Devices). Pearson’s correlation coefficient was calculated using ImageJ software
with JACoP plugin (Bolte and Cordelières, 2006) where a coefficient close to 1.0
indicates colocalization, and 0 indicates low probability for colocalization. Figures
were compiled in Photoshop (Adobe).

Statistical analysis

All statistical tests were performed with GraphPad Prism 4.0c. For each data set,
two-tailed unpaired t-test with Welch’s correction, one-way or two-way ANOVA
with Bonferroni or Dunnett’s post-test comparison and two-way repeated measures
ANOVA were performed, depending on the type of data sets.
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